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Abstract: Africa has the largest area of wetlands of international importance, and papyrus constitutes
the most dominant species for many of these wetlands. This hydrological modelling study assesses
and quantifies the impacts of these papyrus wetlands on historical baseflow and quickflow, as well as
future flood and low flows in the Mpologoma catchment in Uganda. Assessment over the historic
period shows that wetlands strongly attenuate quickflow while moderately enhancing baseflow. They
play a moderating role in most months, except for the first dry season (June and July), due to the
reversal of flows between wetlands and rivers that often occur during this period. Annual estimates
show that wetlands are four times better at regulating quickflow than baseflow. Examination of
changes at 2 and 4 ◦C global warming levels (GWLs) indicate that wetlands will play critical roles in
mitigating flood risks, with a lesser role in supporting low flows. Wetlands are predicted to lower
future mean flood magnitude by 5.2 and 7.8% at GWL2 and GWL4, respectively, as well as halving
the average number of flood events in a year, irrespective of the warming level. This work shows
that papyrus-dominated wetlands strongly influence catchment hydrology, with significant roles on
quickflow, including floods, and highlights the need for their conservation and protection.

Keywords: papyrus wetlands; hydrological regulating services; Wetland-Specific Index; flood flows;
low flows

1. Introduction

Wetland loss has been estimated at 64 to 71% since 1900 [1]. This is a major issue given
their contribution to ecosystem services, including maintaining the hydrological cycle,
regulating climate, and protecting biodiversity [2]. Among the continents, Africa has the
most extensive wetlands of international importance [3], covering an impressive 7% of the
continent [4]. Despite their vast scale, African wetlands are continually under pressure [5].
Up to 42% of wetlands were lost between 1970 and 2015 [6]. Threats to wetlands often
stem from political and social debates on whether wetland areas are at their highest
economic use, which fuels negative sentiments about them [7]. Threats to these wetlands
include population pressure and agricultural expansion [1,8,9], river regulation [8], and
climate change [9,10]. High population growth rates and food shortages often trigger
wetland encroachment for crop production, given that they provide year-round moist soil
conditions [11].

The giant sedge Cyperus papyrus L. (Cyperaceae), the largest of the 400 tropical sedge
species within the genus, constitutes the most widespread dominant species for many
of the African wetlands [9]. At 5–6 m in height, papyrus exists as rooted or floating
marshes in riverine and lacustrine landscapes [12]. Their hydro-periods are characterised
by permanent inundation (such as in rivers and lakes) or seasonal inundation (such as
in floodplains and creeks) [12]. In Uganda, wetland coverage is 11 to 13%, with papyrus
being the dominant or co-dominant plant [12]. Major papyrus wetlands include those in
the shorelines of lakes such as Victoria, Albert, and Kyoga and riverine systems such as
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Mpologoma, Nabajuzzi, and Namatala. Like wetland trends in Africa, papyrus wetlands
in Uganda are under pressure. Loss rates are estimated at 0.5 to 5% per annum, although
few studies have been undertaken [10].

The two primary ecosystem services of papyrus wetlands are provisioning and regu-
lating services. Provisioning services include carbon storage, fisheries, papyrus biomass,
and wetland reproduction [13–21]. Regulating services include storing floodwaters and
maintaining surface water flow during dry periods [22–28]. Van Dam et al. [10] provided
research and policy priorities for papyrus wetlands, emphasising the need for improved
understanding and modelling of the often alluded to but rarely quantified regulating
services. These regulating services hold a far more significant advantage than provision-
ing services but are difficult to evaluate [9], thus hindering the economic valuation and
conservation of papyrus wetlands [10]. Studies in Uganda that quantified the microscale
papyrus regulating services include Kayendeke et al. [25] and Kayendeke and French [24],
who, respectively, assessed the response of papyrus root mats to changing water levels
and the seasonal variations in papyrus wetland water balance. Elsewhere in Africa, Di
Vittorio and Georgakakos [28], Howell et al. [27], Hurst [22], and Sutcliffe and Parks [23,26]
described the regulation services of papyrus wetland complexes at the Sudd and Okavango
wetlands in South Sudan and Botswana. Wetland ecosystem services emanate from the ag-
gregated effects of wetlands [29]; however, no studies have attempted to quantify papyrus
flow regulatory services at the catchment scale. Catchment scale studies incorporate the
dynamic effects of wetlands, which can mitigate the risks of adverse policies, engineering,
and management solutions emanating from single wetland studies [30].

As a transition zone between terrestrial and aquatic ecosystems, wetlands play an
essential role in climate change. Although generally resistant to change [31], wetlands
are susceptible to temporal dynamics, especially if thresholds (e.g., seasonal variations in
hydrology) are exceeded [32]. As temperature increases, the rate of wetland evapotran-
spiration increases [31,33], which could lower the water levels, particularly during dry
seasons [31]. Meanwhile, changes in the timing and amount of precipitation can result in
flow regime changes. Extremes in temperature and flow regimes lead to changes in wetland
biogeochemistry [31] and biodiversity [31,34]. Research that helps predict wetlands’ role in
mitigating future impacts of climate-induced changes in hydrology is valuable.

Models are crucial to developing insights into the dynamics of wetland ecosystem
services [32]. Their selection, however, requires a conceptualisation of the critical pro-
cesses to be modelled [35]. At the catchment scale, these processes include hydrologic
and hydraulic fluxes [36,37] such as precipitation, evapotranspiration, surface water, and
groundwater. ‘Getting the water right’ is a prerequisite to understanding the dynamics of
wetland systems [38], which require the use of models that have an explicit representation
of the various water transfer mechanisms [37], with the coupled surface-groundwater flows
a critical component [36]. SHETRAN [39] is a suitable model, as it is a physically based,
spatially distributed catchment modelling tool that simulates surface-groundwater flows
and can quantify the effects of wetlands. It is freeware and has also successfully been
applied globally in land use and climate change studies in predominantly rural catchments
(e.g., [40–42]).

This paper investigates the impacts of papyrus-dominated wetlands on catchment hy-
drology under climate change, focusing on the climate data-limited Mpologoma catchment.
It is worth noting that human comprehension of catchment systems is underpinned by
the availability and level of confidence in observational data [43,44], of which atmospheric
data are most critical [45]. This study, therefore, focuses on addressing the following
research questions. (a) What are the limitations of freely available global precipitation
datasets in developing a catchment model in the study region? (b) How do papyrus wet-
lands regulate baseflow and quickflow in the Mpologoma catchment? (c) What roles will
papyrus wetlands play in regulating future extreme flows (flood and low flows) in the
Mpologoma catchment?
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2. Materials and Methods

2.1. Study Area

The Mpologoma catchment, located between longitude 33.4–33.6◦ E and latitude
0.3–1.3◦ N, is a transboundary watershed between Uganda and Kenya (Figure 1) with over
80% of its area in Uganda. Covering 8989 km2 [46], its highest peak, Mount Elgon, is to the
northeast and at approximately 4298 m above sea level (a.s.l). A more significant part of
the catchment (over 80%) lies between 996 and 1150 m a.s.l, the former being the mean lake
level at Lake Kyoga, Mpologoma’s outlet. Key tributaries include Namatala, Manafwa,
Malaba, and Naigombwa. The region’s rainfall regime is bimodal (peak months of March to
May and August to November) [47], with a mean annual rainfall of 1215 to 1660 mm [47,48].
Following Köppen–Geiger’s climate classification [49], the catchment can be categorised
as wet Equatorial Monsoonal. Subsistence farming is the main economic activity, with
major crops being rice, maize, beans, groundnuts, cassava, sugarcane, etc. Seven unique
land use and cover types were identified in 2019 [50]. These include woodland (6.2%),
grassland (5.2%), built-up areas (11.6%), subsistence crops (53.2%), wetland (21.5%), open
water (1.9%), and commercial farms (0.5%).

 

Figure 1. Mpologoma catchment elevation, rainfall zones, land cover, and soil types.
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2.2. Data Sources and Processing

Hydrological modelling in SHETRAN requires spatially explicit input datasets of
climate (precipitation and potential evapotranspiration), land surface topography, land
use, land cover, and soil and lithological distribution. Measured surface flow and/or
groundwater levels are also required for model calibration and validation. The following
subsections describe the selection and preparation of these datasets. Figure S1 in the
Supplementary Materials shows a schematisation of the steps followed in the study.

2.2.1. Selection and Evaluation of Rainfall Products

Satellite-based and reanalysis rainfall products have often been favoured for hydrolog-
ical modelling in regions with low rain gauge networks, such as Sub-Saharan Africa [51,52].
However, the rainfall fields of reanalysis products are less accurate in the tropics compared
to satellite estimates [53]. As the predominant rainfall over inland East Africa is convec-
tive [54], satellite products may provide more accurate data. The essential satellite-based
precipitation products (SPPs) that have been applied over Africa include TAMSAT, CHIRPS,
ARC, RFE, MSWEP, PERSIANN, CMORPH, and TRMM 3B42 (Table A1 in Appendix A).

This study evaluated the SPPs mentioned above by ground truthing (i.e., direct com-
parison with rain gauge data) followed by hydrological modelling. Point-to-pixel ground-
truthing, with gauges at the point scale and SPPs at the grid scale, was carried out for
climatological rainfall zones D and F (Figure 1) at daily and monthly time scales, which was
preceded by quality control of gauge data, as outlined in Maidment et al. [53]. The point-to-
pixel comparison was used to eliminate interpolation error, which is a concern for regions
with sparse gauge networks [55]. Given that RFE2.0 and MSWEP2.2 start and end, respec-
tively, in January 2001 and October 2017, evaluations were limited to January 2001 and
December 2016. Overall, 0.79% and 12.25% of gauge records for Tororo and Buginyanya,
respectively (Figure 1), were not included in the assessment due to missing data.

Following other studies on Africa (e.g., [56,57]), the point-to-pixel evaluation com-
prised assessment for accuracy in daily rainfall identification and daily and monthly rainfall
totals. The extent of rainfall identification was assessed through measures of False Alarm
Ratio (FAR), Probability of Detection (POD), Frequency Bias (FB), and Heidke skill score
(HSS) (the equations are in Section S2 of the Supplementary Materials). In contrast, rainfall
totals were assessed through correlation coefficient (R) and Nash–Sutcliffe efficiency (NSE).
FAR represents the fraction of satellite-estimated rain days not captured by the gauge, and
POD is the fraction of gauge rainfall days identified by the satellite product. FB is the ratio
of total rain days in the satellite product to that of the gauge. It ranges from 0 to ∞, with
values less (greater) than one indicating under (over) estimation of rain days. HSS, on
the other hand, assesses the overall skill of a satellite product’s rain-day detection while
accounting for random chance. Its value ranges from −∞ to 1, with zero indicating that
the satellite product cannot detect rain days. A value less than zero implies that random
chance is better than the product, whereas one denotes perfect skill.

MSWEP, TAMSAT, and CHIRPS performed best at the monthly timescale (see results
in Appendix B). These SPPs were then hydrological assessed to select the best SPP for the
study area.

2.2.2. Estimation of Potential Evapotranspiration (PET)

Duan et al. [58] evaluated the performance of Climate Forecast System Reanalysis
(CFSR) daily temperature fields over the eastern African region of Ethiopia. They con-
cluded they are as good as the observed temperature when employed in hydrological
models. Hargreaves’ method [59] uses temperature values for PET estimation, and it is
recommended for regions with limited data [60]. Di Vittorio and Georgakakos [28] esti-
mated monthly evapotranspiration rates over the Sudd wetlands in South Sudan using
four different methods, including Hargreaves’. Hargreaves’ procedure performed best,
with results similar to those generated using the Penman equation. Thus, this study used
the CFSR daily minimum and maximum air temperature fields to calculate PET.

4
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2.2.3. Measured Flow Data

Water level time series recorded at 08:00 and 16:00 h for 17 years (2000 to 2016) were
acquired from the Ministry of Water and Environment (MWE), Uganda. The datasets
comprised measurements for rivers Manafwa (Station 82212), Malaba (Station 82218), and
Mpologoma (Station 82217), Figure 1. Rating curves for each station, also supplied by
MWE, were used in deriving daily average flows. Given that a quality check of flow
measurements is essential in hydrological modelling, the minimum steps recommended
by Crochemore [61] were adopted. These include analysis of data availability (in terms of
length and spatial distribution of time series) and quality checks for outliers, homogeneity,
and trend. The above steps were preceded by a visual inspection of hydrographs for
suspicious records (e.g., negative values, wrongly recorded missing data, and out-of-the-
ordinary hydrograph patterns of variation). Data preprocessing can lower hydrologic data
uncertainty by up to 10%, minimising bias and incorrect conclusions [62].

2.2.4. Land Surface Representation

Coarse grids are often adopted in physically based, spatially distributed models to
lower unknowns and execution time [63], which increases prediction uncertainty [64].
However, 0.5 to 4 km grid scales are generally acceptable for flow prediction in large
catchments. For example, Sreedevi and Eldho [64] simulated discharge and sediment yield
at 1 and 4 km grid scales based on effective parameters of a 2 km SHETRAN model. No
significant difference was detected in the monthly flow predictions. Similarly, Zhang [65]
compared the SHETRAN model performance at 0.5, 1, and 2 km grid scales. Performance
generally improved with grid resolution. Nonetheless, the 1 and 2 km grids gave good
results. Although DEM resampling techniques do not significantly influence streamflow
modelling [66], resampling to coarser grids greater than 1 km could substantially affect
the spatial distribution of land use, soil types, and river links, which can affect model
performance in capturing peak flows and runoff volumes [65]. Thus, for this study, the
Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER) Global
Digital Elevation Model (DEM) Version 3 [67], initially at 30 m × 30 m grid resolution, was
resampled to 1 km × 1 km grid size and used in defining catchment boundary, ground
surface elevations, and generating river flow paths.

2.2.5. Land Cover and Land Use Layer

The European Space Agency (ESA) Climate Change Initiative (CCI) land cover map [68]
was used in categorising land use/cover in the study area. ESA CCI provides annual global
land cover layers at 300 m spatial resolution from 1992 to recent times, with accuracies
varying from 71% to 97% depending on the land use/cover type [68]. No significant change
in permanent (i.e., papyrus-dominated) wetland areas was detected from 2000 to 2020.
Thus, model calibration and validation used the 2007 land cover layer (Figure 1). Detailed
information on ESA CCI land cover layers is online at https://www.esa-landcover-cci.org/.

2.2.6. Soil and Lithology

The FAO/UNESCO Digital Soil Map of the World version 3.6 [69] was used in defining
soil categories. However, soils in some wetland areas and small water bodies were not
correctly categorised. The topsoil in these areas is mostly clay loam [46]. Thus, the land
cover map was used in identifying these locations, and the soil category was reclassified
accordingly. As with the DEM, the soil layer was resampled to a 1 km × 1 km grid. Four
soil types (loam, clay loam, sandy silt loam, and sandy clay loam) were identified in the
catchment (Figure 1).

Lithological depths were estimated from borehole log data for the study area (1986 in
total). Analysis of the records indicates 1668, 195, and 123 logs in the regions dominated by
loam, clay loam, and sandy clay loam, respectively. No log data were available for the area
dominated by sandy silt loam. Thus, its lithological depths were assumed to be the same as
the soil category closest to it, sandy clay loam. In addition, sandy silt loam covers less than

5
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1% of the catchment. Overall, three critical lithological layers (topsoil, weathered rock, and
base rock) were identified from the log data (Table 1).

Table 1. Lithological depths in Mpologoma catchment.

Topsoil Type
Mean Bottom Depth from the Ground Surface (m)

Topsoil Weathered Rock Base Rock

Loam 3.893 12.553 30
Clay loam 3.857 12.943 30

Sandy silt loam/sandy clay loam 5.226 14.16 30

2.3. Modelling Approach

SHETRAN [39] is a 3D integrated surface and subsurface finite difference modelling
system for water flow, sediment transport, and contaminant transport in catchments.
Its water flow components comprise interception and evapotranspiration, overland and
channel flow, variably saturated lithology and aquifers, and channel–aquifer interactions.
The model’s xy grid was set at 1 km × 1 km, with 35 cells in each grid column. The
lithological cells ranged from 0.1 to 0.2 m in the topsoils but were set to 5 m in the rock
layers. Selection of the number of cells is a trade-off between accuracy and simulation time.
Generally, the cells are smaller nearer the surface (as the flow is more variable) and larger
as you go down the column. Although models were driven with daily data (precipitation
and evapotranspiration), the simulation timestep was set to 1 h. Detailed information on
SHETRAN can be accessed at https://research.ncl.ac.uk/shetran/.

Model calibration and validation, preceded by sensitivity analysis (see Appendix C). In
Phase 1, the second step for precipitation product evaluation (i.e., hydrological evaluation
of SPPs), SHETRAN was calibrated and validated on the sub-catchment gauged at station
82212 (Figure 2). The calibration and validation were carried out independently for each
SPP (i.e., MSWEP, TAMSAT, and CHIRPS) that performed relatively well in the ground-
truth evaluation. The sub-catchment gauged at 82212 has an insignificant wetland coverage.
Thus, it enabled model parameterisation for catchments without wetlands in the region.

 

Figure 2. SHETRAN masks for Phase 1 (sub-catchment 82212) and Phase 2 (Mpologoma catchment)
models, including the locations of river channels, lakes, and wetlands.
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In Phase 2, the entire Mpologoma catchment was simulated, with parameters initially
set to the effective values attained in Phase 1. The Phase 2 model was set up only for the
precipitation product that performed best in Phase 1. Recalibration and revalidation on
stations 82217 and 82218, respectively, were carried out with parameter adjustments limited
to locations with wetlands.

River channels in the SHETRAN model flow along the edge of grid squares and
are automatically created from the DEM. However, due to weaknesses in the SHETRAN
automatic river generator in the flatter wetland areas, they were manually adjusted to
follow the actual river network. River channels were removed where there are lakes,
and the elevations of grid squares in lake locations were changed to depict average lake
depths. The modified files were used in SHETRAN (version 4.4.5). Model performances
were assessed statistically by quantifying the Nash–Sutcliffe efficiency (NSE), percent bias
(Pbias), and the root mean square error standard deviation ratio (RSR). These metrics are
generally recommended for model performance assessment in hydrology [70].

2.4. Impacts of Wetlands on Catchment Discharge

Wetland flow regulating functions can be assessed if a reference condition is defined,
against which flow changes associated with the wetland are quantified [71]. Bullock and
Acreman [72] documented the most used approaches for inferring wetland flow regulating
functions. The ‘with/without’ approach, restricted to model-based studies, compares
the same catchment with and without wetlands. The model is typically calibrated and
validated for a ‘with’ or ‘without’ scenario. Simulations are then carried out with the
alternate scenario, and any difference between the model outputs is attributed to the
existence of wetlands. Papyrus plants are perennial herbaceous vegetation. Although
communities around them harvest papyri in the dry season, they quickly regenerate at the
onset of rains [12]. This study assumed that papyri stand remains the same all year round.

Furthermore, hydrological measures (flow indices) are employed in quantifying wet-
land flow regulating functions. These measures can be broadly classified into five group-
ings [72]: gross water balance, groundwater recharge, baseflow and low flows, flood
response, and river flow variability. In this study, the historical impacts of wetlands on
catchment flow were assessed using indices of baseflow and quickflow. In contrast, future
effects were evaluated using flood and low flow indices. Quickflow is the part of precip-
itation that reaches the river fastest through surface runoff and interflow and is mainly
responsible for floods. Thus, baseflow and quickflow are good indicators of how wetlands
respond to slow and fast flow processes. However, a more holistic approach to catchment
management requires the characterisation of flows in terms of flood/low flow indices (e.g.,
magnitude, duration, frequency, etc.) [73]; thus, it was adopted for the future period.

2.4.1. Impacts of Wetlands on Baseflow and Quickflow

The Wetland Specific Impact (WSI) metric [74] was employed in quantifying wetland
flow regulating functions. It normalises the hydrological impact, which is an increase or
decrease in flow metrics with respect to the wetland area (Equation (1)).

WSIBF/QF = [RBFw/QFw − RBFwo/QFwo] ÷ A (1)

where WSI (m3/s/km2) is the index of wetland impact expressed as a flow parameter
(baseflow (BF) or quickflow (QF)) per unit area of wetland; R (m3/s) is discharge (baseflow
or quickflow) for the situation with (w) and without (wo) wetlands; and A (km2) is the
total wetland area.

The hydrological impacts of wetlands are highly dependent on climatic conditions,
leading to seasonal and inter-annual variability [74]; thus, WSI values were computed at
monthly and annual timescales. Boxplots showing the mean, median, and interquartile
range and upper and lower limits were employed to illustrate this variability. However,
only the mean WSI values and non-outlying WSI range (upper and lower limits) were used
to describe wetlands’ roles. WSI values were computed over 30 years (1984 to 2013) for

7
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the model outputs forced with ‘observed’ climatic data (i.e., MSWEP and CFSR, Table 2).
Baseflow and quickflow components were extracted from total flows using WETSPRO,
a flow filtering tool based on the extended Chapman filter [75] and available online at
https://bwk.kuleuven.be/hydr/pwtools.htm#Wetspro (accessed on 10 August 2022).

2.4.2. Impacts of Wetlands on Future Flood and Low Flows

This study assessed climate change impacts using the first ensemble (r1i1p1f1) daily
climate variables from the Coupled Model Intercomparison Project phase 6 (CMIP6). Given
that suitable corrections can only be attained if the scale gap between the model and
observational data is realistic [76], the CMIP6 models were restricted to 100 km nominal
resolution. Thus, only four (GFDL-ESM4, CESM2-WACCM, MRI-ESM2-0, and NorESM2-
MM) of the nine CMIP6 models (Table A2 in Appendix A) recommended for application
over the East African region were selected. As of July 2022, CESM2-WACCM had no
historical minimum and maximum temperature at the official CMIP6 web portal (https:
//esgf-node.llnl.gov/projects/cmip6/). Thus, GFDL-ESM4, MRI-ESM2-0 and NorESM2-
MM were the only Global Climate Models (GCMs) used. These GCMs were bias-corrected
using the quantile delta mapping method in RStudio’s ‘MBC’ package [77], with daily
MSWEP and CFSR as observed precipitation and temperature fields, respectively.

The focus was on the impacts of representative concentration pathway 8.5 (RCP8.5),
given that current greenhouse gas emissions are closer to it than the other RCPs [78].
Although there is consensus to limit warming to 2 ◦C [79], Intergovernmental Panel on
Climate Change (IPCC) predictions indicate end-of-century warming of up to 4 ◦C if the
current emission trend continues [80]. Thus, this study assessed climate change impacts
at 2 and 4 ◦C global warming levels (GWLs), with NOAA GISS Surface Temperature
Analysis [81] global observational data as a reference. A collection of 30-year windows
corresponding to 2 and 4 ◦C GWLs were extracted for each GCM, following the method in
Vautard et al. [82].

Following Xu et al. [83], the mitigating effects of wetlands on future flood flows were
assessed using flow duration, magnitude, and frequency indices by analysing model outputs
with and without wetlands. These were similarly adapted for low flows. Table 2 shows
the total number of simulations carried out with the various CMIP6 datasets at the baseline
(BL), GWL2 and GWL4. A 2-year return period flood and low flow threshold of the baseline
scenario were used to detect the occurrence of flood and low flows, assuming that river cross
sections do not change at GWL2 and GWL4. The 2-year threshold is often used as an estimate
of bank-full discharge [84], thus a proxy for flood flow (i.e., starting point of inundation). The
same return period was chosen for low flow as a review of droughts over Africa showed
that, in the worst case, droughts occur every two years in Uganda [85]. A flood event was
considered one or more consecutive days when the daily flow was larger than the bank-full
flow. Similarly, a low flow event is one or more consecutive days when daily flow is less than
or equal to the low flow threshold. The estimated 2-year return period flood and low flow
threshold of the baseline scenario are 33.2 and 11.5 m3/s, respectively.

The various flow indices were calculated over the water year (March to February).
Flow duration was calculated as the average of individual events in a water year. The
average per event was calculated before averaging over a year for flow magnitude. Flow
frequency is the number of flood or low flow events yearly. The analysis assumed the same
wetland size for baseline and future scenarios.
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Table 2. List of models (with and without wetlands) simulated/forced with ‘observed’ (i.e., MSWEP
and CFSR) and CMIP6 climatic datasets.

S. No. Climatic Datasets Simulation Period (Model Warmup) Wetlands Present or Not

1 MSWEP rainfall and CFSR
PET

1979–2013 (1979–1983)
Yes

2 No

3
GFDL-ESM4 at BL 1979–2013 (1979–1983)

Yes
4 No

5
MRI-ESM2-0 at BL 1979–2013 (1979–1983)

Yes
6 No

7
NorESM2-MM at BL 1979–2013 (1979–1983)

Yes
8 No

9
GFDL-ESM4 at GWL2 2028–2063 (2028–2032)

Yes
10 No

11
MRI-ESM2-0 at GWL2 2030–2065 (2030–2034)

Yes
12 No

13
NorESM2-MM at GWL2 2025–2060 (2025–2029)

Yes
14 No

15
GFDL-ESM4 at GWL4 2059–2094 (2059–2063)

Yes
16 No

17
MRI-ESM2-0 at GWL4 2051–2086 (2051–2055)

Yes
18 No

19
NorESM2-MM at GWL4 2049–2084 (2049–2053)

Yes
20 No

3. Results

3.1. Model Calibration and Validation Results

Phase 1 model calibration and validation results for the best performing SPPs (MSWEP,
TAMSAT, and CHIRPS) are shown in Figures 3 and 4 for daily and monthly timesteps,
respectively. Overall, MSWEP performed best with a daily NSE (Pbias/RSR) and monthly
NSE (Pbias/RSR) of 0.47 (−11.4%/0.73) and 0.73 (−5.15%/0.52) at calibration and
0.44 (−0.68%/0.75) and 0.87 (−3.39%/0.36) at validation. CHIRPS followed this at 0.24
(10.31%/0.87) and 0.55 (−6.95%/0.67) for calibration and 0.45 (−4.68%/0.74) and 0.86
(−7.17%/0.38) for validation. Meanwhile, TAMSAT attained −0.33 (1.28%/1.16) and 0.39
(1.34%/0.78) at calibration and −0.07 (−0.44%/1.03) and 0.18 (−4.02%/0.9) at validation.
Model performance generally improves with timestep and concurs with studies over Africa
(e.g., [43,86]) that recommend hydrological performance assessment of SPPs at longer
timescales (e.g., monthly instead of daily). This is because validation errors in SPPs are
often offset upon spatial and temporal integration at the catchment scale [87]. In addition,
real-time control, design, and management of most catchment systems (such as irrigation
and water supply, reservoirs, land use change, climate change, and environmental im-
pact studies) can be achieved with monthly hydrological model estimates [88]. Mutenyo
et al. [89] modelled the catchment gauged at 82212 using SWAT, a semi-distributed hy-
drological model, with daily gauge rainfall data from 1955 to 1961. The model performed
best at the monthly timescale with NSE values (Pbias) of 0.72 (−0.49%) and 0.64 (20.5%)
for calibration and validation, respectively, which are similar to the results obtained in
this study.
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Figure 3. Daily timestep calibration and validation results at station 82212. Date format in Day Month Year.

Given its superiority in this study, MSWEP was further used in Phase 2 of model
calibration and validation, focusing on the recalibration of channel Strickler coefficient
(Krc) in locations with wetlands. Strickler coefficient is the inverse of Mannings coefficient.
An optimal Krc of 7 m1/3/s, from an initial value of 30 m1/3/s (Phase 1), denoting a 76.6%
change in Strickler coefficient, was attained, with daily and monthly NSE (Pbias/RSR)
of 0.52 (−2.46%/0.69) and 0.64 (−6.04%/0.6) at calibration and 0.55 (−13.67%/0.69) and
0.59 (−13.66%/0.64) at validation, respectively (Figure 5). To ensure the robustness of the
Phase 2 model, calibration and validation were carried out at two different sites (82217 for
calibration and 82218 for validation). Due to uneven data gaps in the records of the two
gauging stations, calibration was carried out from January 2011 to November 2013, whereas
validation was from January 2000 to December 2003.

3.2. Historical Impacts of Wetlands on Catchment Hydrology
3.2.1. Overall Impacts of Wetlands on Catchment Hydrology

The mean annual water balance components over the Mpologoma catchment are
shown in Table 3. Precipitation (P), actual evapotranspiration (AET), and catchment outflow
(Q) were extracted from the SHETRAN model output for the situation with and without
wetlands over the period 1984 to 2013 (30 years). The models were driven with MSWEP
and CFSR precipitation and PET datasets. Overall, wetlands modulate river flow in the
Mpologoma catchment by decreasing annual discharge by 5.5% on average. In contrast,
evapotranspiration is enhanced annually by 0.4% on average.
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Figure 4. Monthly timestep calibration and validation results at station 82212. Months with data
gaps in measured flow are not included. Date format in Month Year.

Table 3. Mean annual precipitation, actual evapotranspiration, and catchment discharge over 30 years
(1984 to 2013) for the situation with and without wetlands. Models were driven with MSWEP and
CFSR precipitation and PET datasets, respectively.

Water Balance Component Without Wetlands With Wetlands Relative Change (%)

Precipitation (mm) 1299.3 1299.3
Actual evapotranspiration (mm) 1218.2 1222.5 0.4

Catchment outflow (mm) 78.6 74.3 −5.5

3.2.2. Impacts of Wetlands on Baseflow and Quickflow

Based on mean WSI values (Figure 6), wetlands moderately support baseflow at
the catchment scale in most months of the year except June (WSI of −0.02 m3/s/km2).
Quickflow is suppressed in most months, except July and February (positive WSI of
0.16 and 0.01 m3/s/km2, respectively). Negative baseflow and positive quickflow WSI
values indicate a reversal of the supportive role of wetlands towards these flow components,
whereas zero implies a null response. The critical periods during which baseflow is
often positively impacted are from March to May (WSI of 0.13, 0.12 and 0.05 m3/s/km2,
respectively) and from October to February (WSI of 0.05, 0.05, 0.05, 0.08 and 0.1 m3/s/km2,
respectively). Meanwhile, the corresponding periods for quickflow are from April to June
(WSI of −0.48, −1.21 and −0.43 m3/s/km2, respectively) and September to November
(WSI of −0.25, −0.16 and −0.36 m3/s/km2, respectively).
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Figure 5. Daily and monthly timestep calibration (at station 82217) and validation (at station 82218)
results. For the monthly plots, months with data gaps in measured flow are not included. Date
format in Day Month Year for the daily plots and Month Year for the monthly plots.

Figure 6. Monthly and annual wetland-specific impact (WSI) on baseflow and quickflow at the
catchment outlet. Computations are over 30 years (1984 to 2013). The boxplots show the mean
(triangles), median, and interquartile range. The whiskers show the upper and lower limits, excluding
any outliers (indicated as circles).
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At the annual timescale, wetlands generally enhance baseflow (mean WSI = 0.68 m3/s
/km2) and attenuate quickflow (mean WSI = −3 m3/s/km2). However, the yearly WSI non-
outlying range shows that wetlands significantly reduced quickflow (−5.19 to −0.71 m3/s/km2)
compared to enhanced baseflow (−1.31 to 2.7 m3/s/km2).

3.3. Impacts of Wetlands on Future Catchment Hydrology
3.3.1. The Overall Impact of Wetlands on Future Catchment Hydrology

The mean annual water balance components over the Mpologoma catchment for the
ensemble baseline (BL), GWL2 and GWL4 are summarised in Table 4. Like the water
balance for the models driven by MSWEP and CFSR precipitation and PET products
(Table 3), water balance components were extracted over 30 years, with the baseline period
set from 1984 to 2013. GWL2 and GWL4 water balance components are tied to a future
30-year period with a mid-point at 2 and 4 ◦C global warming levels, respectively. As the
various individual GCM products were bias-corrected with MSWEP and CFSR datasets,
model predictions for the BL are similar to those driven by MSWEP and CFSR. Wetlands
in the BL modulate river flow by decreasing annual discharge (−6.6%) while enhancing
evapotranspiration (0.4%) on average. These effects continue with warming but with a
reduced impact on discharge.

Table 4. Mean annual precipitation, actual evapotranspiration, and catchment discharge over 30 years
for the situation with and without wetlands. Models were forced with bias-corrected GCM precipita-
tion and PET datasets.

Water Balance Component Without Wetlands With Wetlands Relative Change (%)

Model ensemble—baseline period

Precipitation (mm) 1294.9 1294.9
Actual evapotranspiration (mm) 1212.7 1217.0 0.4

Catchment discharge (mm) 82.4 77.0 −6.6

Model ensemble—GWL2

Precipitation (mm) 1403.4 1403.4
Actual evapotranspiration (mm) 1298.8 1304.3 0.4

Catchment discharge (mm) 111.8 107.0 −4.3

Model ensemble—GWL4

Precipitation (mm) 1456.9 1456.9
Actual evapotranspiration (mm) 1361.8 1367.4 0.4

Catchment discharge (mm) 105.7 100.5 −5.0

3.3.2. Impacts of Wetlands on Future Flood and Low Flows

Figure 7 shows violin plots of flood and low flow indices for the situation with and
without wetlands. For flood flows and a particular catchment treatment (i.e., with or with-
out wetlands), the 30-year mean value (Table 5) indicates that both duration and magnitude
increase with warming. However, the difference between GWL2 and GWL4 indices is
minimal. For the situation with wetlands, the mean flood duration per event increases
from 85 days at BL to 128 and 110 days at GWL2 and GWL4, respectively. Similarly, for the
situation without wetlands, the duration increases from 46 days at BL to 72 and 61 days
at GWL2 and GWL4, respectively. The mean flood magnitude per event, for the situation
with wetlands, increases from 37.65 m3/s at BL to 42.87 and 41.21 m3/s at GWL2 and
GWL4, respectively. For the case without wetlands, the magnitude per event increases
from 42.23 m3/s at BL to 45.21 and 44.7 m3/s at GWL2 and GWL4, respectively. In general,
wetlands in the Mpologoma catchment are predicted to increase the mean flood duration
by 77.8% (56 days) and 80.3% (49 days) at GWL2 and GWL4, respectively, and lower the
mean flood magnitude by 5.2 and 7.8%.
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Figure 7. Violin plots of flood and low flow indices for the situation with and without wetlands. Flow
duration and magnitude plots depict mean annual values, whereas frequency depicts the number of
events in a year. The triangles indicate the average flow index over 30 years.

Table 5. Mean and range of flow indices (duration, magnitude, and frequency) for the situation with
(w) and without (wo) wetlands over 30 years.

Scenario
Flow Duration (Days) Flow Magnitude (m3/s) Event Frequency

Mean Range Mean Range Mean Range

Flood flows

BLw 85 3–216 37.65 33.27–52.70 1 0–2
GWL2w 128 9–365 42.87 34.14–60.68 1 0–3
GWL4w 110 21–295 41.21 33.70–56.78 1 0–4

BLwo 46 3–144 42.23 33.37–65.43 2 0–4
GWL2wo 72 16–250 45.21 35.35–68.29 2 0–5
GWL4wo 61 8–272 44.70 33.92–59.92 2 0–5

Low flows

BLw 32 3–59 10.42 8.91–11.40 1 0–2
GWL2w 33 14–65 10.60 9.69–11.30 1 0–2
GWL4w 48 15–97 10.04 7.40–11.17 1 0–4

BLwo 22 2–53 10.47 8.62–11.54 2 0–5
GWL2wo 19 5–61 10.71 9.56–11.27 1 0–7
GWL4wo 27 3–88 10.45 9.39–11.32 1 0–6

From Table 5, the estimated mean flood frequency is constant, irrespective of warming
level, at 1 and 2 flood events per year for the situation with and without wetlands, respec-
tively. However, the potential for a larger number of flood events in a year (the range)
increases with warming. For example, for the situation with wetlands, annual flood events
increase from the BL range of 0–2 flood events to 0–3 and 0–4 events at GWL2 and GWL4,
respectively. For the situation without wetlands, the range increases from 0–4 to 0–5 at both
GWL2 and GWL4.

Unlike flood flows, the impacts of warming levels on low flows are generally het-
erogeneous. For example, for the situation with wetlands, the mean low flow duration
at GWL2 (33 days) is the same as that at BL (32 days) but increases to 48 days at GWL4.
However, the range of low flow duration per event increases with warming from 3–59 days
at BL to 14–65 and 15–97 days at GWL2 and GWL4, respectively. Similarly, for the situation
without wetlands, the mean low flow duration at GWL2 (19 days) is the same as that at BL
(22 days) but increases to 27 days at GWL4. The range, however, increases with warming
from 2–53 days at BL to 5–61 and 3–88 days at GWL2 and GWL4, respectively. In general,
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wetlands are projected to increase future mean low flow duration by 73.7% (14 days) and
77.8% (21 days) at GWL2 and GWL4, respectively.

For the case of low flow magnitude, there is no significant change in the 30-year
mean flow value, irrespective of catchment treatment. For example, for the situation
with wetlands, the mean flow magnitude per event increases and drops minimally from
10.42 m3/s at BL to 10.6 and 10.04 m3/s at GWL2 and GWL4, respectively. Similarly, for
the situation without wetlands, it increases and drops minimally from 10.47 to 10.71 and
10.45 m3/s, respectively. No significant change can be seen in the range of low flow
values, except for GWL4 with wetlands. The range of low flow magnitude increases from
8.91–11.4 m3/s at BL to 7.4–11.17 m3/s at GWL4. In general, though not significant,
projections suggest that wetlands will reduce future mean low flow magnitude by 1 and
3.9% at GWL2 and GWL4, respectively. However, a considerable decline of 21.2% is
expected in the lower limit of low flow at GWL4.

The mean low flow frequency is generally constant, irrespective of the warming
level. On average, one low flow event occurs per year regardless of catchment treatment.
However, the range of low flow events is lower for the situation with wetlands. Events
vary from 0–2 and 0–4 at GWL2 and GWL4, respectively, compared to 0–7 and 0–6 for the
situation without wetlands. Overall, though wetlands are predicted to negatively impact
future low flow magnitude and duration, they are expected to positively impact low flow
frequencies by lowering the range of events in a year by 71.4 and 33.3% at GWL2 and
GWL4, respectively.

4. Discussion

4.1. Historical Impacts of Wetlands on Catchment Hydrology

The catchment water balance (Table 3) shows that the Mpologoma floodplain wetlands
reduce annual average river flow, increase evapotranspiration compared to most land types,
and enhance groundwater recharge. The response is typical of wetlands, depending on
the underlying lithology [72]. Additionally, the mean annual WSI, depicting enhanced
baseflow and attenuated quickflow, show that wetlands regulate flow variability at the
catchment scale [90]. Past studies in Africa, although restricted to wetland complexes
(e.g., the Sudd wetland in South Sudan [22,23] and the Okavango Delta in Botswana [23]),
have also shown that papyrus-based riparian wetlands play significant roles in dampening
flow variability. The greater impact on quickflow compared to baseflow, as seen in this
study’s WSI non-outlying range, concurs with the work by Kadykalo and Findlay [91], who
concluded that wetlands perform better in flood mitigation than low flow augmentation.
Overall, the mean annual WSI values show that wetlands in the Mpologoma catchment are
at least four times better at attenuating quickflow than enhancing baseflow. Like the mean
annual WSI values, the mean monthly WSI results show that papyrus wetlands are most
effective in curtailing quickflow. The periods in which quickflow is suppressed coincide
with the region’s wet seasons (March to May and September to November).

Although the mean monthly WSI shows baseflow enhancement in most months,
reversal of the supportive role of wetlands occurs in the first dry season (June to July). One
would expect baseflow enhancement and nearly zero quickflow WSI during the first dry
season (June to July), as seen in the second dry season (December to February). The disparity
between the two dry periods could be due to the different antecedent conditions. Both
dry periods start immediately after a wet period; however, the first rainy season is much
wetter than the second, and the second dry spell is much drier [47]. This affects storage and
connectivity pathways between wetlands and rivers. Hydraulic gradients and hydrological
connectivity in riparian wetlands, typical of those in the Mpologoma catchment, depend
on adequate water levels in both the river and wetlands, thus influencing discharge to or
recharge from rivers [74]. This exchange of fluxes between wetlands and rivers is driven by
catchment scale factors such as rainfall (intensity and duration), landscape (topography,
soil and geology, drainage area, land use, and land cover), and initial conditions [91–93].
Kayendeke and French [24] showed that, for a microsite of 0.18 km2 in the Naigombwa
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sub-catchment of the Mpologoma catchment, papyrus wetland flows are dominated by
surface inflows, with negligible contribution from groundwater (i.e., wetland soils are
mostly heavy clay loam). The lack of baseflow support from wetlands in June–July may
result from a reversal in hydrological dynamics between rivers and wetlands, as shown
in Figure 8. The figure shows hydrographs of baseflow and total flow for water years
1985 and 2010 when wetlands reduced baseflow by the largest amount in June and July. For
these two years, baseflow with wetlands was, respectively, 0.61 and 0.64 of the baseflow
with no wetlands for June and 0.69 and 0.72 for July. Figure 8 indicates that the wetland’s
supportive role of providing baseflow discharge to rivers was reversed between May and
September. This reversal was also observed by Kayendeke and French [24] for the site
mentioned above between July 2015 and January 2016. Overall, wetland interconnections
are complex at the catchment scale due to the aggregation effects of multiple wetlands on
flow regimes and the influences of various flow paths [30].

Figure 8. Hydrograph of baseflow and total flow for the water years 1985 and 2010.

4.2. Impacts of Wetlands on Future Catchment Hydrology

The projected catchment water balance (Table 4) shows that wetlands will decrease
discharge at GWL2 and GWL4 but at rates lower than BL. CMIP6 models project increased
precipitation over East Africa [94,95], as seen in the 30-year ensemble mean of the GCMs
used in this study (Table 4 and Figure S7 in the Supplementary Materials). Thus, it explains
the expected reduced effect of wetlands on the future annual discharge and the predicted
increase, irrespective of catchment treatment (i.e., with or without wetlands), in the 30-year
mean flood duration and magnitude and the range of flood frequencies in a year (Table 5).

Although the mean flood magnitude and the range of flood frequencies increase at
GWL2 and GWL4, they are lower for the situation with wetlands. Meanwhile, the predicted
mean flood duration is more significant in the case of wetlands. This agrees with other
studies that show that floodplain wetlands lower flood magnitude, reduce the frequency of
flooding, increase time to peak (flood duration), and delay floods [72,91].

Future predictions show that wetlands will worsen low flow’s mean duration and
magnitude. Warmer climates accelerate wetland water loss through evapotranspiration [31],
leading to a decline in dry season flows, particularly during severe drought [74]. Floodplain
wetlands in other parts of Africa, such as Sierra Leone and South Africa, have been shown
to negatively impact dry season river flow due to high evapotranspiration rates [72].
Meanwhile, wetlands in the Mpologoma catchment will positively impact future low flow
frequencies by lowering the range of frequencies in a year. The predicted reduction could
be associated with water storage and slow water release wetland services. Acting like a
‘sponge’, wetlands store water during the wet season and release it in the dry period [96],
thus minimising low flow episodes.
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4.3. Implications and Limitations

Our findings show that wetlands greatly influence the hydrological footprint (i.e., the
influence of watershed features on downstream discharge) of the Mpologoma catchment.
However, increased wetland conversion for crop production, the most significant driver of
wetland loss in rural catchments in Uganda [97], poses threats to sustainable catchment
management. Changing climates characterised by increased precipitation, typical of the
East African region [94,95], coupled with large-scale wetland loss, are predicted to aggravate
flood risk [98]. Bunyangha [50] estimated a wetland loss rate of 0.6% per annum between
1986 and 2019 in the Mpologoma catchment, with a predicted loss rate of 0.2% between
2019 and 2039. This calls for restoration and conservation measures, given that most
urban centres and rural communities in the Mpologoma catchment rely on natural systems
(upstream wetlands) for flood management. The importance of wetland restoration for
flow regulation services has been exemplified in several studies such as Acreman et al. [99],
Mitsch and Day [100], Wu et al. [101], and Yang et al. [102]. Furthermore, Gulbin et al. [98]
demonstrated that, even if a significant change to flow regulation is not achieved upon
wetland restoration under the current climate, it could provide a future complementary
measure for mitigating the negative impacts of existing flood management strategies. For
example, current adequate flood protection structures such as dikes could fail due to
increased precipitation. Thus, restored wetlands can play important supplementary roles.

Looking at the broader impact of climate change, irrespective of catchment treatment
(i.e., with or without wetlands), our projections indicate increased flood and low flow
risks, a trend similar to global projections [103]. The broader impact of flood risk in the
Mpologoma catchment is projected to manifest through increased mean flood magnitude
and duration and increased variability in flood frequency. Low flow risks are expected to
manifest primarily in the form of increased variability in duration and number of events in
a year. Although mean low flow magnitude may not significantly change with warming,
extreme warming (i.e., at GWL4) is predicted to significantly reduce low flows and increase
their variability. These findings on the broader impact of climate change are similar to other
studies in Uganda, with indications of increased future flood magnitude [104–108] and
occurrence of drought flows [104]. Thus, there is a need for the development of sustainable
catchment flood and low flow management plans.

This paper provides useful information for wetland managers and policymakers on
the supportive roles played by papyrus-based wetland systems, indicating a need for
their restoration and conservation. However, our results should be treated with caution,
given that modelling studies on flow regulation services of wetlands tend to predict larger
impacts compared to empirical studies [91]. Future climate data generally contribute the
largest uncertainty to hydrologic studies [109]. Lee et al. [110] assessed the impacts of
uncertainties arising from climate change data on the streamflow of a catchment with
wetlands. They concluded that the variability of GCM projections was the most significant
contributor to flow prediction uncertainty. Nine CMIP6 GCMs were initially identified for
this study, but only three were used due to limitations on resolution. We recommend using
a larger GCM or regional climate model ensemble to lower prediction uncertainty.

5. Conclusions

This study investigated the effects of papyrus-dominated wetlands on baseflow and
quickflow, including future flood and low flows within the Mpologoma catchment in
Uganda. With the aid of the physically based, spatially distributed catchment modelling
tool SHETRAN, the study quantified the catchment-scale flow regulating roles of papyrus
wetlands. Findings show that papyrus wetlands wield a strong influence on catchment
hydrology. They significantly affect quickflow (including floods), with a minor role on
baseflow and most low flow indices. This indicates that wetland management is integral
to water resources and flood management, particularly in tropical Africa, where papyrus
wetlands naturally occur. These wetlands provide nature-based solutions against floods
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to several communities in the developing nations of Africa, thus providing solutions to
challenges faced by flood engineers and water resources managers.

The modelled high wetland evapotranspiration rates with increased risks of low flows,
especially in dry years, indicate an exaggeration of water scarcity. However, conservation
decisions on whether papyrus wetlands are essential despite water scarcity risks should
be taken in the broader context, depending on other wetland functions (e.g., biodiversity,
human health and food, flood mitigation, recreation, etc.).
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Appendix A

Table A1. Essential satellite-based precipitation products (SPPs) applied over Africa.

S. No. SPP Description Resolution (km) Reference

1 TAMSATv3.1 Tropical Applications of Meteorology using SATellite (TAMSAT) and ground-based
observations version 3.1; developed by the University of Reading, UK. 4 [111]

2 CHIRPSv2.0
Rainfall Estimates from Rain Gauge and Satellite Observations version 2.0; developed by the

U.S. Geological Survey Earth Resources Observation and Science Centre, in collaboration with
Santa Barbara Climate Hazards Group of the University of California.

6 [112]

3 ARC2 Africa Rainfall Climatology (ARC) version 2.0; developed by NOAA Climate Prediction Centre. 11 [113]

4 RFE2 African Rainfall Estimation Algorithm (RFE) version 2.0; developed by NOAA Climate
Prediction Centre. 11 [114,115]

5 MSWEPv2.2 Multi-Source Weighted-Ensemble Precipitation (MSWEP) version 2.2; developed by. 11 [116]

6 PERSIANN-CDR Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks
(PERSIANN-CDR); developed by UCI Centre for Hydrometeorology & Remote Sensing. 28 [117]

7 CMORPHv1.0ADJ Climate Prediction Centre (CPC) morphing technique (CMORPH) bias-corrected with gauge
data (ADJ) version 1.0; developed by NOAA Climate Prediction Centre. 8 [118]

8 TRMM 3B42v7 Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) version
7; developed by NASA and Japan’s National Space Development Agency. 28 [119]
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Table A2. List of best-performing CMIP6 GCM models over the region of Uganda. The list is based
on the findings of Ayugi et al. [120] and Ngoma et al. [121].

S.
No.

GCM Model Institution
Resolution (km) for Ensemble

Members r1i1p1f1

1 CanESM5 Canadian Centre for Climate Modelling and Analysis, Environment and Climate
Change Canada, Victoria, Canada. 500

2 CESM2-WACCM National Centre for Atmospheric Research, USA. 100

3 CNRM-CM6-1 Centre National de Recherches Météorologiques (CNRM); Centre Européen de
Recherches et de Formation Avancéeen Calcul Scientifique, France. 157

4 GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (GFDL), USA. 100

5 MPI-ESM1-2-LR Max Planck Institute for Meteorology, Germany. 250

6 MRI-ESM2-0 Meteorological Research Institute, Japan. 100

7 NorESM2-LM Norwegian Climate Centre, Norway. 250

8 NorESM2-MM Norwegian Climate Centre, Norway. 100

9 UKESM1-0-LL UK Met Office Hadley Centre, UK. 209 × 139

Appendix B

Evaluation of Satellite Precipitation Products (SPPS) with Gauge Data

Accuracy of SPPs in Daily Rainfall Identification

The statistics of daily rainfall identification for each SPP and rain gauge location are
summarised in Table S1 in the Supplementary Materials. Overall, Probability of Detection
(POD) statistics show that SPPs perform better in detecting rain at low altitudes (Tororo) in
comparison to high altitudes (Buginyanya). This is because satellite rain detection heavily
depends on ice at cloud tops [122], which both infrared and passive microwave algorithms
weakly detect in the relatively warm orographic rains that dominate mountainous re-
gions [123]. This weakness in rain detection could explain the relatively lower False Alarm
Ratio (FAR) at a high altitude. Similar to findings by Diem et al. [124] for a study in the
north-western region of Uganda, high POD and Frequency Bias (FB) are generally linked
with larger FAR. In general, though all assessed products utilise gauge data for calibration,
those that ingest gauge data at longer timescales (e.g., TRMM and PERSIANN-CDR at
monthly scale) performed worst.

Accuracy of SPPs in Capturing Daily and Monthly Rainfall Totals

Most satellite precipitation products performed weakly in capturing daily rain totals,
with correlation coefficient (R) and Nash-Sutcliffe efficiency (NSE) varying from 0.1 to
0.39 (Figure S2 in the Supplementary Materials) and −0.37 to 0.14 (Figure S3 in the Sup-
plementary Materials), respectively. However, significant improvement was attained on
aggregation to monthly totals (Figure S4 and Figure S5, respectively, in the Supplementary
Materials), with MSWEP, TAMSAT and CHIRPS performing best. Their monthly R and
NSE vary from 0.71 to 0.78 and 0.35 to 0.6, respectively. SPPs have inherent detection,
systematic and random errors [125,126]. However, systematic errors increase slightly for
aggregation windows greater than 15 days, while random errors have a negligible effect
upon aggregation [127]. Some of the studies over Africa that have reported improvement
of SPPs on aggregation include Bhatti et al. [127], Dembélé and Zwart [56], Dinku [57] and
Gebrechorkos [128]. The above-average performance of TAMSAT and CHIRPS could be
attributed to the assimilation of gauge datasets from local and regional meteorological
authorities. Meanwhile, MSWEP’s performance could be due to ingesting multiple datasets,
including gauge and reanalysis products.

Appendix C

Model Sensitivity Analysis

Model sensitivity is usually assessed using local or global methods [129]. Though
unreliable for high-dimensional and non-linear models [130], local approaches such as the
‘one parameter at a time’ are simple and computationally less expensive [131]. Further,
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they have been applied in numerous hydrological modelling studies [131], including
SHETRAN [132]. Birkinshaw [133] gives a detailed description of SHETRAN parameters,
including the applicable range. Some of these parameters are not very sensitive. For
this study, the parameters assessed for sensitivity include overland (Kro) and channel
(Krc) Strickler coefficients (the Strickler coefficient is the inverse of Manning’s coefficient),
canopy leaf area index (CLAI), topsoil saturated conductivity (Ksat) and the ratio of actual
to potential evapotranspiration at field capacity (AET/PET ratio). The ‘one parameter at
a time’ approach was employed in assessing the above parameters. Each parameter was
evaluated over the range of ±90% by plotting the change in catchment discharge against
the change in parameter base value. The sensitivity index (SI) for each parameter was also
calculated using the equation below, where O0 is catchment discharge at base value, and
O90 and O-90 are catchment discharge at +90 and -90% change in base value. This study’s
sensitivity analysis was carried out only for the Phase 1 model driven by the MSWEP
precipitation product.

SI90 = |O90 − O-90| ÷ O0 (A1)

Results of Model Sensitivity Analysis

Sensitivity indices for overland (Kro) and channel (Krc) Strickler coefficients, canopy
leaf area index (CLAI), topsoil saturated conductivity (Ksat), and the ratio of actual to
potential evapotranspiration at field capacity (AET/PET) are shown in Figure S6 in the
Supplementary Materials. The most sensitive parameters, in descending order, are Krc,
AET/PET and Kro, with SI values of 1.1, 0.83 and 0.72, respectively. Ksat was the least
sensitive, with SI = 0.06. As expected, larger Kro, Krc, and Ksat values increase catchment
outflow. On the contrary, increments in CLAI and AET/PET lower outflows. The sensitivity
results are similar to findings by Mutenyo et al. [89] for a SWAT model of the Manafwa
sub-catchment in the Mpologoma catchment, in which parameters that control overland
and channel flow, canopy cover, evapotranspiration, and flow in soil were found to be
most sensitive.
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Abstract: Climate change is expected to affect the agricultural sector in ways that are often unclear to
predict. If in the short- and medium-terms farmers may adapt to climate change by adjusting their
agricultural practices, in the long-term, these adjustments may become insufficient, forcing farmers
to change their farming systems. The extent and direction in which these farming system transitions
will occur is still a subject that is underexplored in the literature. We propose a new framework to
explore the effect of climate change on the choice of farming system while controlling the effect of
other drivers that are also known to influence the farming system choice. Using a spatially explicit
farming system choice model developed by a previous study in an extensive agricultural region of
southern Portugal, we applied a space-for-time approach to simulate the effect of climate change
on the future dynamics of the farming systems in the study area. The results suggest that climate
change will force many farmers to change the farming system in a foreseeable future. The extent
of the projected changes in farming systems is likely to trigger significant social, economic, and
environmental impacts, which should require early attention from policy makers.

Keywords: climate change; farming systems; space-for-time; choice modelling; climate scenarios

1. Introduction

Climate change is expected to bring substantial impacts on the agricultural sector [1,2].
Plenty of research has been published on the subject, mostly focusing on assessing the effects
of climate change on crop and livestock productivity [3–5], on the shifting of agroclimatic
zones [6,7], or on global food security [4,8,9]. However, the literature focused on anticipating
farmers’ decisions in their climate change adaptation strategies is surprisingly less abundant.

Farm management decisions are typically made at the whole-farm level, in a compre-
hensive and internally coherent approach that accounts for the interdependencies between
crops, livestock rearing, and other activities, rather than independently for each crop or
activity [10]. So, to understand and anticipate farmers’ decisions in their adaptation strate-
gies to climate change, an integrated farming systems (FSs) approach should be adopted
rather than resorting to a simple crop modelling analysis focused on understanding how
climate change will affect a particular crop or activity [11–13]. In this sense, an FS acts as a
classification scheme that is useful for identifying groups of farms that carry out roughly
the same activities, with similar land use and livestock patterns, employing identical tech-
nologies and production methods and which, therefore, can be expected to react in a similar
way to external stimuli [10,14]. This is the FS concept adopted in this study. We believe that
this FS approach to anticipate farmers’ response to climate change is new in the literature,
where adaptation studies focused on adjustments to agricultural practices within the same
FS have prevailed.

The farming system choice is a farmer’s decision that involves the joint consideration
of several factors acting alone or in interaction, expanding or narrowing the farmer’s set of
possible choices, which include both socioeconomic factors (e.g., policy or market context,
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farm size, water or labour availability, or farmer’s idiosyncrasies) and biophysical factors
(e.g., soil, slope, or climate) [10,15,16].

The process of modelling the FS choice at the farm level is often faced with data
constraints. On the one hand, information is needed to establish the typology that will
represent the available FS portfolio for farmers, which may require collecting data on crops,
land uses, livestock, and production methods for each farm. On the other hand, it requires
characterising farms in terms of the above-mentioned drivers of farming system choice,
which can be carried out by resorting to a GIS analysis, if appropriate data are available, or
by carrying out expensive and time-consuming surveys. Additional challenges may stem
from the fact that some relevant drivers of FS choice are subject to temporal variations,
such as prices, or to space–time variations such as climate. In the latter case, the difficulty
is further inflated by the fact that in most cases, it is not practicable to collect the required
data for a period of time that is long enough to capture the effect of climate change on
farmers’ choice of FS.

Such difficulties have led researchers who are interested in modelling the effect of
climate change on FS choice to resort to proxy approaches, often relaxing the farming
system concept to a farm-type approach, such as the typologies built from official statistical
databases (e.g., the EU Farm Accountancy Data Network database—FADN, used to classify
farms based on production orientation and economic size) [17,18], or the use of farm
types derived from farm surveys [5,15]. Such farm-type approaches are not suitable for
representing farmers’ choices, as they typically include components that are exogenous to
that choice, such as the physical or economic size of the farm.

Other works on farming resilience to climate change focus on short- to medium-term
adaptation strategies, such as crop diversification, the adoption of more drought-resistant
varieties, adjustments in planting and harvest dates, or increasing irrigation [19,20], and do
not focus on the long-term impacts where, by hypothesis, the magnitude of climate change
may become incompatible with adjustments within the same FS, and may force farmers to
undertake deeper changes, eventually leading them to switching into a different FS.

To test this hypothesis, we depart from a recent study that presented an FS choice
model developed to explain the spatial distribution of 22 farming systems in the Alentejo
region (southern Portugal), based on a diversity of socioeconomic and biophysical drivers,
including climate variables [16]. Taking advantage of the considerable extent of the study
area used to estimate this model and its internal climate variability, in this study, we used
this model to develop a space-for-time approach to simulate climate change scenarios and
assess how these will influence the FS choice in the future. The use of a space-for-time
substitution procedure is based on the assumption that when the drivers of spatial variation
are the same of variation over time, then time can be replaced by space to model future
change patterns [21]. Space-for-time has been used before in studies on the effects of climate
change on the agricultural sector, for example, to assess how regional crop suitability will
shift with climate change [22]. Still, to our knowledge, this coupling of an FS discrete choice
model with a space-for-time substitution approach is a pioneer in empirical studies on the
effects of climate change applied to the agricultural sector.

The proposed modelling layout allows for the exploration of the effects of climate
change in the choice of the FS while ensuring high control over the remaining drivers that
are intended to be kept constant, which is a premise that is often assumed in the literature,
albeit in an implicit way, and therefore not usually discussed. Thus, the objective of the
present study is not to predict which FS farmers will effectively choose in the future, but to
understand how climate change alone will influence this decision-making process.

The specific objectives of the present study are, therefore, as follows: (1) to simulate
the effects of different climate scenarios on FS choice; (2) compare the results achieved with
our farm-level FS choice approach with those from crop-modelling approaches; and (3)
assess the limits of a space-for-time approach to explore the effects of climate change on
farming system choice. Finally, insights on the usefulness of the proposed approach to
assess the impacts of farming system dynamics induced by climate change are discussed.
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2. Materials and Methods

2.1. Study Area

The Alentejo region (EU NUT II), in the southern part of mainland Portugal, was
selected as the study area for this work for 3 main reasons: (1) it is large enough to have
significant climate variation, which is a crucial requirement for the space-for-time modelling
approach described below; (2) the land use/cover is largely dominated by agriculture; and
(3) a recently developed farm-level mapping of farming systems is available for the entire
region (see Section 2.2).

The Alentejo region extends ca. 31,550 km2, covering about 1/3 of Portugal (Figure 1).
Its climate is typically Mediterranean, characterised by warm and dry summers that
contrast with cool, rainy winters. Average monthly temperatures range from 9.9 ◦C in
January to 23.4 ◦C in August (annual average 16.3 ◦C), and total annual precipitation sums
619 mm, mostly concentrated from October to March. Climate gradients across the region
are significant, with annual average temperatures increasing from 13.2 ◦C to 17.8 ◦C and
precipitation decreasing from 1272 mm to 379 mm, while progressing from northwest
to southeast.

 
Figure 1. Location of the Alentejo study area, Portugal.

Agriculture covers about 70% of the territory, with the remaining area corresponding
mostly to forest areas (25%), water bodies (3%), and artificial areas (2%). Agriculture
is dominated by permanent pastures, annual crops (mostly cereals and forages), and
permanent crops (primarily olive groves), in descending order of their weights in farmland.
Approximately 40% of the agricultural land is under the canopy of scattered trees, mainly
cork and holm oaks (Quercus suber and Q. rotundifolia, respectively), an agroforestry system
locally called “montado”.

2.2. Baseline Data

The baseline data for the present research consisted primarily of an FS map for the
Alentejo region, a machine learning model predicting these FSs from a set of socioeconomic
and biophysical variables, including climate variables, and data on future climate scenarios.

2.2.1. Farming Systems Information

Information on FS was extracted from a recent paper [16] where a typology of 22 FSs
was derived from a cluster analysis applied on land use and livestock data for virtually all
farms in the Alentejo region in 2017 (Figure 2 and Table S1 in Supplementary Information).
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The data were taken from the Integrated Administration and Control System (IACS) and
the Land Parcel Identification System (LPIS) provided by the national agency responsible
for Common Agricultural Policy (CAP) payments.

 

 
Figure 2. Observed (A) and predicted (B) spatial distribution of the farming systems of Alentejo,
Portugal in 2017. Non-coloured areas (in black) refer to areas that did not apply for CAP payments in
2017, most of which are assumed to be non-agricultural areas, mostly forests (adapted from Ribeiro
et al. [16]); see Supplementary Information in the same reference for detailed spatial distribution of
each of the 22 farming systems.

All parcels declared by the same CAP beneficiary in the reference year (2017) were
aggregated and taken as a single farm. The polygons of these parcels were spatially
identified under the LPIS, so farm mapping was made possible (Figure 2). A total of
24,313 farms were thus identified and mapped, roughly covering 2 × 106 ha of utilised
agricultural area (about 87% of total utilised agricultural area in Alentejo, according
to the most recent 2019 agricultural census in Portugal, and 65% of the total Alentejo
territorial area).

2.2.2. Farming Systems Predictive Model

The FS predictive model was also taken from Ribeiro et al. [16], who used a random
forest modelling approach to estimate an FS choice model for the Alentejo region. Random
forest is a popular machine learning technique that has been extensively used for modelling
spatial and spatiotemporal data [23]. Random forest can be applied to both regression and
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classification problems, depending on the nature of the dependent variable, using bootstrap
and aggregation (bagging) to build multiple decision trees based on random subsets of
the data and using a random subset of the candidate predictor variables for each node in
each decision tree [24]. On a classification problem, each observation is assigned to a class
according to the majority of votes from all trees. In this case, the random forest model was
used in a classificatory approach to predict the FS (categorical variable) characterising each
farm from a broad set of 27 predictors describing farm structure (e.g., farm size, farm spatial
fragmentation, and irrigation use), socioeconomic context (e.g., population density, use of
hired labour, and main sources of income), and biophysical variables describing soil quality
(pH and texture), topography (slope classes), and climate. These climate variables, which
are keys for the present study, included the maximum and minimum mean temperatures of
the warmest and coldest months, respectively, and annual precipitation, averaged between
1971 and 2000, which were used in model estimation in [16] (at the time, the most recent
publicly available 30-year climate averages for mainland Portugal).

All farms were therefore characterised under these variables by overlaying the farm
map with raster layers representing the spatial distribution of each variable to extract
the average of the pixel values covered by the polygons of each farm, using a GIS zonal
statistics tool.

The random forest model showed a good global predictive accuracy (63.7% error rate,
which was evaluated positively considering the high number of 22 classes in the dependent
variable, for which the random error rate would be about 95.4%).

In this study, the same model was replicated to predict FS choice under climate change
scenarios by replacing the values of the climate variables used to estimate the model with
new values referring to those climate scenarios, following a space-for-time substitution
procedure [21].

2.2.3. Climate Scenarios

Data for climate change scenarios were extracted from the WorldClim database
(https://www.worldclim.org, assessed on 19 February 2023), which provides climate
projections based on a range of pathways for emission scenarios, known as “Shared Socioe-
conomic Pathways” (SSPs) [25]. These have been used as inputs for the latest climate mod-
els, under the Intergovernmental Panel on Climate Change (IPCC) and the six-assessment
report of the Coupled Model Intercomparison Projects (CMIP6) [2,25]. These climate pro-
jections consist of monthly values of minimum temperature, maximum temperature, and
precipitation, derived from 23 global climate models (GCMs), for four SSPs (1–mm 2.6,
2–4.5, 3–7.0, and 5–8.5) related to increasing levels of anthropogenic greenhouse gas (GHG)
emissions, and for four 20-year periods (2021–2040, 2041–2060, 2061–2080, and 2081–2100).

In the present study, long-term climate scenarios for the 2081–2100 period were selected
to heighten the effect of climate change on FS choice, since we were interested in capturing
the effects on FS change, and not just changes in agricultural practices, like moving to more
drought-resistant crop varieties. Three SSP scenarios were used to simulate low (SSP 1–2.6),
moderate (SSP 3–7.0), and high GHG emission (SSP 5–8.5) scenarios. For each of these, we
extracted the median of the projections provided by 9 of the 23 climate models, which were
those with complete information on all climate variables and all SSP scenarios, to extract
predictions of maximum and minimum temperatures of the warmest and coldest month,
respectively, and annual average precipitation, so they can be comparable to the baseline
climate variables used in the estimation of the random forest FS predictive model.

2.3. Scenario Assessment

The effects of climate change on FS choice were primarily assessed based on the
changes in the land shares of the different FSs in the study area in each scenario. Sankey
diagrams [26] were used to graphically visualise the predicted FS areal transitions. Transi-
tion matrices with the relative values of the areal transfers between FSs are also shown in
Supplementary Information.
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3. Results

3.1. Climate Change Predictions

The climate scenarios for the study area in the 2081–2100 period predict significant
changes in the climate variables under study, even in the low emission scenario (SSP 1-2.6)
(Table 1). The climate anomaly in the average value of the minimum temperature of the
coldest month is expected to range from an increase of 1.0 ◦C in the low emission scenario
to 3.3 ◦C in the high emission scenario. The average maximum temperature in the warmest
month is expected to rise by 2.0 ◦C in the low emission scenario by and 6.6 ◦C in the high
emission scenario. The average annual precipitation is anticipated to decrease by between
−19.9 mm in the low emission scenario and −96.5 mm in the high emission scenario, which
corresponds to a decrease of about 16% in the total annual precipitation of the baseline
period (1971–2000). In the moderate emission scenario (SSP 3-7.0), the forecasts point to
anomaly values between the limits of the two extreme scenarios.

Table 1. Distribution of the three climate variables used in the models in the baseline situation
(average 1971–2000) in the study area and their predicted anomalies for the long-term scenario of
the 2081–2100 period. Figures embedded in the graphics depict the corresponding mean values of
the anomaly.

Baseline
(1971–2000)

Anomalies

Legends
(Baseline|Anomalies)

Low Emission
Scenario

(SSP 1-2.6)

Moderate
Emission
Scenario

(SSSP 3-7.0)

High Emission
Scenario

(SSP 5-8.5)

Minimum
temperature of

the coldest
month (◦C)

 

Maximum
temperature of

the warmest
month (◦C)

Annual
precipitation

(mm)

 

As expected, these climatic anomalies are not uniform across the study area, showing
variations that are particularly evident in the case of the maximum temperature, whose
anomalies are about 4 ◦C higher in the interior, compared to the coastal areas. In the case
of precipitation, the effect of relief on climate models is apparent, with more significant
decreases expected with an increasing altitude. In the lower areas of the interior, where the
current precipitation is quite low (400 mm or less), the forecasts even predict an increase in
the average annual precipitation.
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3.2. Effects of Climate Change on Farming System Choice

The model predictions show that climate change will substantially impact the FS
choice in the study area. Altogether, 23%, 37%, or 40% of the total agricultural area of the
study area is expected to change the FS, respectively, in the low, moderate, or high GHG
emission scenarios (Figure 3). The impact of climate change, however, is not expected to be
the same across all FSs; while some will barely be affected, others will undergo significant
changes, either gaining or losing area (Table 2).

Figure 3. Predicted farming system distribution in the study area in 2017 ((A)—baseline scenario)
and for the 2081–2100 period in low ((B)—SSP 1-2.6), moderate ((C)—SSP 3-7.0), and high emission
((D)—SSP 5-8.5) climate scenarios (see Figure 2 for colour legend).
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Table 2. Expected effects of climate change on current area of farming systems in the long-term
(2081–2100) scenarios.

Farming System

Area in 2017
(Predicted)

Expected Relative Changes in Area in Each
2081–2100 Scenario

ha %
Low

(SSP 1-2.6)
Moderate
(SSP 3-7.0)

High
(SSP 5-8.5)

Cattle grazing–CO 495,655 25.2 −22% −62% −72%
Cattle grazing–HO 580,656 29.5 44% 80% 89%
Cattle grazing–forages 168,219 8.5 −3% 17% 23%
Grazing goats 21,075 1.1 −12% 8% 6%
Mixed cattle and sheep–irrigated forages 20,090 1.0 −1% −13% −18%
Sheep grazing–CO 132,621 6.7 −55% −89% −93%
Sheep grazing–HO 100,952 5.1 −11% 4% 5%
Sheep grazing–pastures 32,734 1.7 −48% −62% −66%
Sheep grazing–pastures and forages 36,330 1.8 −45% −61% −63%
Sheep grazing–forages 18,602 0.9 −23% −48% −59%
Rainfed olive groves with sheep 13,396 0.7 3% −22% −28%
Rainfed olive groves 15,472 0.8 −15% −12% −7%
Irrigated olive groves 89,647 4.6 11% 42% 46%
Vineyards 21,947 1.1 −45% −58% −64%
Fruit trees 10,256 0.5 −8% −33% −37%
Stone pine 54,665 2.8 −11% −26% −29%
Rice 22,220 1.1 7% −9% −12%
Irrigated cereals and horticultural crops 50,042 2.5 −9% −22% −21%
Rainfed cereals and oilseeds 39,694 2.0 9% −9% −12%
Rainfed cereals 19,182 1.0 7% 14% 22%
Pastures without livestock 12,775 0.6 −75% −84% −84%
Fallows 12,700 0.6 −13% −5% −1%

Total 1,968,929 100.0 – – –

The cattle grazing–HO system, which is currently the dominant system covering
ca. 30% of the total agricultural area, is expected to be the one experiencing the greatest
area increase in any of the three climate scenarios, almost doubling the area in the high
emission scenario (89% increase). Most of this growth will come from area currently under
the cattle grazing–CO system (Figure 4), which is one of the top area losers, expected to
drop between 22% and 72% of its current area, respectively, in the low and high emission
scenarios (Table 2). This extensive replacement of cork oak with holm oak agroforestry
systems is probably related to the distinct agroecological preferences of both oak species,
which currently makes the cork oak dominant to the west and north of Alentejo, where
the climate tends to be less hot and dry due to the proximity of the Atlantic Ocean [27],
and makes the holm oak more frequent in the warmer and drier southern interior of the
Alentejo region [16,28]. Thereby, the widespread decrease in precipitation and increase in
summer heat will likely prompt holm oak to expand to areas that are currently dominated
by cork oak. However, this expansion of the cattle grazing–HO system towards the more
northwestern parts of Alentejo seems to suffer some resistance, only overthrown under the
higher GHG emission scenarios, which may be related to the predominance of light texture
soils (sandy soils) in this region, which tend to favour cork oak and not holm oak [16].

In addition to the Cattle grazing–CO system, other systems are expected to suffer
significant declines in area. Except for the sheep grazing–HO system, all other sheep-
specialised systems (sheep grazing–CO, sheep grazing–forages, sheep grazing–pastures,
and sheep grazing–pastures and forages) are predicted to lose area, particularly the sheep
grazing–CO system, which will likely lose more than half of its current area (55%) in the
low emission scenario, and will almost disappear in the high emission scenario (93% drop).
Although the available data do not allow for clarification, this may be related to a preference
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of the cattle systems for larger farms, which are predominant in the Alentejo region [16],
fostering its expansion over sheep systems.

Figure 4. Areal transitions between farming systems from the baseline period (2017) to the 2081–2100
period in each of the three climate scenarios (to avoid over-cluttering the figure, transitions below
1000 ha—ca. 0.05% of the study area—are not shown; farming system names are abbreviated from
names in Figure 2).

The grazing goats FS will predictably be one of the livestock-specialised FSs that will be
the least affected, probably due to being a low-demanding FS in terms of the socioeconomic
and biophysical contexts, only associated with a sloping terrain [16], which will not be
altered by climate change.

The vineyards and the stone pine FS are likely to lose considerable area irrespective of
the climate scenario. The former will lose area especially to the irrigated olive grove FS,
and the latter will lose area especially to the cattle grazing–HO system.

As for FSs that are strongly dependent on irrigation, the irrigated cereal and horticul-
tural crops FS is expected to lose area, while the irrigated olive groves FS is projected to
expand significantly in response to climate change, which may expand by up to 46% in the
high emission scenario, mainly at the expense of vineyards and rainfed olive groves. The
rice FS is expected to remain mostly unchanged, since its choice is strongly influenced by
the availability of suitable areas next to water courses, which is a driver of low relevance
for most other FSs.

Rainfed cereals are expected to expand in all three scenarios, at the expense of areas
from different systems (see transition matrices in Supplementary Information).

Other systems show inconsistent trends across the three scenarios. Cattle grazing–
forages and sheep grazing–HO are predicted to lose area in the low emission scenario, but
they are expected to expand in the moderate and high emission scenarios. Conversely,
the rainfed olive groves with sheep system is anticipated to expand in the low emission
scenario, but expected to lose area in the moderate and high emission scenarios.

4. Discussion

4.1. Climate Change and Farming System Choice

The proposed modelling framework proved its suitability to explore the effects of
climate change on FS choice. The use of a space-for-time substitution approach proved to
be a wise choice to overcome the limitation of having only stationary data on the spatial

34



Land 2023, 12, 2113

distribution of FS (relative to a single year), which we believe to be a novelty in the research
on the effects of climate change applied to the agricultural sector.

As hypothesised, our findings suggest that the magnitude of climate change expected
in the long run scenarios will force many farmers to adjust well beyond agricultural
practices, pushing them to undertake an effective FS change. Moreover, such effects
are expected in both high and low GHG emission scenarios, although, unsurprisingly,
they are clearly more substantial in high emission scenarios. This supports the claims of
previous authors on the need for a farming systems approach when investigating farmers’
adaptation strategies to climate change, to the detriment of the conventional crop-modelling
approaches that populate most of the literature [13].

The FS choice model used in the simulations included a variety of drivers of FS choice
that were intentionally kept constant except for the climate variables, making it possible to
attribute the observed FS dynamics predominantly to the isolated effect of climate change,
as was the objective of the present study. This does not mean that the social, economic,
technological, policy, or demographic contexts, for example, will remain unchanged in the
future, but only that we sought to detach the effects of our variables of interest (climate),
to investigate their single contributions in the choice of future FSs, in a ceteris paribus
approach. This use of multivariate choice models to study the effect of climate change on
FS choice based on a multitude of socioeconomic and biophysical factors is also new in the
literature, as far as we know.

The scrutiny of the effects of climate change on FS choice must consider that the
simulations were carried out using a predictive model estimated from the data observed on
the decisions of more than 23 thousand farmers in their FS choices, based on real farms, and
mediated by a very high number of independent variables that included 13 socioeconomic
drivers and 14 biophysical drivers, conjointly influencing the decision-making process.
Therefore, the effect of simulations on climate variables must be assessed in the context of
the joint action of all of these drivers, whose influences on the decision will act differently in
each farm, since each one is unique in its characteristics. Also, climate change will not affect
all farms equally, since the extent of those changes are differentiated in space, showing an
increasing gradient of the average temperatures of the coldest and warmest months from
the coast towards the inland, and a drop in precipitation marked by altitude. Under all of
these premises, it is not surprising that climate change will not affect all FSs in the same
way; while some will be severely affected by the gain or loss of area, others will persist
mostly unaffected.

The primary FS shift expected to be induced by climate change until the end of the
century refers to the significant westward expansion of the cattle grazing–HO system,
towards areas that are currently dominated by the cattle grazing–CO system. These
shifts, induced by climate change, are also probably being mediated by other drivers and
constraints of FS choice, such as the agroecological preferences of both oak species [16,27,28]
expressed by other variables in the model that, although kept constant, are also influencing
the FS choice, together with the climate variables. The predicted sharp reduction in the
cork oak area is likely to imply significant social and economic impacts at the national level,
given the high importance of the cork cluster in Portugal [29]. Other livestock-specialised
FSs are also expected to suffer substantial areal shifts, including most sheep grazing systems,
which are expected to change to cattle systems, encouraged by the farmland structure of
the region, which is marked by large farms [16].

Among the crop-specialised FSs, most will lose area in response to climate change,
especially in the moderate and high emission scenarios. In the case of the vineyards and
the stone pine FSs, both have strong regional identities in Alentejo agriculture, being pillars
of important agro-industrial value chains on regional and national scales, so the prediction
of its reduction can lead to important social and economic impacts.

The anticipated increase in the irrigated olive groves FS must be considered with
caution, as it is highly dependent on large irrigation systems, whose future sustainability
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in the study area has been questioned due to the predicted drop in precipitation and its
impacts on both the quantity and quality of irrigation water [30,31].

The rainfed cereals FS is also expected to expand in response to climate change, not
so much because it is favoured by future climate conditions, but because they are likely
to be less affected than most of the competing FSs, as they are typically rainfed extensive
systems with a strong dependence on autumn–winter crops (cereals).

4.2. Comparing Farming System and Crop-Modelling Approaches

The proposed FS approach to explore the effects of climate change relies on a discrete-
choice modelling framework, where farmers are set to choose the FS—a categorical variable—
among a range of possible choices, based on socioeconomic and biophysical drivers. The
crop-modelling approaches, or other species-specific approaches often found in the literature,
typically assume that farmers operating a given farming system will adapt to climate change
by adjusting their farming practices, such as increasing irrigation water or adjusting the
sowing/harvesting dates, without shifting to other FSs. In this section, we discuss our results,
with reference to those of previous studies focused on key crops or activities in the study
area and carried out in comparable agroecological contexts, to explore the similarities and
divergences between the results of both approaches.

Despite little current knowledge about the dynamics of Mediterranean oak woodlands
in response to multiple drivers [28], previous studies have reported the likelihood of a
decline in Mediterranean agroforestry systems resulting from climate change. Research on
cork and holm oak canopy cover loss carried out in the same region as the present study
(Alentejo) found a likely decline trend for cork oak associated with the increase in the mean
temperature, while the decline in holm oak would be mostly associated with increasing
cattle numbers [32]. Rising temperatures in recent decades have also been related with
increased crown defoliation and tree mortality in both cork and holm oak [32]. Other
studies carried out in Spanish Andalusia, a region that borders Alentejo to the west, report
that a significant part of the cork oak plantations made in this region in the 1990s of the last
century, largely driven by CAP policies encouraging the afforestation of less productive
farmland, are probably doomed to succumb due to the deterioration of weather conditions
in the future [33]. Our findings are in line with these previous studies, with the novelty of
foreseeing an extensive replacement of the cork oak with holm oak.

As for the apparent substitution of sheep with cattle, pushed by the substantial expan-
sion of the cattle grazing–HO system, although research references relating these effects
to climate change are scarce, there is evidence mentioning that cattle grazing is prone to
reduce grassland heterogeneity in Mediterranean regions, which may decrease the ability to
adapt to climate change [34]. Further evidence suggests that climate change will negatively
influence perennial grasslands and forage yields in Mediterranean ecosystems [35,36],
which may raise doubts about the expansion of cattle grazing systems predicted by
our simulations.

The patent increase in the irrigated olive groves FS suggested by our results seems to
contrast with the findings of previous studies focused on the impacts of climate change on
olive groves, which have questioned the future suitability of this crop in the Mediterranean
basin, unless appropriate adaptation measures are implemented [37]. One such possible
measure is irrigation [38,39], which is in line with our forecasts of an expansion of the
irrigated olive groves FS and a contraction of the rainfed olive groves FS. Warming and
drought trends expected for southern Europe in the coming decades, however, are likely to
bring major challenges to irrigation expansion due to excessive heat and water stress [30,31].
Additionally, other works have warned of the possible increase in the risk of pest outbreaks
in Mediterranean olive groves, as a result of climate change [40]. Therefore, doubts remain
about the sustainability of our prediction of an increase in the irrigated olive groves FS,
which is particularly important since this crop has been the target of large investments
in new plantations in recent years in the study area, cultivated in intensive and super-
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intensive regimes with irrigation, already being one of the main irrigation crops in the
Alentejo region [41].

Regarding our prediction of an expansion of the rainfed cereals FS, it contrasts with
the results of previous studies that used crop modelling to assess the impact of climate
change on wheat production in southern Portugal, foreseeing significant production losses
depending on the climate scenario used [42]. As adaptation measures to reverse yield
reductions, these authors propose the use of early flowering wheat varieties, or the anticipa-
tion of the sowing date. Studies that used the CERES-Wheat crop model to simulate yields
under climate change in Mediterranean regions also identified a trend towards reduced
yields, recommending the development of adaptation strategies and measures such as the
use of adapted genotypes to counteract the negative impact of climate change [43].

We conclude that the two approaches can be complementary, assuming that the short-
to medium-term farmers will be able to make this type of adjustment without changing
the FS, while our results suggest that in the long term, this may no longer be possible, and
many farmers will effectively be forced to change the FS. Whether or not, when the time
comes, they will have the means, the knowledge, or the ability to carry out this change
remains a critical issue that should concern policymakers, but which is beyond the scope of
the present study.

4.3. Strengths and Weaknesses of the Proposed Approach

This work shows that climate change will eventually subject many farmers to an
adaptation effort that goes far beyond simple adjustments in agricultural practices, varieties
used, or sowing or harvesting dates, forcing them to abandon the current farming system
and switch to new farming systems that are potentially very different from those they
currently practice. For example, switching from a farming system based on annual crops to
a cattle grazing system, which our results show could affect many farmers in this study
area, could require large investments in the acquisition of herds, installation of pastures,
fencing of grazing plots, and technical training, among others. It is not guaranteed that
most farmers are prepared to embark on this process of change, or have the means to do so,
whether financial, technological, or know-how. Studies such as the present one can help
policy makers to anticipate the support needs that these farmers will require to undergo
this change process, while also helping them to foresee its wider impacts on food supply,
the environment, or nature and landscape conservation, enabling early action to alleviate
the effects of climate change.

An important asset of the proposed framework is that it relies on very detailed and
spatially explicit farm-level data, describing livestock and land use/cover at the plot scale,
which was made possible by the opportunity to access IACS/LPIS data. Therefore, it is
built on observed data from management decisions made by actual farmers, framed by
the characteristics of their farms and their biophysical and socioeconomic contexts. This
entails a significant advantage when compared to previous studies, mainly based on crop
models or on declared data collected in surveys in response to hypothetical scenarios
(e.g., [15]). Also, the spatial explicit feature provided by the connection to the LPIS enables
areal trade-offs between FSs to be explored and to explicitly map where the changes are
expected to take place, which may be valuable to, e.g., inform land planning assessment.

The random forest approach used in model estimation made it possible to work with
a high dimensional categorical dependent variable, representing the 22 FS choice-sets
available to farmers in adapting to climate change scenarios, which is unprecedented in
the literature.

The potential limitation of working with agricultural data for a single year (2017),
which, at the outset, would prevent the exploration of temporal dynamics, was overcome by
resorting to an approach of substituting time for space, taking advantage of the considerable
extent of the study area. Despite being a longstanding approach (see [44] and references
therein), space-for-time substitution remains a widely used approach in several fields,
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especially in ecology, where it emerged (e.g., [21,45]), whenever only stationary data
are available.

With minor adjustments, the same basic approach could be used to explore, for exam-
ple, how public policies could be implemented to encourage farmers to adopt particular
FSs, aimed at ensuring desired levels of food security or the sufficient provision of socially
valued public goods, provided that the random forest choice model includes some compar-
ative profitability variable discriminating the FS. Such possibilities stand as proposals for
future research.

Regarding the shortcomings of the framework, it should be noted that it deals solely
with changes in the averages of climate variables, and not with changes in their variability.
Indeed, climate change pressures on farmers’ decisions will likely be felt earlier—if not already
felt—due to the increasing frequency of extreme events, such as droughts, heat waves, or
floods, which may significantly anticipate the need for farmers to adapt to climate change.
This drawback, however, is hardly avoidable because current climate models do not provide
scenarios of climate variability change, but only changes in their average values.

The framework’s implementation is also quite demanding in baseline data, both to
derive the FS typology and to estimate the choice model. In fact, the approach is only
feasible when data comparable to that in the IACS/LPIS are available, which is often not
the case, particularly in developing regions where such research could be of particular
interest, e.g., in the context of food security issues.

The fact that the framework deals only with existing FSs, observed in the reference
year (2017), may also entail some weakness, as it hinders the emergence of new FSs that are
potentially better suited to cope with climate change [10]. Nevertheless, the high number
of categories in the FS typology must have contributed to minimise this possible problem.

Finally, it must be recognised that some of the results achieved are hard to explain
based on the available information, such as the fact that the cattle grazing–forages FS loses
area in the low emission scenario and increases area in the higher emission scenario.

5. Conclusions

Not underestimating that the relationship between climate and agriculture goes both
ways, since agriculture is also a driver of climate change, the present study focused on
investigating the effect of climate change on the choice of FS. The results indicate that
climate change alone is prone to lead many farmers to change their FSs as an adaptation
strategy. Such changes are likely to modify the pattern of ecosystem services that is currently
provided by agriculture, including at the provisioning, regulating, supporting, or cultural
levels. This calls for further research on the exploration of these effects, opening the way
for climate change impact assessments and the consideration of policy options. Indeed,
previous work has suggested that changes in policy, as well as technology or prices, may
have stronger impacts on farmers’ decisions than climate change [13,46], meaning that
there will be room for policy to help ease the adaptation effort that farmers will have
to endure.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/land12122113/s1, Transition matrices for areal changes of farming
systems from 2017 to 2081–2100 in three climate change scenarios in the Alentejo region, Portugal.
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Abstract: In Republic of Korea, pronounced seasonal precipitation variability poses substantial
challenges for stream water quality management and the effective utilization of water resources.
Ecologically degraded streams are particularly vulnerable to these fluctuations, which can exacerbate
their already fragile condition. We assessed the resilience of reference and impaired streams in
response to rainfall through water quality system performance (WQSP). The WQSP is quantified
as the concentration of BOD, T-N, and T-P, which represent streams’ eutrophication and anaerobic
conditions and respond quickly to disturbances. Reference and impaired streams are classified
according to the biological condition and habitat environment of the streams in the Han River
watershed of Republic of Korea. The resilience of the stream ecosystem was estimated using WQSP,
the linear multiple regression model, and the generalized additive model for rainfall and WQSP. The
WQSP reference streams have a lower sensitivity to disturbance and recover more quickly from the
influence of rainfall; therefore, they have higher resilience than impaired streams to rainfall events.
This study facilitates understanding changes in stream ecosystems of varying conditions in response
to rainfall for ensuring long-term stability and adaptability.

Keywords: water quality; robustness; rapidity; climate change; system performance; generalized
additive model

1. Introduction

In Republic of Korea, seasonal precipitation patterns are predominantly shaped by
heavy rainfall during summer months and arid winters, influenced by monsoonal ac-
tivities [1]. Streams within this region, characterized by their limited extent and steep
gradients, are particularly sensitive to these seasonal precipitations, which is evident from
their high riverbed coefficients [2]. These seasonal fluctuations directly and indirectly affect
water quality and stream life by lowering the flow rate of streams and increasing the load
of pollutants when rainfall is low [3–5]. In contrast, periods of intense rainfall can lead
to the dilution of pollutants yet also risk the introduction of land-sourced contaminants
into streams, thus degrading water quality and disrupting habitats [6,7]. Streams already
impaired by poor water quality, habitat conditions, or ecological disturbances are especially
susceptible to the adverse effects of rainfall variability, often facing challenges in restoring
their pre-disturbance state [8]. Therefore, it is necessary to understand streams’ resilience
and rainfall’s impact on stream resilience.

Resilience is the capacity of a system to return to its state before a disturbance. In
stream ecosystems, resilience can be considered the ability to maintain the stream ecosys-
tem by quickly restoring a degraded system’s performance, such as its water quality and
living organisms, even when disturbances and disasters occur [9–11]. Resilience can be
characterized by four “Rs”, namely, robustness (minimum value of the remaining system
performance after the disturbance), rapidity (ability to restore original function within a
short time), redundancy (ability to replace system function), and resourcefulness (ability
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to recover after a disaster). The four Rs constituting resilience help identify vulnerabil-
ities in the stream ecosystem and set up disaster prevention measures according to the
characteristics of the stream [12,13].

However, as it is difficult to measure resilience quantitatively, resilience can be delin-
eated by estimating changes in system performance in response to various disasters [14].
Particularly, resilience can be estimated in stream ecosystems through an index of water
quality system performance (WQSP), which provides a time-varying measure of how well
stream ecosystems achieve a desired water quality criterion at a given time (t) [15]. Water
quality in the stream ecosystem plays a pivotal role in determining the condition of the
stream environment and the habitat for organisms, as well as having an important effect on
humans’ healthy use of water [16]. In addition, stream water quality responds more quickly
and sensitively to the watershed environment and meteorological dynamics than biological
indicators, facilitating an understanding of the effects of various watershed factors on the
stream [17]. The resilience of stream ecosystems through WQSP can differ depending on
the condition of the ecosystem. Accordingly, it is necessary to understand the relationship
between rainfall and stream resilience to respond to rainfall variability and manage water
quality appropriately according to stream conditions.

Therefore, this study aimed to examine the resilience of reference and impaired streams
to rainfall through the performance of water quality systems. The overall objectives of this
study were as follows: (a) to quantify the WQSP of reference and impaired streams for
the water quality indicators, and (b) to estimate the sensitivity and stability of the stream
ecosystem by identifying the robustness and rapidity of resilience through the WQSP
values of the reference and impaired streams and the relationship between rainfall and
WQSP. The findings of this study can provide profound insights into stream ecosystem
resilience for stream management.

2. Materials and Methods

2.1. Study Area and Selecting Reference and Impaired Streams

The Han River watershed, the focus of this study, is the largest in Republic of Korea,
contains the largest river, and is home to more than half of the country’s population. It is
concentrated in land development pressure and population growth [18]. The Han River
watershed consists of 913 streams, including 907 sampling sites from the National Aquatic
Ecological Monitoring Program (NAEMP). Through the National Aquatic Ecological Mon-
itoring Program (NAEMP), the Ministry of Environment (MOE) [19] is evaluating the
condition of stream ecosystems using biological indicators, such as tropic diatom com-
munities (TDI), benthic macroinvertebrate (BMI), the fish assessment index (FAI), and
habitat condition. The NAMEP conducts biannual assessments of biological indices at
a nationwide scale. These biological indices are quantified on a scale from 0 to 100 and
categorized into five classes, ranging from class A (“very good”) to class E (“very poor”),
to assess their ecological condition. Biological-grade results for each stream are obtained
from the Water Environment Information System (http://211.114.21.27/web, accessed on
16 November 2023).

In this study, reference streams were defined as those with measured values exceeding
80, while impaired streams were identified by values falling below 35. Of the 907 sampling
sites, 158 monitoring sites maintained continuous data records from 2013 to 2019. Reference
and impaired stream classifications were determined using data from these 158 monitoring
sites. Within these monitoring sites, 22 monitoring sites were designated as reference
streams, while 17 were classified as impaired streams (Figure 1).
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Figure 1. Han River watershed, land use classification, monitoring sites of reference, and impaired
streams of the National Aquatic Ecological Monitoring Program in Republic of Korea.

2.2. System Performance as a Concept of Quantifying Resilience

Resilience is widely used to evaluate a system’s performance and condition. In the
field of aquatic ecology, it has started to be quantified through system performance in water
resources [20]. Simonovic and Peck [21] developed a system performance framework to
measure and quantify changes in the dynamic resilience of a system after disturbances due
to climate change (Figure 2).

Figure 2. Change in the system performance after a disturbance. (a), the blue line represents a system
performance with high robustness, characterized by a short recovery period and high resilience;
(b), the red line represents a system performance with low robustness, featuring a long recovery
period and low resilience.

Figure 2 shows the system’s performance change after a disturbance. Line P(t) indicates
the loss of system performance, t0 signifies when the disturbance occurs, t1 indicates when
the disturbance is finished, and tr signifies when recovery from the disturbance is complete.
The system performance response to disturbance can be divided into three categories: a
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blue line (a), a black line (P(t)), and a red line (b). If P(t) represents the general system
performance degradation and recovery, (a) has higher robustness, so the degradation of
system performance with disturbance is not severe, and the performance recovery rapidity
is short, resulting in high resilience. (b) shows a large drop in system performance with
disturbance due to low robustness, and the recovery rapidity of system performance is
longer, resulting in low resilience.

p(t) =
∫ t

t0

[P0 − P(t)]dt were t ∈ [t0, tr] (1)

System performance can be obtained through the cumulative value of the loss value
compared to the cumulative values of the system’s optimal value. System performance
loss and optimal values can be calculated through Equation (1). To obtain the optimal and
loss values of water quality system performance, 2013–2019 monthly average values of
Biochemical Oxygen Demand (BOD), Total Nitrogen (T-N), and Total Phosphors (T-P) for
the reference and impaired streams were used.

2.3. Analytic Framework

The analytical framework employed to assess the resilience of both reference and
impaired streams is systematically presented in Figure 3. The determination of resilience
robustness was based on assessing WQSP fluctuation ranges, utilizing WQSP values, and
the time lag of WQSP changes associated with rainfall, which were derived through LM and
GAM analyses. Resilience rapidity was quantified through the evaluation of the recovery
period of WQSP after rainfall, also using WQSP values, and the rainfall period showed a
significant relationship between WQSP and rainfall, determined through LM and GAM
analyses. Evaluating the stream ecosystem’s stability and sensitivity was founded upon the
results obtained from robustness and rapidity assessments. The rainfall used in the analysis
was averaged as the sum of monthly precipitation values in the sub-watershed containing
each stream. Additionally, the following rainfall used to analyze the relationship between
WQSP and rainfall was obtained by moving the sum of the previously calculated monthly
precipitation to 1 to 5 months later.

Figure 3. Flow diagram of the analytic framework.

2.4. Statistical Approach

A common approach to investigate the relationships between rainfall and water quality
indices in streams is to use linear regression analyses. The linear multiple regression model
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(LM) is an analysis method that explains the contributions of several causes to a result
through several independent variables (x1, x2, . . ., xn) that explain the dependent variable (y):

LMwqsp = α + B1x1 + B2x2 + · · ·+ Bnxn + ε (2)

Both linear correlation and regression analyses are useful for quantifying the direction,
magnitude, and significance of the relationship between variables, but if the two variables
are not linear, the relationship between the variables may not be accurately identified. To
consider the nonlinear relationship between variables, in this study, a flexible regression
model, the generalized additive model (GAM), was used along with linear correlation and
regression analyses. The GAM can express a nonlinear relationship between the dependent
variable and the independent variable while maintaining additivity and can be expressed
as Equation (3):

g
(
GAMwqsp

)
= α + f1x1 + f2x2 + · · ·+ fnxn + ε (3)

We performed LM and GAM analyses to investigate the rapidity and robustness
between streams through the relationship between rainfall and streams. LM and GAM
analyses were performed using the R package, and Akaike’s information criterion (AIC),
Bayesian information criterion (BIC), coefficient of determination (R2), and expected default
frequency (EDF) of the LM and GAM analysis results were compared. The AIC and BIC
are criteria for comparing the model’s suitability; the smaller the AIC and BIC values are,
the better the model. R2 is a statistic representing the model’s explanatory power; the
closer it is to 1, the higher the explanatory power. EDF is a value that indicates whether the
relationship between the explanatory variable and the independent variables is linear or
nonlinear. The closer it is to 1, the closer the relationship is to a linear one.

3. Results

3.1. WQSP Variability Recovery Period of Reference and Impaired Streams

As shown in Figure 4, the range of fluctuations in WQSP and the recovery period of
WQSP from rainfall were identified through the BOD, T-N, and T-P changes in the WQSP
of the reference and impaired streams. The most precipitation occurred in July and August,
and the least occurred in October, March, and January. The fluctuation ranges of the WQSP
of the reference and impaired streams for BOD were 0.473 and 1.046, respectively. For T-N,
the WQSP fluctuation ranges of the reference and impaired streams were 0.391 and 0.676,
respectively, and similar to the BOD, the impaired streams showed a higher fluctuation
range. However, the fluctuation range of WQSP for T-P was 1.223 for the reference stream
and 0.842 for the impaired stream, indicating higher variability in the reference stream.

The recovery period of the WQSP of BOD and T-N took 11.14 months and 11.43 months
on average, respectively, in the reference streams and 13.5 and 13.17 months, respectively, in
the impaired streams. The recovery period of the reference and impaired streams differed
by about 1–2 months but did not appear to be a significant difference. For T-P, the reference
and impaired streams showed a rapidity of 11 and 11.43 months, respectively, indicating
similar recovery periods.

3.2. Analysis of the Impact of Rainfall on WQSP
3.2.1. LM and GAM Analyses of Reference Streams for BOD, T-N, and T-P

To examine the relationship between the various rainfall values and WQSP of reference
streams, LM and GAM were determined for all rainfall events (Table 1 and Figure 5). In
LM, no rainfall variable was significantly associated with WQSP for BOD. The GAM
analysis revealed a significant relationship between the four months following rainfall and
WQSP. The EDF value was 4.69, which indicated a nonlinear relationship. The GAM better
explained the relationship between rainfall and the WQSP of BOD. The findings indicate a
four-month delay in the reference streams’ BOD levels. Additionally, the GAM revealed
that the rainfall period that showed a significant difference was limited to one month.
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Figure 4. Graphs averaging the sum of monthly precipitation value and the WQSP change for
reference and impaired streams. (a) BOD; (b) T-N; and (c) T-P.

Table 1. LM and GAM analysis results of the WQSP for BOD, T-N, and T-P in the reference streams.
The independent variables satisfied LM’s low variance inflation factor (VIF) condition.

Analysis Results of
Reference Streams

Variables Performance

P P1 P2 P3 P4 P5 Constant R2 AIC BIC

BOD

LM
Coefficients

b 0.0003 −0.0002 0.0003 −0.0001 0.0004 0.0003 0.841

0.12 −67.1 −47.9β 0.19 −0.09 0.16 −0.01 0.17 0.19 -

T-value 1.52 −0.7 1.2 −0.04 1.21 1.39 20.39 **

GAM
F-value 2.51 1.47 2.81 0.23 3.18 ** 3.5

0.94 ** 0.23 −78.3 −47.1
EDF 1.18 1 1 1 4.69 1
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Table 1. Cont.

Analysis Results of
Reference Streams

Variables Performance

P P1 P2 P3 P4 P5 Constant R2 AIC BIC

T-N

LM
Coefficients

b 0.0007 0.00003 0.0001 0.0001 0.0001 −0.0003 0.893

0.12 −67.1 −47.9β 0.34 0.02 0.07 0.35 0.06 −0.21 -

T-value 2.82 ** 0.14 0.59 0.29 0.49 −1.75 24.62 **

GAM
F-value 3.05 * 2.59 * 0.1 0.001 0.29 1.57

0.94 ** 0.23 −78.3 −47.1
EDF 2.45 3.47 1 1 1 1

T-P

LM
Coefficients

b −0.001 −0.001 −0.001 0.0001 0.001 0.002 1.13

0.41 67.9 87.3β −0.27 −0.09 −0.11 0.03 0.23 0.32 -

T-value −2.79 ** −0.94 −1.14 0.28 2.26 * 3.27 ** 12.10 **

GAM
F-value 5.72 * 0.7 0.61 1.12 6.43 * 13.12

** 1.17 ** 0.44 66.6 91.1
EDF 1 1 1 2.48 1 1

* p < 0.05, ** p < 0.01. AIC, Akaike’s information criterion; BIC, Bayesian information criterion; EDF, expected
default frequency. P means original rainfall, and P1 to P5 means 1 to 5 months following rainfall.

Figure 5. Smooth functions of the relationship between WQSP of reference streams and rainfalls
which have a significant relationship: (a) WQSP of reference streams for BOD in relation to four
months following rainfall; (b) WQSP of reference streams for T-N in relation to original rainfall and
one month following rainfall; and (c) WQSP of reference streams for T-P in relation to original rainfall
and four to five months following rainfall. The dot represents the water quality system performance
value, and the red area represents the confidence interval.

A significant relationship was found in LM between the original rainfall and WQSP
for T-N. In the GAM, the original rainfall and the one month following the rainfall had a
significant relationship. The EDF values were 2.45 and 3.47, respectively, indicating that
the relationship between rainfall and WQSP of T-N was nonlinear. Based on these results,
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the reference streams of T-N showed no time lag in either LM or GAM, and the significant
rainfall period was one month in LM and two months in GAM.

In the reference stream of T-P, a significant relationship was found between the original
rainfall and four to five months following the rainfall in both LM and GAM, and both EDF
values were 1, indicating a linear relationship. Excluding the original rainfall, which has a
low continuity with other significant rainfall events, the reference streams of T-P showed
a time lag of four months, and the rainfall period with a significant relationship was two
months in both LM and GAM.

3.2.2. LM and GAM Analyses of Impaired Streams for BOD, T-N, and T-P

To examine the relationship between the various rainfall values and WQSP of impaired
streams, LM and GAM were determined for all rainfall events (Table 2 and Figure 6). In
WQSP for BOD, a significant relationship was found between one and three months
following rainfall in both LM and GAM, and both EDF values were 1, indicating a linear
relationship. The impaired streams of BOD showed a time lag of one month, and the
rainfall period with a significant relationship was three months for both LM and GAM.

Table 2. LM and GAM analysis results of the WQSP for BOD, T-N, and T-P in the impaired streams.
The independent variables satisfied LM’s low variance inflation factor (VIF) condition.

Analysis Results of
Impaired Streams

Variables Performance

P P1 P2 P3 P4 P5 Constant R2 AIC BIC

BOD

LM
Coefficients

b 0.0005 0.001 0.001 0.003 0.0005 −0.0001 0.841

0.53 35.4 54.5β 0.09 0.25 0.25 0.44 0.08 −0.04 -

T-value 1.52 1.05 2.69 ** 2.67 ** 4.87 ** 0.85 −0.37

GAM
F-value 2.51 1.16 9.65 ** 8.07 ** 27.23 ** 0.84 0.21

0.56 34.5 60.5
EDF 1.18 1.81 1 1 1 2.05 1

T-N

LM
Coefficients

b 0.001 0.001 0.0005 0.0003 0.0001 −0.0002 0.893

0.74 −10.49 −85.4β 0.44 0.39 0.2 0.11 0.05 −0.1 -

T-value 2.82 ** 6.30 ** 5.41 ** 2.94 ** 1.66 0.67 −1.48

GAM
F-value 3.05 * 37.15 ** 28.40 ** 5.01 ** 2.13 0.42 1.23

0.73 −104.3 −80.9
EDF 2.45 1 1 1.59 1 1 1.45

T-P

LM
Coefficients

b −0.0004 0.0002 0.001 0.001 0.001 0.0004 1.13

0.04 113.4 132.9β −0.08 0.04 0.17 0.12 0.1 0.07 -

T-value −2.79 ** −0.63 0.33 1.32 0.97 0.82 0.57

GAM
F-value 5.72 * 0.43 0.2 1.94 0.89 0.66 0.17

0.05 113.7 135.4
EDF 1 1.55 1 1 1 1 1

* p < 0.05, ** p < 0.01. AIC, Akaike’s information criterion; BIC, Bayesian information criterion; EDF, expected
default frequency. P means original rainfall, and P1 to P5 means 1 to 5 months following rainfall.

In WQSP for T-N, a significant relationship was established between the original
rainfall and one to two months following rainfall in both LM and GAM, while the three to
five months following rainfall did not significantly contribute to the WQSP of T-N. Based
on these results, the impaired streams of T-N showed no time lag and a significant rainfall
period of three months in both LM and GAM. GAM and LM had similar explanatory power
in the WQSP of BOD and T-N.

In WQSP for T-P, no rainfall had a significant relationship with WQSP in either the LM
or GAM, so both models lacked explanatory power for the relationship between WQSP
and rainfall.

48



Land 2023, 12, 2072

 

Figure 6. Smooth functions of the relationship between WQSP of impaired streams and rainfalls
which have a significant relationship: (a) WQSP of impaired streams for BOD in relation to one to
three months following rainfall; and (b) WQSP of reference streams for T-N in relation to original
rainfall and one to two months following rainfall. The dot represents the water quality system
performance value, and the red area represents the confidence interval.

3.3. Comparison of Sensitivity and Stability of Resilience
3.3.1. Comparison of Sensitivity through Robustness

To understand the sensitivity of stream ecosystem resilience, the fluctuation range
of WQSP and the time lag of WQSP change with rainfall were compared (Table 3). The
range of WQSP fluctuation for the reference streams for BOD and T-N was not larger than
that of the impaired streams. The low fluctuation of the reference streams indicated no
abrupt change in the WQSP due to rainfall. Therefore, it was concluded that the reference
streams had a stream environment that responded less sensitively to rainfall and had higher
robustness than the impaired streams. However, in the case of T-P, the range of the WQSP
fluctuation for the reference streams was larger than that of the impaired streams, but the
range of the fluctuations in impaired streams has been increasing since 2017, as shown in
Figure 4. Therefore, T-P management must provide a stable habitat for the reference and
impaired streams.

The time lag values derived through the LM and GAM indicated a one-month delay
in the change in WQSP for BOD in impaired streams following rainfall. For T-N, the WQSP
changed with the original rainfall event and reacted quite quickly to the rainfall. On the
other hand, in the reference stream, the BOD and T-P showed a change in WQSP after
three to four months, indicating that the time lag effect of rainfall was relatively long. The
reference streams were considered to have a longer time lag since their tolerance to external
environmental changes was not significant compared to that of the impaired streams, so
it was concluded that the reference streams had higher robustness and lower sensitivity
than the impaired streams. In the case of T-N, unlike other water quality indicators, the
reference and impaired streams responded quickly to rainfall because the time lag was
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short. Unlike BOD, which is indirectly measured through dissolved oxygen and changes its
concentration in decomposing organic matter that flows into the stream by microorganisms,
T-N does not have a large time lag since the nitrogen component is flowed into and the
concentration changes [22]. Furthermore, given that nitrogen readily dissolves in water,
this phenomenon is attributed to the swift fluctuations in nitrogen concentration resulting
from shifts in precipitation patterns [23,24].

Table 3. Robustness results include the WQSP fluctuation range and time lag for sensitivity comparison.

WQSP Classification
Fluctuation

Range

Time Lag Results

LM GAM

BOD
Reference 0.473 - 4 months

Impaired 1.046 1 month 1 month

T-N
Reference 0.391 No time lag No time lag

Impaired 0.676 No time lag No time lag

T-P
Reference 1.223 4 months 4 months

Impaired 0.842 - -

3.3.2. Comparison of Stability through Rapidity

To understand the stability of stream ecosystem resilience, the recovery period of the
WQSP according to rainfall and the rainfall period that showed a continuous significant
relationship with rainfall were compared (Table 4).

Table 4. Rapidity results include the recovery period and results of the rainfall period, which show a
significant relationship for stability comparison.

WQSP Classification
Recovery

Period

Rainfall Period Showing a Significant
Relationship in Succession

LM GAM

BOD
Reference 11.14 - 1 month

Impaired 13.5 3 months 3 months

T-N
Reference 11.43 1 month 2 months

Impaired 13.17 3 months 3 months

T-P
Reference 11.0 2 months 2 months

Impaired 11.43 - -

The period between WQSP degradation and recovery was approximately two months
faster in the reference streams for BOD and T-N, confirming that the reference stream
has better rapidity. However, for T-P, the recovery periods of the reference and impaired
streams were similar, so it was concluded that management of the T-P is important.

The rainfall period that showed a significant relationship in LM and GAM in the
reference streams was one to two months, and that in the impaired streams was three to
four months. Therefore, the reference streams were affected by rainfall for a shorter period
than the impaired streams, which indicated that the reference streams recovered more
quickly from the effects of rainfall than the impaired streams and provided a more stable
stream environment. Therefore, the reference streams have higher stability.

4. Discussion

4.1. Nonlinearity of WQSP for Reference and Impaired Streams

In the BOD and T-N of the reference streams and the T-N of the impaired streams,
the relationship between the following rainfall and WQSP is generally nonlinear, and the
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smooth function for nonlinearity can be divided into three regions (Figure 7). Regions 1
and 3 showed a positive relationship with rainfall in this study, and Region 2 showed a
negative relationship. The positive relationship between rainfall and WQSP in Region 1
seemed to be because the concentrations of BOD and T-N in the dry season remained high,
but the effect of pollutant dilution due to rainfall was shown [25]. Kang et al. [26] showed
similar results: the high water quality during the dry season decreased due to precipitation
and runoff. However, for the BOD and T-N of the streams in Region 2, rainfall and WQSP
showed a negative relationship, which is thought to be because nonpoint pollution from the
watershed flows into the stream along with runoff due to the increased rainfall. According to
Won et al. [27], since forests have a high soil penetration ability, runoff does not occur with
low rainfall levels, and rainfall runoff increases as precipitation increases. Lee and Lee [28]
also confirmed that T-N can be absorbed into the soil; thus, runoff containing T-N does not
occur until a rainfall of 50 mm is reached. Therefore, in Region 2, where rainfall increased due
to the absorption characteristics of T-N and the permeability of the forest area of the reference
streams, the inflow of nonpoint pollution increased, showing a negative relationship.

 

Figure 7. Smooth functions and classification regions by smooth function patterns. Smooth functions
of the relationship between the WQSP of reference streams for BOD and four months following
rainfall (left); smooth functions of the relationship between the WQSP of reference streams for T-N
and one month following rainfall (right). The dot represents the system performance value, and the
red area represents the confidence interval.

4.2. Robustness Comparison of Reference and Impaired Streams

To compare the robustness and rapidity of the reference and impaired streams, the
relationships between rainfall and WQSP, variability, and recovery period were examined,
and it was determined that the impaired streams had lower resilience. The difference in
resilience between the reference and impaired streams concerning rainfall was considered to
be due to the permeability and runoff of the watershed, according to its land cover. To identify
the difference in the land cover between the reference and impaired streams, a t-test was
conducted on the land cover proportions within a 1 km buffer of the reference and impaired
streams (Table 5). The reference streams had the highest proportion of forest area, and the
impaired streams had the most urban area. As a result of the t-test, a difference in land cover
was found for urban, forest, and grassy areas for the reference and impaired streams.

This difference in land cover affects the permeability of the soil and the rainfall–runoff
and runoff rate [29–32]. Urban areas are highly impermeable and respond more quickly
to rainfall due to the low penetration of rainfall, resulting in massive amounts of runoff
into streams [33–35]. By modeling watershed imperviousness, runoff, and peak discharge,
Huang et al. [36] and Braud et al. [37] confirmed that the higher the impermeability is, the
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faster the peak discharge is reached and the greater the amount of runoff. In addition, it was
confirmed that a large amount of runoff from rainfall dilutes the T-N, T-P, BOD, and COD
concentrations of streams that maintain high levels during the dry season [26]. Therefore,
the impaired streams have a high land cover in the urban area, so there is a large outflow
at once during rainfall, and this outflow water quickly dilutes the stream concentration,
which is judged to have a large and steep increase in the WQSP of the impaired streams.

Table 5. t-test results for land cover of reference and impaired streams.

Classification
Average Standard Deviation

t-Value
Reference Impaired Reference Impaired

Urban area 8.14 49.37 8.22 22.12 7.306 **
Agricultural area 19.02 20.10 10.95 20.78 0.195

Forest area 55.30 11.85 19.08 11.92 −8.219 **
Grassy area 3.25 6.93 3.43 3.53 3.278 **

Wetland 3.65 1.16 4.86 1.70 −2.013
Bare soil 4.67 3.43 3.79 3.16 −1.091

Water 5.97 7.16 4.83 9.50 0.510
** p < 0.01.

However, in the dry season after rainfall, the water quality is polluted due to nonpoint
pollution continuously flowing out from the urban and agricultural areas around the
streams, and the WQSP of the impaired streams, which increased during rainfall, drops
sharply and is judged to have a high fluctuation range [33,38]. Additionally, impaired
streams have a short time lag for rainfall because they are near highly impermeable urban
areas, and it takes very little time for runoff to reach these streams [31,32]. On the other
hand, in the case of the reference streams, the water permeability and penetration rate are
high due to the forest cover that is dominant in the area, so the peak flow is alleviated
such that the increase in WQSP for rainfall is relatively low and the time lag is longer than
that for the impaired streams [39,40]. Additionally, since the proportions of urban and
agricultural areas are small, the inflow of nonpoint pollution in the dry season is less than
that of impaired streams, so the fluctuation range of WQSP is not large [41,42].

5. Conclusions

To compare the sensitivity and stability of resilience according to the aquatic ecological
condition of the stream ecosystem in the Han River watershed, this study identified the
rapidity and robustness of the BOD, T-N, and T-P WQSP of reference and impaired streams.
The rapidity and robustness of the reference and impaired streams were derived from the
time lag for rainfall and the rainfall period, showing a significant relationship between
WQSP variability and the recovery period. The findings of this study suggested that the
reference streams were less sensitive to rainfall than the impaired streams and provided a
more stable ecosystem and, thus, had better resilience. Our research has elucidated that
reference streams exhibit markedly lower sensitivity to rainfall variability when compared
to their impaired counterparts, resulting in enhanced ecosystem stability and resilience.
The diminished resilience of impaired streams calls for strategic management interventions
to mitigate their heightened vulnerability to precipitation and reinforce their structural
and ecological integrity. Particularly, impaired streams exhibit heightened fluctuations in
resilience attributed to urban runoff, displaying swift responses to rainfall; this necessitates
measures to mitigate rapid runoff and nonpoint pollution inflow into streams. Proactive
strategies, including the establishment of robust waterside vegetation, the creation of small-
scale wetlands, and the integration of retention ponds, are recommended to bolster the
resilience of these streams. The findings of this study furnish foundational insights for
the formulation of comprehensive management plans. However, there is a limitation in
that flow data and soil permeability data that can confirm the dilution effect by rainfall are
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lacking, so further analysis of changes in WQSP considering the flow rate and geological
effect is required.
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Abstract: Urban development boundary (UDB) has always served as a crucial aspect of urban sprawl
research. The objective of this paper is to investigate boundary delineation and carbon emission
effects. Firstly, we examined the patterns of land use changes. Additionally, this paper utilized the
FLUS model and land use carbon emission calculation model to delineate UDB and calculate carbon
emission effects within UDB under typical scenarios. The research results are as follows: (1) Xuzhou
city witnessed a significant increase in both forest land and construction land from 2010 to 2020.
(2) Under the CPS, the area of cultivated land increased by 217.05 km2 compared to the NDS. The
UDB area under the NDS and CPS was 971.50 km2 and 968.99 km2, respectively. (3) Compared to
the NDS, the CPS led to a net carbon emission increase of 4759.93 t within the UDB. Therefore, we
should enhance the carbon sequestration and emission reduction capacity of the agricultural system.
This study is beneficial for expanding the depth of research on the UDB and guiding the low-carbon
urban development. We sincerely encourage readers to download this paper to improve this paper.

Keywords: urban development boundary; carbon emission effects; Xuzhou city; FLUS model

1. Introduction

Since the Industrial Revolution, urbanization has been accelerating globally [1]. In-
deed, urban land expansion was occurring at a much faster rate than population growth [2],
with China being particularly pronounced in this aspect. Since the implementation of
economic reform and opening up, the urbanization rate in China has significantly in-
creased by 3.6 times from 1978 to 2022. The construction area has also expanded from
0.7 × 104 km2 in 1981 to 6.2 × 104 km2 in 2021. Unplanned urban expansion has brought
significant social and environmental challenges on a global scale [3]. Many cities are ex-
periencing uncontrolled land development and excessive sprawl of urban land, resulting
in a severe imbalance in urban development patterns. This has led to various issues such
as biodiversity loss, deterioration of natural environment, increased air pollution, soil
degradation, and a reduction in cultivated land [4–6]. Therefore, there is growing recog-
nition for the need to control the uncontrolled and rapid expansion of cities and guide
their orderly expansion, aiming for sustainable urban spatial development. As a result, the
urban development boundary (UDB) has become a crucial measure for regulating urban
sprawl and achieving optimized urban spatial planning. At the same time, it is particularly
noteworthy that rapid and chaotic urban expansion caused an increase in greenhouse
gas emission, which is impacting climate change [7] and accelerating global warming [8],
posing a great threat to both the natural world and humanity [9]. A great deal of global
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carbon dioxide emissions can be attributed to urban areas, and this proportion might rise
further with ongoing urbanization [10]. At the same time, China has already surpassed
other countries to become the world’s largest annual emitter of carbon dioxide [11]. In
order to address this urgent situation and achieve the coordinated pattern between urban
expansion and low-carbon development, China has announced its commitment to strive for
dual carbon goal [12]. This solemn commitment imposes new requirements on the urban
sprawl pattern and management. Therefore, integrating the UDB with carbon emission
effects and systematically exploring the carbon emission effects after the delineation of the
UDB is crucial. This is an important approach to reconcile the conflicting goals of urban
sprawl and low-carbon development, and to address the crucial issue and prerequisite of
regulating the orderly and low-carbon sprawl of urban space.

Through reading a large amount of literature, we found that many existing studies
primarily concentrate on defining the concept of UDB and delineating it through simulation.
With regard to the conceptual definition of the UDB, the concept of urban development
boundary (UDB) originated from urban growth boundary (UGB) and has been widely
recognized as one of the most useful tools globally to manage and restrict urban sprawl [13].
It was derived from the “Garden City” theory proposed by European scholar Howard
in the 19th century. The research on the conceptual definition of UDB can generally be
divided into two primary areas. On the one hand, from the physical boundary perspective,
it is considered that the UDB is seen as limits or restrictions that determine where urban
settlements should not exceed [14]. It can also refer to the boundaries where there is a
clear distinction in construction density between inside and outside the boundary [15]. On
the other hand, from the practical function perspective, it is considered that the UDB is
effective for controlling the urban sprawl and protecting non-urban land beyond the city’s
territory [16,17], which is conducive to the coordination of the conflicts between land use
plans [18]. Building on these studies, this paper considered UDB as regional limit that
guides and regulates urban development within a specific time period, particularly for
urban development and construction.

With regard to the simulation delineation of UDB, the first delineation of UDB occurred
in Salem, USA, in 1976, as a means to address conflicts between urban and rural land
management [19]. In China, the content regarding the delineation of UDB in central
urban areas first appeared in the “Urban Planning Compilation Methods” implemented on
1 April 2006 [20]. Upon reviewing the existing literature, we found that the methods and
criteria for delineating urban development boundary have not been fully clarified and
standardized, which can be mainly divided into two primary areas. On the one hand,
from the ecological security perspective, methods such as ecological suitability assessment,
resource and environmental carrying capacity assessment, or landscape safety pattern
establishment [21,22] are employed to preliminarily determine ecologically fragile areas
(such as restricted or prohibited development zones), which in turn influence the scope
of urban sprawl. On the other hand, from the inherent urban sprawl perspective, models
such as the ANN model [23], CA model [24], CLUE-S model [25], SLEUTH model [26], and
the FLUS model [27] are utilized to simulate urban expansion in terms of construction land
spatial growth.

From the above literature review, we concluded that scholars dedicated significant
research efforts to conceptualizing and simulating the delineation of the UDB [28,29].
However, the impact and effects after the boundary delineation have received limited
attention in the existing literature [30], particularly regarding carbon emission effects.
Therefore, considering the needs of low-carbon development in the current context and
the existing research shortcomings, this study aims to carry out the research on the carbon
emission effect after the UDB delineation, which is conducive to deepening the research
content of UDB and regulating the orderly and low-carbon expansion of urban space.

In view of this, this paper focused on Xuzhou City and examined the land use changes
from 2010 to 2020. Simultaneously, by setting the NDS and the CPS, we utilized the
FLUS model to delineate the UDB under different scenarios. Furthermore, we calculated
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the carbon emission effects within UDB using the land use carbon emission calculation
model. This study is beneficial for enriching the research on UDB, providing strategic
recommendations for constraining urban expansion in Xuzhou City and contributing to
the achievement of low-carbon development and the “dual carbon” goal.

2. Materials and Methods

2.1. Study Area

Xuzhou is located in Jiangsu Province, China, and is situated in the Huang Huai
Plain. It is divided into five municipal districts, namely Tongshan, Jiawang, Quanshan,
Gulou, and Yunlong (Figure 1). The city boasts diverse landforms, expansive plains, and
abundant natural, cultural, and tourist resources. As a major regional center and a resource-
exhausted city [31], Xuzhou is the central city of the Huaihai Economic Zone. It acts
as a national comprehensive transportation hub, connecting the railroad network in all
directions. Xuzhou is a significant old industrial base, energy supply base, and power
transmission and distribution base in China. With strong momentum in urbanization, the
city is experiencing rapid development. From 2000 to 2020, the built-up area of Xuzhou City
experienced a significant expansion, increasing from 71.7 km2 to 289.6 km2, experiencing a
fourfold increase. This growth propelled Xuzhou City to become the fourth largest city in
Jiangsu Province, following Nanjing, Suzhou, and Wuxi.

Figure 1. Location map of the study area.

2.2. Data and Preprocessing

Considering the physical conditions of the study area and accessibility of the research
date, this paper mainly utilized data from four parts and the details are shown in Table 1.
The land use data were reclassified according to the Current Land Use Classification
(GB/T 21010-2017) into seven types, namely cultivated land (L1), garden land (L2), forest
land (L3), grass land (L4), construction land (L5), water area (L6), and other land (L7).
All the driving factor data underwent normalization processing (Figure 2). The projection
coordinate system used was WGS_1984_UTM_Zone_50N. The resolution of all grid data
was uniformly set at 30 × 30 m, with consistent row and column numbers. It is worth
noting that the land use data were provided by the China Land Surveying and Planning
Institute, which is an official government department in China. The terrain factor data were
sourced from Geospatial Data Cloud, a big data platform created by the Chinese Academy
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of Sciences. Therefore, the accuracy of the land use data and terrain factor data can
be guaranteed.

Table 1. Information on data sources.

Data Attribute Data Name Data Source

Land use data Land use data of Xuzhou in 2010, 2015, and
2020

China Land Surveying and
Planning Institute

Terrain factor data
DEM Geospatial Data Cloud

(https://www.gscloud.cn/, accessed on 18
April 2022)

Aspect
Slope

Transportation accessibility factor data

To town

Open Street Map
(https://www.openstreetmap.org/, accessed

on 17 April 2022)

To airport
To highway

To railway station
To city

To waterway
To water

To railway
To main road

Socio-economic factor data

1 km × 1 km grid level GDP Resource and Environment Science and
Data Center

(https://www.resdc.cn/, accessed on
19 April 2022)1 km × 1 km grid level population

Figure 2. Land use driving factors.

2.3. Methodology

This paper utilized methods such as the land use transfer matrix, land use dynamic
degree, FLUS model, and the land use carbon emission calculation model. We analyzed
the land use changes, delineated the UDB, and explored the carbon emission effects within
the UDB under different scenarios. To present the research methodology and approach in
more clear manner, this paper incorporated a flowchart illustrating the framework of the
research methodology (Figure 3).
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Figure 3. The flowchart of the methodology.

2.3.1. Scenario Setting

(1) Scenario 1: Natural Development Scenario (NDS). The basis for setting the NDS is
that it does not consider artificial planning control, protected areas, or limitations on the
conversion between different types. It solely focuses on the development of cities within
the framework of the existing natural conditions.

(2) Scenario 2: Cultivated Land Protection Scenario (CPS). The basis for setting the
CPS was conducted by introducing permanent basic cultivated land data as a restricting
conversion factor into the model for the simulation, and strictly prohibited the situation
that permanent basic cultivated land converts to other types.

2.3.2. Methodology for Land Use Change Analysis

(1) Land Use Transfer Matrix
The land use transfer matrix can describe the conversion between different types

during a specific period [32], and has been widely used in many countries such as China [33],
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Japan [34], Rwanda [35], and Turkey [36]. It can indicate the transfer and changes during
the study period [37]. The calculation formula is as follows:

Sij =

⎡
⎢⎢⎢⎢⎢⎣

S11 S12 S13 · · · S1n
S21 S22 S23 · · · S2n
S31 S32 S33 · · · S3n

...
...

...
...

...
Sn1 Sn2 Sn3 · · · Snn

⎤
⎥⎥⎥⎥⎥⎦

(1)

where Sij represents the convert area of land use type i to type j; n represents the number
of land use types.

(2) Land Use Dynamic Degree
Land use dynamic degree can reflect the speed and magnitude of changes in various

types over a certain period of time [38,39], and has been widely used in many countries
such as China [40], Greece [41], and India [42]. This includes both comprehensive and
single land use dynamic degrees. The former refers to the speed of change in all types
over a certain study period, while the latter refers to the changes in a specific type. The
calculation formula is as follows:

K = (∑n
i=1 ΔUi−j/2 ∑n

i Uit1)× (t2 − t1)
−1 × 100% (2)

Ki = ((Uit2 − Uit1)/Uit1)× (t2 − t1)
−1 × 100% (3)

where K represents the comprehensive land use dynamic degree; Ki represents the single
land use dynamic degree of the i-th land use type; t2 − t1 represent the study period; ΔUi−j
represents the changed area.

2.3.3. FLUS Model

The FLUS model, developed by Liu et al. in 2017 [43], is a simulation model for
predicting future land use changes. In 2018, Liang et al. further expanded the model
by adding the UGB (urban growth boundary) module [44], which enables effective land
use simulation and UDB delineation. Due to the advantages of higher accuracy, faster
processing speed, and ease of use, the FLUS model has gained widespread use in many
countries such as China [45], Myanmar [46], Turkey [47], and Colombia [48]. The FLUS
model consists of three components: (1) Probability-of-occurrence estimation using artificial
neural network; (2) Cellular automata based on self-adaptive inertia and competition
mechanism; (3) Boundary delineation based on morphological erosion and dilation. For
detailed formulas, please see the references [43,44].

2.3.4. Calculation of Land Use Carbon Emission

Land use carbon emission can be divided into direct carbon emission and indirect
carbon emission [49], and has been widely used in many countries such as China [50]
and India [51]. Direct carbon emission from land use refers to those generated by human
activities on the land. The calculation formula is as follows:

E = ∑ Ti × fi (4)

where E represents the direct carbon emission from land use; i represents the land use
type; Ti represents the area; fi represents the carbon emission coefficient. Due to the
inherent characteristics of L1, L2, L3, L4, L6, and L7, their carbon emission and absorption
rates change minimally over a certain period. Therefore, for the study period, the carbon
emission coefficient for L1, L2, L3, L4, L6, and L7 is assumed to be constant. Based on
previous research findings [52,53], the coefficients for L1, L2, L3, L4, L6, and L7 are shown
in Table 2.
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Table 2. Carbon emission coefficient for land use.

Land Use Type Carbon Emission Coefficient Unit

L1 42.2 t C/km2

L2 −73 t C/km2

L3 −57.8 t C/km2

L4 −2.1 t C/km2

L6 −25.2 t C/km2

L7 −0.5 t C/km2

Indirect carbon emission from land use primarily refers to the carbon emission associ-
ated with construction land. These emissions are estimated indirectly by considering the
consumption of different energy types [54]. The calculation formula is as follows:

CE =
n

∑
i=1

Ai × Bi × Ci (5)

where CE represents the carbon emissions from construction land; i, n, Ai, Bi, Ci represent
the energy source type, the number of energy source types, the consumption, the carbon
emission coefficient, and the coal equivalent coefficient, respectively. The coal equivalent
coefficients are sourced from the “China Energy Statistical Yearbook 2013”, which lists the
coal equivalent coefficients for various energy source types. Due to the study area being the
municipal district of Xuzhou City, it is difficult to obtain comprehensive and accurate data
on energy consumption. Therefore, this paper indirectly estimated the carbon emission
from construction land in the municipal district of Xuzhou City by using the ratio of GDP
between the municipal district and the entire city of Xuzhou [55]. Based on the result from
construction land in Xuzhou City from 2005 to 2020, the GM(1,1) model was used for grey
prediction, combined with the projected construction land area in Xuzhou City in 2035,
yielding a coefficient value of approximately 15,468.33 t C/km2 for the construction land in
Xuzhou City in 2035.

3. Results

3.1. Analysis of the Status of Land Use Change
3.1.1. Changes in Land Use Area

Firstly, we reclassified the original land use data of Xuzhou City for the periods of
2010, 2015, and 2020 into seven types (Figure 4). From Figure 4, we found that the land use
types in Xuzhou are predominantly composed of L1, L5, and L6. In the year 2020, these
three types collectively constituted around 84.58% of the total area. On the other hand, L3,
L2, L7, and L4 were relatively small in area, comprising only 15.42%. The land use area in
Xuzhou experienced different degrees of change, leading to a transformation in the whole
structure. The areas of L1, L7, L6, L4, and L2 decreased by 131.40 km2, 26.66 km2, 23.52 km2,
10.41 km2, and 0.69 km2, respectively. However, L3 and L5 increased by 142.31 km2 and
50.37 km2, respectively. Among them, L3 increased most prominently with a growth rate
of 127.39% over the 10-year period. On the other hand, there was a dramatic decrease in
the area of L7, with a decrease of 32.55%. The area of garden land slightly decreased, but
overall, the change was the least significant compared to other types.

3.1.2. Changes in Land Use Type Transition

From Table 3, we found that from 2010 to 2020, Xuzhou City experienced significant
land use transitions, especially with frequent conversions among L1, L3, and L5. In terms
of land area transferred out, the types with the largest to smallest transfer amounts were
as follows: L1 > L5 > L6 > L2 > L7 > L4 > L3. Cultivated land was the dominant type,
accounting for 40.63% of the transferred-out area. On the other hand, in terms of land
area transferred in, the types with the largest to smallest transfer amounts were as follows:
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L1 > L5 > L3 > L6 > L > L7 > L4. Construction land was the main recipient, accounting for
25.65% of the transferred-in area.

Figure 4. The land use types in Xuzhou City in 2010, 2015, and 2020. (a) Land use types in Xuzhou
City in 2010; (b) Land use types in Xuzhou City in 2015; (c) Land use types in Xuzhou City in 2020.

Table 3. Xuzhou City Land Use Transfer Matrix from 2010 to 2020 (km2).

L1 L2 L3 L4 L5 L6 L7 Total

L1 1148.95 50.12 65.50 3.62 144.96 76.64 24.64 1514.43
L2 40.40 27.95 10.39 0.98 13.38 7.50 2.70 103.29
L3 6.21 1.71 89.53 2.89 8.19 1.36 2.06 111.96
L4 12.88 2.96 18.04 8.02 7.29 2.10 1.40 52.68
L5 77.50 10.01 30.77 17.50 609.60 36.11 5.02 786.51
L6 79.64 6.31 11.68 3.28 44.29 161.62 3.00 309.82
L7 15.82 3.78 26.65 5.86 12.65 1.76 13.83 80.35

Total 1381.40 102.84 252.56 42.14 840.35 287.10 52.65 2959.03

In general, the land use transitions were primarily focused on L1, L5, and L3. Therefore,
the analysis focused on these three types. Regarding L1, from 2010 to 2020, 24.13% of
L1 had converted to other land types, with the majority of it being converted to L5. From
L1 to L5, the transferred-out area reached 144.96 km2. Regarding L5, a total of 230.75 km2

of land from other land use types had converted to L5. This indicated a high level of urban
expansion in Xuzhou City. Regarding L3, from 2010 to 2020, a total of 163.03 km2 of land
from other types had converted to L3. This is strongly related to the implementation of
Xuzhou City’s policy of promoting afforestation and artificial forestation.

3.1.3. Changes in Land Use Dynamic Degree

The land use dynamic degree is an indicator that reflects the speed of land use change.
Based on the Equations (2) and (3), we obtained the land use dynamic degree in Xuzhou
(Table 4).

Table 4. Xuzhou City Land Use Dynamic Degree from 2010 to 2020 (%).

Period
Single Land Use Dynamic Degree Comprehensive Land

Use Dynamic DegreeL1 L2 L3 L4 L5 L6 L7

2010–2015 −0.30 −0.42 −0.36 −0.02 0.88 −0.58 0.34 0.24
2015–2020 −1.48 0.30 26.30 −3.88 0.38 −0.89 −6.74 1.09
2010–2020 −0.88 −0.07 12.74 −1.94 0.64 −0.72 −3.26 0.65

From the perspective of comprehensive land use dynamic degree, the speed of land
use change in Xuzhou was constantly changing. From 2010 to 2015, the degree in Xuzhou
was 0.24%, indicating a relatively slow rate. However, from 2015 to 2020, the degree
in Xuzhou city increased to 1.09%. Compared to the period of 2010 to 2015, the rate of
change in land use types exhibited an increasing trend, suggesting that socioeconomic
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activities had a greater influence on the land pattern during the period of 2015 to 2020. From
the perspective of single land use dynamic degree, the various types of land use exhibit
dynamic fluctuations in trends during the study period. Among them, forest land changed
the most, with a dynamic degree of 12.74%, while the smallest change was in garden land,
with an intense degree of −0.07%. Forest land and construction land demonstrated an
upward trend, while other types decreased. Among them, other land experienced the most
significant decline, showing a considerable decrease with a dynamic degree of −3.26%.

3.2. Delineation of UDB in Xuzhou City under Multiple Scenarios
3.2.1. Model Accuracy Verification

Firstly, we simulated the spatial distribution of different land use types in 2015
(Figure 5b) based on the date of 2010. Subsequently, compared to the actual data of
2015 (Figure 5a), it can be observed that the simulated results generally correspond to
the distribution of different types in the actual data. Afterwards, we selected 10% of the
total number of simulated results’ pixels for accuracy verification. By calculating accuracy
verification metrics, we obtained that the Kappa value is 0.7618 and the overall accuracy is
0.8427. This result suggested that FLUS model exhibited a high accuracy level in simulating
urban land use changes. Therefore, we can utilize the model to simulate changes in various
types in Xuzhou city, and it serves as an important foundational model for this study.

Figure 5. Comparison of real and simulated land use in Xuzhou City in 2015. (a) Real land use types
in Xuzhou City in 2015; (b) Simulated land use types in Xuzhou City in 2015.

3.2.2. Future Land Use Simulation

Firstly, we estimated the probability-of-occurrence in 2020 based on the real data in
2020 of Xuzhou. Secondly, based on the land use data of 2015 and 2020 of Xuzhou City,
we used the built-in Markov chain module in the GeoSOS-FLUS software v. 2.4.1. for
determining the pixel count of each type in Xuzhou City in 2035. Finally, the FLUS model
was applied to simulate the future land use in Xuzhou in 2035 under different scenarios
(Figure 6).

It can be observed that L1 and L3 show significant changes under different scenarios.
In the NDS, compared to the current area of Xuzhou City in 2020, there is a decreasing
trend in L1 and L7. Specifically, the L1 area has decreased most, by 197.49 km2. Moreover,
the L3, L5, L4, and L2 show an increasing trend. Among them, L3 shows a particularly
evident upward trend, with an increase in area of 191.70 km2, representing a growth rate of
75.47%. The water area (L6) remained relatively stable. In the CPS, compared to the current
area of Xuzhou City in 2020, there is a decreasing trend in L6, L2, L7, and L4. The reduction
in water area is particularly significant, with a decrease of 30.08 km2, representing a
reduction rate of 9.98%. Moreover, the L1, L3, and L5 show an increasing trend. Specifically,
the L1 area has increased by 19.56 km2. It is worth emphasizing that, compared to the
simulation results of the NDS in 2035, there is an additional increase of 217.05 km2 in the
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L1 area. This indicates that the CPS can effectively achieve the expected goal of cultivated
land protection.

Figure 6. Simulation of land use in Xuzhou City in 2035. (a) Land use simulation under NDS;
(b) Land use simulation under CPS.

3.2.3. Delineation of Urban Development Boundary (UDB)

The UDB is delineated based on the future land development status of the city. In
this paper, we utilized the UGB module in the GeoSOS-FLUS software to delineate the
UDB under different scenarios in Xuzhou City, using morphological erosion and dilation
operations in the opening–closing mathematical operation method.

Through comprehensive comparison of the results obtained using 3 × 3, 5 × 5, 7 × 7,
and 9 × 9 structuring elements, it was found that using the 7 × 7 structuring element for
delineating the UDB results in a smoother and more continuous boundary. The boundary
line can better integrate with the urban area contours. Therefore, a window size of 7 × 7
was chosen for boundary delineation. Additionally, considering the actual situation, we
removed scattered patches (less than or equal to 0.4 km2) and filled in small patches within
large patches. The delineation results are shown in Figure 7.

Figure 7. UDB under different scenarios in 2035. (a) UDB under the NDS; (b) UDB under the CPS.

From Figure 7, it can be observed that the UDB of Xuzhou in 2035 demonstrates
a strong concentration and integrity. The main distribution is in Tongshan District and
Jiawang District, while the UDB areas covered by the Yunlong District, Quanshan District,
and Gulou District were quite similar. Under the NDS, the UDB area of Xuzhou City was
971.50 km2, accounting for 32.82% of the total area of Xuzhou. Under the CPS, the UDB
area of Xuzhou City was 968.99 km2, accounting for 32.74% of the total area of Xuzhou
City. The UDB area under the CPS was reduced by 2.51 km2 compared to the NDS. This
indicated that the CPS can better control urban land sprawl, resulting in a lower proportion
of boundary area to the total area.
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3.3. Carbon Emission Effects within UDB under Different Scenarios
3.3.1. Aggregate Analysis of Carbon Emission Effects

According to the results of UDB delineation in Xuzhou City in 2035, we extracted the
spatial distribution and area of different types within the UDB under the NDS and the CPS.
These data were then incorporated into the calculation model to obtain the carbon emission
effects within the UDB of Xuzhou City in 2035 (Table 5).

Table 5. Carbon Emission Effects within UDB under Different Scenarios (t).

Scenario
Carbon Emission of Different Land Use Types within UDB Net Carbon

Emission
Carbon
Source

Carbon
SinkL1 L2 L3 L4 L5 L6 L7

NDS 4641.80 −1477.59 −4708.43 −35.79 10,473,420.62 −1430.61 −4.45 10,470,405.55 10,478,062.42 −7656.88
CPS 5702.13 −1387.19 −3608.42 −34.63 10,475,773.36 −1275.73 −4.04 10,475,165.47 10,481,475.48 −6310.01

Regarding the net carbon emission, under the NDS, the net carbon emission within the
urban development boundary of Xuzhou City in 2035 was estimated to be 10,470,405.55 t.
Under the CPS, the result was 10,475,165.47 t. The CPS showed an increase of 4759.93 t
compared to the NDS. This is mainly because the CPS can effectively protect cultivated
land, while cultivated land exhibits carbon source characteristics, leading to higher net carbon
emission compared to the NDS. Regarding the perspective of carbon source, the carbon source
under the NDS and the CPS were estimated to be 10,478,062.42 t and 10,481,475.48 t, respectively.
L1 and L5 are both carbon sources, with L5 being the main contributor, accounting for
99.95% of the total carbon source. Regarding the carbon sink, the carbon sink under the
NDS and the CPS were estimated to be 7656.88 t and 6310.01 t, respectively. The L2, L3,
L4, L6, and L7 act as carbon sinks. Among them, L3 was the main source of carbon sink.
Under the NDS, L3 accounted for 61.49% of the total carbon sink, while under the CPS, L3
accounted for 57.19% of the total carbon sink.

3.3.2. Analysis of Regional Differences in Carbon Emission Effects

In this paper, we utilized ArcGIS software v.10.8.2 to partite the UDB of Xuzhou
city under the NDS and CPS in 2035. Following that, we calculated the carbon emission
effects in each municipal district within the UDB of Xuzhou city. In terms of net carbon
emission, the municipal districts within the urban development boundary showed regional
differentiation with Tongshan > Jiawang > Gulou > Quanshan > Yunlong District under
both the NDS and the CPS. Among them, Tongshan District had the highest net carbon
emission, reaching 4,602,517.47 t under the NDS, accounting for 43.96% of the total net
carbon emission, and, reaching 4,560,670.41 t under the CPS, accounting for approximately
43.54% of the total net carbon emission. In terms of per-unit net carbon emission intensity,
the municipal districts within the urban development boundary of Xuzhou city exhibited
regional differentiation with Gulou > Quanshan > Yunlong > Jiawang > Tongshan District
under both the NDS and the CPS. Among them, Gulou District had the highest per-unit net
carbon emission intensity, reaching 12,819.09 tC/km2 under the NDS and 12,466.28 tC/km2

under the CPS. This is mainly because Gulou District serves as the main and central urban
area of Xuzhou city, with active socioeconomic activities and a dense population, resulting
in the highest carbon emission intensity.

In terms of carbon source, the municipal districts still exhibited the same regional
differentiation as the total net carbon emissions, with Tongshan > Jiawang > Gulou > Quan-
shan > Yunlong District, and Tongshan District was the largest carbon source district. In
terms of carbon sink, under the NDS, the municipal districts within the urban development
boundary of Xuzhou city exhibited regional differentiation with Tongshan > Jiawang >
Yunlong > Quanshan > Gulou District. Under the CPS, the municipal districts exhibited
regional differentiation with Tongshan > Jiawang > Gulou > Yunlong > Quanshan District,
where Yunlong District’s rank had changed significantly. Under the NDS, the carbon sink
in Yunlong District reached 572.18 t, accounting for approximately 7.47% of the total carbon
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sink. Under the CPS, it reached 489.91 t, accounting for 7.76% of the total carbon sink.
This is mainly because Yunlong District has various natural attractions such as Yunlong
Mountain and Dalong Lake, which have strong carbon sequestration capability and high
carbon sink value. It is worth noting that analyzing regional Differences facilitates the
development of more targeted measures.

4. Discussion

4.1. Significance and Innovation

The delineation and management of UDB serve as effective tools to guide city de-
velopment and restrict unplanned urban sprawl [56], contributing to sustainable urban
development and more rational spatial planning [27]. Since the initiation of land spa-
tial planning in China [57], UDB has been an integral part of the work. Increasingly,
scholars have conducted in-depth research on this topic [58,59]. Existing studies have ex-
plored the definition of urban development boundary and have investigated how to utilize
higher-precision models or more comprehensive data to achieve more accurate boundary
delineation. However, some of the existing studies only considered the delineation of
flexible boundary under the state of natural urban development [17], without taking into
account major national strategies such as cultivated land protection. Based on this, this
paper set up CPS, and substituted permanent basic cultivated land as the data restricting
the transformation into the model for simulation [60], which realized in the combination of
rigid boundary and flexible boundary. Based on the study results, compared to the NDS, it
can be observed that the area of the cultivated land increased by 217.05 km2 and the area
of UDB decreased by 2.51 km2 under the CPS. The CPS demonstrated better control over
urban land sprawl while fully achieving the objective of cultivated land protection. The
findings are consistent with the previous study [61].

Moreover, we found that there has been limited exploration of the effects of UGB delin-
eation in existing studies [30]. Only a limited number of studies had examined the impact
of UDB on land prices and housing prices [62,63]. Therefore, the innovative contribution of
this paper lies in combining the urban development boundary with carbon emission effects,
in line with China’s recent “dual carbon” goal. This paper utilized the land use carbon
emission calculation model to estimate carbon emissions within the boundary, with the
intention of achieving both rational and orderly urban expansion while evaluating carbon
emissions levels. This evaluation enabled the adoption of targeted low-carbon development
measures, thereby reconciling conflicts between urban expansion and low-carbon devel-
opment. This paper seeks to guide a low-carbon and orderly expansion of urban space,
ultimately achieving sustainable urban development. This represents the significance and
innovation of this study. Indeed, due to the carbon source attribute of cultivated land as a
whole [50], the CPS led to an increase of 4759.93 t carbon emission compared to the NDS.
Therefore, in subsequent policy recommendations, it is crucial to focus on strengthening the
efficient use of cultivated land, enhancing the carbon sequestration and emission reduction
capacity of the agricultural land system [64] and supporting low-carbon development
in cities.

4.2. Policy Proposals for the Future Development of Cities

Based on the results of this paper, the following policy proposals are proposed to
realize the future low-carbon sustainable development of cities:

(1) During the process of delineating and managing UDB, it is important to integrate
regional circumstances and base the delineation on accuracy. Furthermore, efforts should
be made to strengthen the construction of management and control mechanisms. We
should enhance the professional competence of planning and management personnel to
ensure that the urban development boundary effectively fulfills their intended purpose
and achieves rational control over the urban sprawl.

(2) It is important to innovate the methods and approaches for land spatial planning
from the perspective of low carbon [65]. This involves the rational planning of future land
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use layout and methods, as well as precise delineation of UDB. By doing so, the delineation
of low-carbon urban development boundary becomes more targeted, enabling low-carbon
and sustainable urban development.

(3) We should develop strategies to enhance carbon sequestration and emission re-
duction based on the carbon source and sink attributes of different types. On one hand,
efforts should be made to further promote efficient and intensive use of cultivated land and
construction land [66], strengthen low-carbon agricultural technology innovation, promote
industrial upgrading and transformation, and reduce regional carbon emission. On the
other hand, we need increase the proportion of forest land and other carbon sink types,
and enhance the region’s carbon sequestration and sink capacity.

4.3. Problem Statement and Future Work

Although this paper explored the carbon emission effects of urban development
boundary delineation under different scenarios in Xuzhou City in 2035, there are still
some problems that need to be stated and some future works that need to be conducted.
Firstly, this paper only investigated the carbon emission effects within urban develop-
ment boundary from a top-down perspective, without approaching it from a bottom-up
perspective to study the delineation of urban development boundary under low-carbon
constraints [65]. This limitation of the study contributes to the lack of more targeted policies
and should be considered as the future research direction. Secondly, due to limitations in
data availability, only the NDS and CPS were considered without fully considering other
scenarios such as ecological conservation scenarios [19,22]. This limitation of the study
contributes to the lack of more comprehensive policies and needs to be further explored
in future research. Thirdly, the accuracy of future land simulation can be improved by
considering additional influencing factors or using more precise data to achieve more
accurate boundary delineation.

5. Conclusions

This paper took Xuzhou City as an example and adopted various methods to analyze
the land use changes in Xuzhou City from 2010 to 2020, to delineate the UDB in Xuzhou
City in 2035, and to explore the carbon emission effects within the UDB under different
scenarios. The main conclusions are as follows:

(1) From 2010 to 2020, there was an increasing trend in forest land and construction
land. Forest land showed the greatest changes from 2010 to 2020. It can be seen that
Xuzhou’s urban sprawl is dramatic. Additionally, due to the implementation of afforesta-
tion policies, the area of forest land experienced substantial growth in Xuzhou City.

(2) Compared to the NDS, the CPS leaded to an increase of 217.05 km2 in cultivated
land area. This indicated that the CPS has effectively achieved the intended goal of
cultivated land protection. Moreover, the delineation of UDB in Xuzhou City in 2035
showed that compared to the NDS, the CPS can better control urban sprawl.

(3) The analysis of total carbon emissions showed that CPS produced more carbon
emission than NDS due to the fact that cultivated land as a whole behaves as a carbon
source. Therefore, in addition to implementing urban development boundary delineation, it
is crucial to strengthen the efficient use of cultivated land, enhance the carbon sequestration
and emission reduction capacity of the cultivated land system, and contribute to the low-
carbon development of the city.

In conclusion, the main contribution of this paper lies in exploring the carbon emission
effects after the delineation of UDB, bridging the gap in existing research. It provides
valuable insights for the rational regulation of low-carbon urban development and lays a
foundation for achieving the ‘dual carbon’ goal successfully.
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47. Şenik, B.; Kaya, H.S. Landscape sensitivity-based scenario analysis using flus model: A case of Asarsuyu watershed. Landsc. Ecol.
Eng. 2021, 18, 139–156. [CrossRef]

48. Cuellar, Y.; Perez, L. Assessing the accuracy of sensitivity analysis: An application for a cellular automata model of Bogota’s
urban wetland changes. Geocarto Int. 2023, 38, 2186491. [CrossRef]

49. Zhao, L.; Yang, C.-H.; Zhao, Y.-C.; Wang, Q.; Zhang, Q.-P. Spatial Correlations of Land Use Carbon Emissions in Shandong
Peninsula Urban Agglomeration: A Perspective from City Level Using Remote Sensing Data. Remote Sens. 2023, 15, 1488.
[CrossRef]

69



Land 2023, 12, 1819

50. Zhang, P.; He, J.; Hong, X.; Zhang, W.; Qin, C.; Pang, B.; Li, Y.; Liu, Y. Carbon sources/sinks analysis of land use changes in China
based on data envelopment analysis. J. Clean. Prod. 2018, 204, 702–711. [CrossRef]

51. Ghosh, S.; Dinda, S.; Chatterjee, N.D.; Dutta, S.; Bera, D. Spatial-explicit carbon emission-sequestration balance estimation and
evaluation of emission susceptible zones in an Eastern Himalayan city using Pressure-Sensitivity-Resilience framework: An
approach towards achieving low carbon cities. J. Clean. Prod. 2022, 336, 130417. [CrossRef]

52. Rong, T.; Zhang, P.; Zhu, H.; Jiang, L.; Li, Y.; Liu, Z. Spatial correlation evolution and prediction scenario of land use carbon
emissions in China. Ecol. Inform. 2022, 71, 101802. [CrossRef]

53. Sun, H.; Liang, H.; Chang, X.; Cui, Q.; Tao, Y. Land Use Patterns on Carbon Emission and Spatial Association in China.
Econ. Geogr. 2015, 35, 154–162. [CrossRef]

54. Zhao, C.; Liu, Y.; Yan, Z. Effects of land-use change on carbon emission and its driving factors in Shaanxi Province from 2000 to
2020. Environ. Sci. Pollut. Res. Int. 2023, 30, 68313–68326. [CrossRef] [PubMed]

55. Zhang, C.-Y.; Zhao, L.; Zhang, H.; Chen, M.-N.; Fang, R.-Y.; Yao, Y.; Zhang, Q.-P.; Wang, Q. Spatial-temporal characteristics of
carbon emissions from land use change in Yellow River Delta region, China. Ecol. Indic. 2022, 136, 108623. [CrossRef]

56. Schuster Olbrich, J.P.; Vich, G.; Miralles-Guasch, C.; Fuentes, L. Urban sprawl containment by the urban growth boundary: The
case of the Regulatory Plan of the Metropolitan Region of Santiago of Chile. J. Land Use Sci. 2022, 17, 324–338. [CrossRef]

57. Yue, W.; Hou, B.; Ye, G.; Wang, Z. China’s land-sea coordination practice in territorial spatial planning. Ocean Coast. Manag. 2023,
237, 106545. [CrossRef]

58. He, F.; Yang, J.; Zhang, Y.; Sun, D.; Wang, L.; Xiao, X.; Xia, J. Offshore Island Connection Line: A new perspective of coastal urban
development boundary simulation and multi-scenario prediction. GIScience Remote Sens. 2022, 59, 801–821. [CrossRef]

59. Ma, S.; Zhao, Y.; Tan, X. Exploring Smart Growth Boundaries of Urban Agglomeration with Land Use Spatial Optimization: A
Case Study of Changsha-Zhuzhou-Xiangtan City Group, China. Chin. Geogr. Sci. 2020, 30, 665–676. [CrossRef]

60. Ouyang, X.; He, Q.; Zhu, X. Simulation of Impacts of Urban Agglomeration Land Use Change on Ecosystem Services Value under
Multi-Scenarios: Case Study in Changsha-Zhuzhou-Xiangtan Urban Agglomeration. Econ. Geogr. 2020, 40, 93–102. [CrossRef]

61. Lai, Z.; Chen, C.; Chen, J.; Wu, Z.; Wang, F.; Li, S. Multi-Scenario Simulation of Land-Use Change and Delineation of Urban
Growth Boundaries in County Area: A Case Study of Xinxing County, Guangdong Province. Land 2022, 11, 1598. [CrossRef]

62. Mathur, S. Impact of an urban growth boundary across the entire house price spectrum: The two-stage quantile spatial regression
approach. Land Use Policy 2019, 80, 88–94. [CrossRef]

63. Ball, M.; Cigdem, M.; Taylor, E.; Wood, G. Urban growth boundaries and their impact on land prices. Environ. Plan. A Econ. Space
2014, 46, 3010–3026. [CrossRef]

64. Zhang, L.; Lin, X.; Xiao, Y.; Lin, Z. Spatial and structural characteristics of the ecological network of carbon metabolism of
cultivated land based on land use and cover change: A case study of Nanchang, China. Environ. Sci. Pollut. Res. Int. 2023,
30, 30514–30529. [CrossRef] [PubMed]

65. Li, J.; Guldmann, J.M.; Gong, J.; Su, H. Urban growth boundaries optimization under low-carbon development: Combining
multi-objective programming and patch cellular automata models. J. Environ. Manag. 2023, 340, 117934. [CrossRef]

66. Wu, H.; Qiu, Y.; Yin, L.; Liu, S.; Zhao, D.; Zhang, M. Effects of China’s land-intensive use on carbon emission reduction: A new
perspective of industrial structure upgrading. Front. Environ. Sci. 2022, 10, 1073565. [CrossRef]

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

70



Citation: Li, X.; Yu, L.; Chen, X. New

Insights into Urbanization Based on

Global Mapping and Analysis of

Human Settlements in the

Rural–Urban Continuum. Land 2023,

12, 1607. https://doi.org/10.3390/

land12081607

Academic Editors: Bernardino

Romano and Xuesong Kong

Received: 27 June 2023

Revised: 3 August 2023

Accepted: 12 August 2023

Published: 15 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

New Insights into Urbanization Based on Global Mapping and
Analysis of Human Settlements in the Rural–Urban Continuum

Xiyu Li 1, Le Yu 1,2,3,* and Xin Chen 1,4

1 Ministry of Education Key Laboratory for Earth System Modeling, Department of Earth System Science,
Tsinghua University, Beijing 100084, China; lixiyu21@mails.tsinghua.edu.cn (X.L.);
xinchenthu@mail.tsinghua.edu.cn (X.C.)

2 Ministry of Education Ecological Field Station for East Asian Migratory Birds, Beijing 100084, China
3 Tsinghua University (Department of Earth System Science)-Xi’an Institute of Surveying and Mapping Joint

Research Center for Next-Generation Smart Mapping, Beijing 100084, China
4 Institute of Loess Plateau, Shanxi University, Taiyuan 030006, China
* Correspondence: leyu@tsinghua.edu.cn

Abstract: The clear boundary between urban and rural areas is gradually disappearing, and urban
and rural areas are two poles of a gradient with many continuous human settlements in between,
which is a concept known as the rural–urban continuum. Little is known about the distribution and
change trajectories of the various types in the rural–urban continuum across the globe. Therefore,
using global land-cover data (FROM-GLC Plus) and global population data (Worldpop) based on
the decision-making tree method, this study proposed a method and classification system for global
rural–urban continuum mapping and produced the mapping results on a global scale in the Google
Earth Engine platform. With the expansion of built-up areas and the increase in population, the global
human settlements follow the pattern that develops from wildland to villages (isolated—sparse—
dense), and then to towns (sparse—dense), and finally to urban areas (edge—center). From a regional
perspective, there are some obvious differences: Africa is dominated by sparse villages; Asia has the
highest proportion of densely clustered towns; the proportion of dense villages in Europe is high.
Rural–urban continuum mapping and analysis provide a database and new insights into urbanization
and differences between urban and rural areas around the world.

Keywords: rural–urban continuum; land system; urban expansion; regional differences; change
trajectories

1. Introduction

A wide variety of human settlements have been created as the result of the great
human transformation of natural landscapes [1,2]. Urban areas are the most intense
transformation of natural landscapes among all the human settlements, and a common
urban–rural dichotomy refers to human settlements outside urban areas as rural areas [3,4].
Increasing urbanization has led to the formation of complex geographies [5]. Many regional
studies have found the limitations of a simple urban–rural dichotomy to reveal the real
situation of human settlements [6–8]. In addition, the criteria and thresholds for dividing
urban and rural areas vary widely in each country and region [9]. The clear boundary
between urban and rural areas is gradually disappearing; urban and rural areas are two
poles of a gradient with many continuous transitional landscapes in between [4].

This concept, which emphasizes the continuous transitional landscapes between urban
and rural areas, is called the rural–urban continuum. Since the early 20th century, the theory
of a rural–urban continuum has been continuously enriched, developed, and matured in
practice [3,10–14]. In 1970, the United States Department of Agriculture began to develop
the Rural–Urban Continuum Code (RUCC) to classify counties [15]. Similarly, landscape
features of the rural–urban continuum have been noted in several regions of the globe,
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including Europe [6,8], China [16,17], and India [7]. In Europe, much of physical territory
is regarded as areas between urban and rural, and there have been proposed definitions
and mapping criteria for these peri-urban areas [6,8]. In addition, the traditional Chinese
settlement system has been seen as a town–village–field continuum [16]. There are studies
that have defined the settlement system in China and mapped its change trajectory between
1990 and 2010 [17]. However, the criteria and thresholds for dividing urban and rural areas
vary widely in each country and region. Empirical analysis and conceptual comparisons
show that towns and cities are likely to be classified as rural areas in Africa and Asia, and as
urban areas in other parts of the world [18]. Therefore, it is necessary to construct a unified
classification system on a global scale to define and map the various types of areas in the
rural–urban continuum. Globally, the Global Human Settlement Layer (GHSL) produced
by the Joint Research Centre (JRC) of the European Commission has provided mapping
results at 5-year intervals beginning in 1975 and predicts changes over the next decade [19].

The concept of the rural–urban continuum and its extensive practice provide a new
perspective for the study of urban areas and the urbanization process. In the classification
results of remote sensing images, the data basis for a large number of analyses, the area
mainly covered by impervious pixels is assigned to the built-up area, while the other areas
are regarded as non-built-up areas [4]. There have been many studies that have estimated
the distribution of urban areas around the world and the populations that live in them. It
is estimated that about 2% of the terrestrial land can be characterized as urban [20], and
these urban areas contain more than half of the global population, which is expected to
increase in the near future [21]. In addition, there is also an overall understanding of urban
growth rates and regional differences. Gong et al. mapped global artificial impervious
areas (GAIAs) and analyzed the trend of urban expansion in various countries and regions
around the world [22]. Liu et al. analyzed global urban change from 1985 to 2015 and
found that global urban extent has expanded at an unprecedented rate that is notably faster
than that of population growth [23]. However, based on the perspective of the urban–
rural continuum, urban areas are no longer just a single type, but a state of continuous
development. From the perspective of the rural–urban continuum, the relationship between
urban land expansion and population growth also needs to be viewed more carefully. It is
also meaningful to understand the distribution, size, population, and historical trends of
various types of human settlements from the rural–urban continuum perspective across
the globe.

Furthermore, in the system of the urban–rural continuum, urbanization is no longer
just the transformation of non-built-up area to built-up area, but the complex process of
rural–urban development, which should be studied in depth. There are studies that com-
pare urban patterns and urbanization in different regions [24–26]. Schmitt et al. found that
Germany’s metropolitan areas are characterized by numerous small, equal-sized clusters,
while the United States contains one large and dominant center [24]. An uneven distri-
bution of urbanization was observed at different economic levels manifested by varying
rates of population growth and expansion of built-up areas [25]. Tian et al. found that
the dominant characteristics of urbanization in Asia and Africa are increased population
density and built-up patch density, while urbanization in Europe and North America took
a rather steady pace, combined with widespread greening [26]. It is said that human
settlement changes follow multiple different trajectories in different locations, in small
and incremental steps toward urban areas [17]. However, the specific characteristics of the
development process have not yet provided conclusions on a global scale and still need to
be systematically and comprehensively analyzed from the rural–urban continuum.

To understand the developing patterns and rules of human settlements, different types
of human settlements must be defined and mapped in a continuous trajectory. Additionally,
the study of human settlements has great implications, such as the disturbance of human
activities in nature [27,28], equality of access to services [3], and the effectiveness of resource
utilization [29,30]). Therefore, this study proposed a classification system for global rural–
urban continuum mapping and produced global maps in the Google Earth Engine platform
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using global land-cover data (FROM-GLC Plus) and global population data (Worldpop)
based on the decision-making tree method. We further analyzed the current state of
the rural–urban continuum (distribution, area, unit number, population, etc.) as well as
historical trends over the past two decades and tried to understand the developing patterns
and rules of human settlements and their geographic differentiation.

2. Materials and Methods

2.1. A Review of the Human Settlement Classification Systems

Unlike a clearly defined and widely acknowledged classification system in land-
cover mapping such as dividing land categories into cropland, impervious, forest, and
so on, how to generate a continuous and integrated classification system and accurately
capture the differences among all types of human settlements still remains a problem.
Population is a commonly used indicator when separating urban and rural areas [31].
GHSL combines population size and population density thresholds to capture the full
settlement hierarchy (including urban center, dense urban cluster, semi-dense urban cluster,
suburban grid cell, rural cluster, low-density rural grid cell, very low-density grid cell) [32].
Population as a classification indicator for human settlements does not apply to areas
with high population density but to low levels of urbanization, such as in India [33].
Built-up areas are another commonly chosen indicator, which are regarded as the most
direct modification of the natural surface by human activities. Based on built-up land,
cluster density, and cluster size, Li et al. divided China’s land surface into large cities,
urban landscapes, suburban landscapes, densely clustered towns, sparsely clustered towns,
dense villages, sparse villages, isolated villages, and deep rural areas [17]. However, this
classification system cannot avoid errors in areas where the indicators of built-up area and
actual resident population are inconsistent, such as ghost cities [34] and hollow villages [35].
Therefore, population, built-up areas, and other indicators should be combined to provide
an integrated classification framework.

The classification system and methodology in the above studies are of great reference
value [17,32], but these classification systems only distinguish the various types of urban to
rural landscapes and cannot reflect the gradual transition of rural to wilderness. Ellis et al.
mapped the anthropogenic biomes based on population density and land use in a long
time series (from 10,000 BC to 2015 AD) [1]. In this classification system, non-built-up land
was first classified into cropland, rangeland, woodland, etc., and then further classified
them into residential, populated, and remote according to the level of population density.
Moreover, time continuity, spatial scope, spatial resolution, and the resolution of the
classification system greatly affect the use of data products. Data products from Li et al.
(2019) focused on China and were mapped in ten-year intervals [17]. The anthropogenic
biomes product has global spatial coverage and historical continuity; it still has the problem
of coarse spatial resolution (10 km) whose use is limited, especially in the last 20 years.
Although GHSL covers the global space scope and provides data series at five-year intervals,
it ignores the detailed transitional change from rural to wild (Table 1). Mu et al. developed
a global annual human footprint dataset from 2000 to 2018 with a resolution of 1 km,
dividing the land surface into the wilderness (Human Footprint < 1), the intact areas
(Human Footprint < 4), and the highly modified region (Human Footprint ≥ 4) [36].
Although continuous values are assigned to the land grids representing the intensity of
human activity, they are roughly grouped into three categories, limiting further use of
the dataset. Tian et al. used population, built-up land, and greenness to classify global
urbanization types into greenness loss, steady urbanization, population decrease, and
so on [26]. Although the change types of human settlement have been interpreted in
various aspects, a clear mapping result to explain the current state of human settlement is
still lacking.
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Table 1. Comparison of datasets in human settlement mapping studies.

Dataset Classification System Time Period Spatial Coverage Spatial Resolution

Li et al. (2019) [17] Rural–urban continuum 1990, 2000, 2010 China 2 km
GHSL Rural–urban continuum 1975–2030 World 1 km

Anthropogenic Biomes Urban, rural–wild
continuum 10,000 BCE—2015 CE World 10 km

Mu et al. (2022) [36] Unified Values from 1–10,
but 3 classes 2000–2018 World 1 km

Tian et al. (2022) [26] Urbanization pattern types 1975, 1990, 2015 World 5 km

Therefore, we adopted a classification system that integrates features of previous
studies. As for the rural–urban continuum, we classified land as urban centers, urban
landscapes, densely clustered towns, sparsely clustered towns, dense villages, sparse
villages, and isolated villages. As for the cropland, rangeland, and woodland, we further
classified them into residential, populated, and remote according to the level of population
density. Other land types include wildland, water, and ice snow.

2.2. Data and Processing

Data used in human settlements mapping include the following three types (Table 2):

Table 2. Datasets used in human settlement mapping and analysis.

Dataset Type Name Spatial Resolution Duration Usage

Land cover FROM-GLC-Plus 30 m 2000–2020 Mapping
Population Worldpop 100 m 2000–2020 Mapping
Elevation SRTM 30 m / Mapping

Settlements samples World Cities Database / / Analysis
GDP Gridded Global GDP dataset 5 arc-min 1990–2015 Analysis

Administrative
boundaries GeoBoundaries / / Analysis

Global annual 30 m land-cover dataset. The land-cover dataset used in this study is
FROM-GLC-Plus, which describes the dynamics of global land-cover change from 2000 to
2020 and divides the global land cover into the following 10 categories: cropland, forest,
grassland, shrubland, wetland, water, tundra, impervious surface (built-up), bare land,
snow and ice, with high spatial and temporal resolution [37].

Global population dataset. This study used Worldpop, which decomposed census-
based count results into 100 m resolution grid cells using machine learning methods and
the relationship between population density and a series of geospatial layers [38].

Global digital elevation data from the Shuttle Radar Topography Mission (SRTM),
provided by NASA JPL laboratory, is at 1 arc second resolution (approximately 30 m) [39].

There are an additional three datasets helping us to analyze the final mapping result:
World Cities Database. This is a simple, accurate, and up-to-date database of all

the populated places in the world (about 4.3 million). It is built from the ground up
using authoritative sources such as the NGIA, US Geological Survey, US Census Bureau,
and NASA (Online resources: https://simplemaps.com/data/world-cities, accessed on
13 August 2023).

Gridded Global GDP dataset. This provides annual gridded datasets for GDP per
capita (PPP) and total GDP (PPP) for the whole world at 5 arc-min resolution for the
25-year period of 1990–2015 [40]. To provide a consistent product over time and space, the
sub-national data were only used indirectly, scaling the reported national value and thus
remaining representative of the official statistics.

Global Database of Political Administrative Boundaries (GeoBoundaries) is an online,
open license resource of boundaries for every country in the world. All boundary types
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were ingested and include the following, with admin level varying from 0–4 (online
resources: https://www.geoboundaries.org/, accessed on 13 August 2023) [41]. Here, we
used political administrative boundaries with admin level varying from 0–2.

All the data need to be at the same resolution. Therefore, the global annual 30 m land-
cover dataset was resampled at 1 km scale to calculate the proportion of each land-cover
type on a 1 km grid, the global population 100 m dataset was resampled at 1 km scale
to calculate the total population on a 1 km grid, and global slope data were calculated
based on SRTM digital elevation data using terrain analysis algorithms in the Google Earth
Engine [42].

2.3. Method

In order to better reflect the gradient difference in human activities’ intensity among
the various types of human settlements, we calculated indicators based on population and
land-cover datasets, including built-up density, population density, population size, etc.
These indicators have proven to be effective in mapping the gradient difference between
urban and rural areas in previous studies [1,17,19,26,43].

2.3.1. Index Calculation Based on Population and Built-Up Area

(1) ABDI (Adjusted built-up density index)

Based on the global slope data and land-cover dataset, suitable construction land was
defined as all areas that are not water or permanent snow and that have a slope that does
not exceed 25% [17]. The 25% threshold is based on previous studies in China, which
indicate that areas with a slope greater than 25% are not suitable for construction. The
proportion of the suitable construction area was calculated at the scale of 1 km. ABDI was
defined as the proportion of impervious surface (built-up area) divided by the proportion
of suitable construction area at the 1 km scale. Li et al. defined the four intervals divided
by ABDI at the three thresholds of 0.35, 0.2, and 0.05 as the density differences of built-up
areas in urban areas, suburban/towns, villages and deep rural areas [17].

(2) Spatial connectivity indicators

First, the parts larger than 1500, 300, and 20 of the global 1 km population grid
were selected and exported separately to generate three different grid layers, which are
respectively used as the partition thresholds of the 1 km population grid for urban areas,
towns, and villages [32]. Spatial connectivity analysis was further used to calculate the
number of connected grids in a cluster. More specifically, functions in the Google Earth
Engine (GEE) were used to generate an image where each pixel contains the number of
4-connected or 8-connected neighbors (including itself). The image of the connected grid
count was used to distinguish whether the total population reached the above standard. An
urban grid cluster was defined as a cluster with connected grids of more than 1500 people
and a total population of more than 50,000 people, which means this cluster must contain
more than 34 grids. Similarly, a town grid cluster was defined as a cluster with connected
grids of more than 300 people and a total population of more than 5000 people (more than
17 grids). Village grid clusters were defined as clusters with connected grids of more than
20 people and a total population of more than 100 people (more than 5 grids).

2.3.2. Construction of Classification Decision Tree

In this part, different types of human settlements were defined one by one by overlap-
ping layers, basically from urban to rural and then to wild. Layers were stacked according
to the order in Figure 1. Later defined types were defined to an extent out of the earlier
defined type and would not cause overlap or conflict. The determination of threshold value
referred to the previous work, and the specific situation was explained in Section 2.3.1.
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Figure 1. Human settlement type mapping workflow.

First, areas with a water proportion greater than 0.8 were defined as water. And then
grids with an ABDI greater than 0.35 or a population of more than 1500 were defined as
urban areas. The urban center was defined as a cluster of more than 34 connected grids
whose ABDIs were greater than 0.35 and population more than 1500. That is, the urban
center had a total population of more than 50,000 people. The remaining urban areas within
4 km from the urban center were defined as urban landscapes (Figure 1).

Areas with ABDIs greater than 0.2 were defined as town areas; densely clustered
towns were defined as clusters of more than 17 connected grids whose populations were
more than 300 within town areas, and other town areas were defined as sparsely clustered
towns. Areas with ABDIs greater than 0.05 were defined as rural areas, dense villages were
defined as clusters of more than 5 connected grids whose populations were more than
20 within rural areas, and other rural areas were defined as sparse villages. The areas with
proportions of cropland, grassland, and forest exceeding 0.5 in the 1 km grid were defined
as cropland, rangeland, and woodland, respectively, and further divided into three levels
according to the population. Taking cropland as an example, cropland with a population
of more than 1.2 was defined as residential cropland, while cropland with a population
of more than 0.12 was defined as populated cropland. The other cropland was defined as
remote cropland. Finally, the type “Ice and snow” was defined as areas with a proportion
of ice and snow higher than 0.8; isolated villages were defined as areas with a population of
more than 12 or used land proportion higher than 0.2. Used land was defined as impervious
surface or cropland. Wild areas were finally defined as used land proportion lower than 0.2.
Thresholds used in the natural land system refer to the anthropogenic biomes mapping [1].

3. Results

3.1. Global Human Settlement Mapping Results in the Rural–Urban Continuum

A global map of human settlements in 2020 is shown in Figure 2a. Combining popu-
lation data to show the gradient distribution of human activity intensity, this map shows
more detailed information than land-cover maps, which can help us better understand
the relationship between human activity and land use, urbanization, and its regional
differences (Figure 2a).
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Figure 2. Distribution of global human settlements in 2020. (a) Mapping results of human settlements
(2020). (b) Percentage of land area in 2020 occupied by each human settlement type of the rural–urban
continuum in each continent. (c) Percentage of land area in 2020 occupied by each human settlement
type of global land in each continent.

The distribution of human settlements varied greatly among continents. The only
thing in common is that the proportion of the rural–urban continuum is very small, but the
proportion of different types in the rural–urban continuum is also very different, which
reflects the different levels of urbanization across continents. In 2020, North America, Asia,
and Europe respectively had the highest proportions of urban areas and towns (nearly
30%), but in Oceania and Latin America, this ratio was less than 20%. About 10% of Africa
is urban areas and towns, and over 60% of the rural–urban continuum is dominated by
sparse villages (Figure 2b).

Every continent has its most prevalent human settlements. Africa is dominated by
sparse villages. Asia has the highest proportion of densely clustered towns. The proportion
of dense villages in Europe is extremely high. Oceania and Latin America have a high
proportion of isolated villages. And the rural–urban continuum of North America is
relatively evenly proportioned (Figure 2b).

The higher the level of urbanization, the higher the degree of development of the
natural land system. In continents with high levels of urbanization, such as North America,
Asia, and Europe, there are higher proportions of residential cropland, rangeland, and
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woodland. In contrast, the proportion of uninhabited lands is higher in Oceania, Latin
America, and Africa. Remote rangeland and woodland are the main parts, rather than
residential areas. Africa has a very high proportion of sparse villages, resulting in a high
proportion of its rural–urban continuum. Actually, most of the sparse villages in Africa are
developed and utilized on bare land, whose development and utilization levels are only
comparable to that of residential cropland and rangeland in other continents (Figure 2c).

3.2. Global Human Settlement Change Trajectory in the Rural–Urban Continuum

Not only are there regional differences in the distribution status of various human
settlements, but their change rates over the past two decades have also varied considerably.
Urban areas in Africa and Asia have been developed exceeding or near the rate of 100%,
while almost none of the human settlement types have been developed more than 50% in
Oceania and Latin America (Figure 3a).

Figure 3. Change rate of land area in human settlements by each continent from 2000 to 2020.
(a) Each continent’s change rate for human settlements in the rural–wild continuum from 2000 to
2020. (b) Each continent’s change rate for human settlements in global land from 2000 to 2020.

In general, urban areas have the highest growth rates in most regions except Europe
and Latin America. More dense villages and sparsely clustered towns have been devel-
oped in Europe for the last two decades (Figure 3a), which indicates that the process of
urbanization in Europe no longer needs to focus on the urban center but enriches the
diverse peri-urban types in the rural–urban continuum. Dense villages are also the top
growth type in Latin America, and they may take longer than two decades to develop
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into urban areas. The growth rate of sparsely clustered towns is the highest except for
urban areas, which is consistent in each continent (Figure 3a). Sparse villages and isolated
villages have expanded the least land area because this may only be the first station of
long urbanization process over a period of 20 years. Further evidence will be found in an
analysis of differences in the world continents’ human settlement change trajectory, which
will provide an overall and detailed explanation for regional differences.

With the expansion of built-up areas and the increase in population, global human
settlements are generally developing along a wild-rural–urban trajectory. In all of the
changed global land, only about 35% became less affected by human activity (labeled as
purple), which was mainly distributed in the north of the Eurasian continent (Figure 4a,b).

Figure 4. Distribution of human settlement change types (2000–2020). (a) Mapping results of human
settlement change types (2000–2020). Wild refers to the types of human settlements outside of the
rural–urban continuum (urban, town, and village). (b) Percentage of land area occupied by each
human settlement change type. (c) Land area of each human settlement change type in each continent
(except other change type, which refers to backward flow against wild-rural–urban direction).

Globally, there were respectively 19%, 21%, and 18% of the changed global land
completing the developing trajectory of wild (remote to populated), wild (populated
to residential), wild to villages. Urbanization becomes more difficult and slows down
when it comes to the developing stage of towns. Only less than 8% of the changed land
developed into towns or urban areas. The origin of the town was about half cropland
(mainly residential cropland) and half villages while urban areas almost completely came
from towns (Figure 4b).

As vast and slowly developing continents, Latin America, Africa, and Asia were
the top three continents with the largest change areas of land along the forward wild-
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rural–urban trajectory. Most of Africa’s wild area developed into villages over a 20-years
interval while Latin America’s wildland recently became more intensely affected by human
activities. Asia had the largest area of towns that developed from 2000 to 2020, especially
towns developed from villages (Figure 4c).

From the perspective of the 10-year interval, there was a certain pattern of transfor-
mation among the types of human settlements. In general, the global human settlements
followed the pattern that developed from wildland to villages (isolated—sparse—dense),
and then to towns (sparse—dense), and finally to urban areas (edge—center) (Figure 5a,b).

Figure 5. Change between human settlement types. (a) Land-area change matrixes of human
settlements (ha, 2000–2010, 2010–2020). (b) Unit number change matrixes of human settlements
(2000–2010, 2010–2020). The color of each cell represents the ratio of the value of the cell divided by
the maximum value of the column in which the cell resides. (c) Land-area change rate of rural–urban
settlements (2000–2020). (d) Unit number change rate of rural–urban settlements (2000–2020).
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More specifically, urban centers developed from the urban landscape and densely
clustered towns. Densely clustered towns and dense villages originated from residential
cropland mainly, while sparsely clustered towns used to be mainly dense villages and
sparse villages. The future of isolated villages is sparse villages.

Urbanization was not only reflected in the expansion of the land area in the rural–urban
continuum, but also in the phenomenon that the number of cities and towns increased
while the number of villages decreased (Figure 5c,d). Over the past 20 years, all types
of the rural–urban continuum have expanded in land area, but with different changes
in quantity: the number of urban areas has increased by 80%, the number of towns has
increased by between 40% and 60%, and the number of villages has increased slowly (20%),
remained constant, or even decreased. These increased rural–urban continuum types were
all converted from the natural land system in less than 20 years (Figure 5c,d).

3.3. Continent-Scale Urbanization Characteristics

From a regional perspective, human settlements mainly followed the pattern that
developed from wildland to villages (isolated—sparse—dense), then to towns (sparse—
dense), and finally to urban areas (edge—center), but there were some obvious differences
in the structural features of human settlement development progress: Africa is dominated
by sparse villages; Asia has the highest proportion of dense clustered towns; the proportion
of dense villages in Europe is extremely high; Oceania and Latin America have a high pro-
portion of isolated villages; and the rural–urban continuum of North America is relatively
evenly proportioned (Figure 6).

Not all types of human settlement in each continent followed established development
patterns. Generally, sparse villages and not isolated villages were formed first in Europe
and Oceania. Sparse villages and dense villages were formed in the second phase of
Asia’s human settlement development progress parallelly not progressively. Only human
settlements in three continents (North America, Latin America, Africa) followed established
patterns, although there were still some great differences in their development progress. In
Africa, the process of human settlement development is stuck at the stage of sparse villages.
Very few from this stage continue to develop into dense villages or towns, let alone urban
areas. This difficult situation is alleviated in Latin America, whereas in North America
there is no such problem, where dense villages and sparsely clustered towns are the main
stages in the development process (Figure 6).

There were also some differences in the source of the rural–urban continuum. Wildland
was the main source of the rural–urban continuum in Africa; both cropland and wildland
contributed to the formation of the rural–urban continuum in Asia; and as for North
America, the greatest contribution came from woodland. Unlike in other continents,
grassland was also a major contributor in Europe and Oceania (Figure 6).

Not all urbanization processes end in becoming an urban center. From the detailed
mapping result, the patterns of urbanization in different regions were captured more
intuitively. In Europe, a lot of dense villages emerged outside of urban areas or in transition
zones between urban areas and towns. Densely clustered towns are the most common
human settlements in Asia; they are usually developed from residential cropland and
continue to expand the land area further rather than becoming urban areas with a greater
density of built-up area and population. In Africa, sparse villages are the most easily
developed human settlements type from natural land systems, but their urbanization
process probably ends for this status (Figure 7).
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Figure 6. Sankey maps of human settlement development progress (2000–2020, (a): Africa, (b): Asia,
(c): Europe, (d): North America, (e): Latin America, (f): Oceania) and percentages of new areas ((g),
during 2000–2020) and percentages of areas in 2020 (h) occupied by each human settlement type in
each continent.
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Figure 7. Detailed mapping result of human settlements change trajectory.

3.4. Land and Population in the Rural–Urban Continuum

Human activity reshapes the land surface unevenly. On the whole, the degree of
reshaping increases step by step from wild, rural to urban, specifically manifested as the
increase in population and land expansion (Figure 8). The rural–urban continuum is the
most active part of all the global land, which only covers less than 7% of the global land
area but its area has increased by 20% in the past two decades, while other land types have
shown weak increases (<5%) or decreases. In addition to urban areas (increasing nearly
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70%), the largest increase in the rural–urban continuum was also observed in sparsely
clustered towns (~60%) (Figure 4c).

Figure 8. Land occupied by and population distributed in each type of human settlement.
(a) Percentage of area occupied by each human settlement type in the rural–urban continuum.
(b) Percentage of area occupied by each land type globally. (c) Percentage of population distributed in
each human settlement type of the rural–urban continuum. (d) Percentage of population distributed
in each land type globally. Percentage of population is calculated based on world total population
in 2000.

With the land-area expansion of the rural–urban continuum, more and more people
live in the rural–urban continuum, especially in urban and peri-urban areas. In 2020, more
than 60% of the world’s population lived on less than 7% of the land, and 86% of this
population lived mainly in urban areas and towns (approximately 20% of the land area)
(Figure 8a,c). In urban areas and towns, the growth rate of the land tends to increase
every decade, and the growth rate of the population (30%) is even greater than that of the
land (25%).

3.5. Economic Growth in Each Human Settlement

In our study, types in the rural–urban continuum are defined and divided using
built-up density and population density. The type of rural–urban continuum reflects
the combination of built-up density and population density at different levels, whose
geographical differences are obvious. Economic factors are also important indicators
that distinguish between urban and rural areas. It is worth exploring the role of various
human settlement types in economic production, especially its differences in geography.
Analysis of economic growth may also provide new insights into the different trajectories
of urbanization in each continent.

GDP output per unit area of different human settlement is different. Generally, its
value increases step by step along the rural–urban continuum, which is consistent across
different continents. Urban centers have the highest production efficiency, while in second
place are urban landscapes and densely clustered towns; they differ little in Africa, North
America, and Oceania (Figure 9a). In rural areas, it is more difficult to convert land into
economic value, which is consistent with our understanding of the intensity of talent and
land needed for economic production. Although the relative difference in GDP among
types in the rural–urban continuum per unit of land is consistent in all continents, the
absolute amount of GDP per unit of land still differs a lot in all continents, which is related
to the layout of the global industrial chain and international trade.
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Figure 9. GDP growth in each human settlement from 2000 to 2015. (a) GDP per land area
(USD/square meter) in each human settlement from 2000 to 2015. (b) GDP per capita (USD per
capita) in each human settlement from 2000 to 2015. Legend is the same as Figure 5c,d.

Unlike GDP per land area, the GDP per capita of different human settlements is more
complex across world continents. Consistent with the evenly proportioned area of human
settlements in its development process (Figure 6), the GDP per capita in North America
also increases step by step along the rural–urban continuum. In Asia, Africa, and Latin
America, which are mostly developing countries, the GDP per capita in dense villages is
quite high. In Asia and Latin America, the GDP per capita in dense villages is near that of
urban landscapes while the GDP per capita of dense villages is the highest in Africa. This
phenomenon was not found in any other continent (Figure 9b). To some extent, this shows
the importance of rural revitalization for developing countries. As for the inequality, in
Oceania, the GDP per capita differs little in the rural–urban continuum, while Africa has
the widest gap in GDP per capita in the rural–urban continuum; the GDP per capita in
dense villages is nearly four times higher than in sparse villages (Figure 9b).
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4. Discussion

4.1. Implications

The urbanization process is taking place in different and distinctive ways around
the world. In our research, this difference in the urbanization process was viewed as the
difference in the human settlement change trajectory, which was represented by the change
in population and built-up area.

This provides new insights when looking at changes in human settlements from the
perspective of the rural–urban continuum. There is only a small percentage of new land
area expanded in urban areas, even in North America, the most urbanized region, at less
than 10%. The vast majority of new built-up areas occur in rural landscapes like towns
and villages. This conclusion was confirmed in other regional scale studies. Most of the
built-up land in European countries is dominated by rural landscape [44], most of the
built-up area expansion in South America occurs in small cities and around rural areas,
not only concentrated around major cities [45]. And in China, the new built-up area is
mostly concentrated in rural landscapes rather than big cities [17]. A rural revival is needed
to counter urbanization around the globe [46]. As a key initial or intermediate stage in
the process of urbanization, towns and villages need additional attention in the future for
better coordination and balance between built-up areas, population, and economic growth.

Our study also provides insights into the differences in urbanization paths in different
regions of the globe. Sun et al. found that large cities in the low-income and lower-middle-
income countries had the highest urban population growth, and built-up area expansion
in the upper-middle-income countries was more than three times that of the high-income
countries [25]. Tian et al. found that the increases in population density and built-up patch
density were the main characteristics of Asia and Africa [26]. Our results also indicated
that the growth rate of urban areas in regions dominated by developing countries such
as Asia and Africa was much higher than that of North America, Europe, and Oceania
(Figure 3a). Tian et al. also found that urbanization in Europe and North America took
a rather steady pace, combined with widespread greening [26]. This is consistent with
our findings that the urbanization process in Europe over the past two decades has been
dominated by the development of dense villages, indicating slower urbanization in Europe.
A general trend of population decline in Europe since 2000 has been observed in recently
published literature [47]. And the rural–urban continuum of North America is relatively
evenly proportioned in the urbanization process (Figure 6).

There could be multiple drivers leading to differences in the urbanization path across
the globe. Original land cover varies widely across continents, with more than half of
human settlements in Asia and Europe originating in agricultural land systems, while
the vast majority of human settlements in Africa have been developed from wild bare
land (Figure 6). While there is no direct evidence of causal inference, it is likely that
the original land system is related to the most prevalent human settlement types in the
urbanization process. Economic development and urbanization complement each other.
The population share living in metropolitan areas above 1 million is roughly four times
higher in high-income (47%) than in low-income countries (12%). While urbanization does
not necessarily lead to economic development, economic development does not happen
without urbanization [9]. Aggregation of population and land (especially built-up area)
can generate scale effects and boost economic development, thus obtaining the feedback
of capital to support and promote the construction of real estate and infrastructure. As a
result, economically developed countries can often enter a virtuous cycle of urbanization,
as the example of North America shows (Figure 6). In addition, policy factors are also
a very important part. Over last two decades, the Chinese government has developed
many macro strategies in support of regional sustainable and coordinated development,
including the China Western Development Plan (1999), Northeast Area Revitalization Plan
(2004), and Rise of Central China Plan (2016) [30]. The trajectory of urbanization is deeply
influenced by the management measures issued by the government. Policy in China has
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truly promoted the development of rural areas, which could be seen in the characteristic
landscape of densely clustered towns distributed on the cropland plain (Figure 8).

The detailed mapping results of human settlements in this study can be used as
analyzable raster images to meet the diversified needs of land-use data input in the future.
A clear definition of the rural–urban continuum and pixel-level global maps provide a
database for analyzing inequality in social welfare and infrastructure, including services [3],
education, income [48], health care [49], and green space [25,26].

4.2. Scale Effects of Human Settlement Development Progress

In this section, we identified the development stages with the largest proportion of
land-area growth at three geographic scales. We found that with the geographic scale
becoming increasingly deeper, the unified characteristics of the continents were further
diluted, and the different characteristics of the local areas appeared (Figure 10).

Figure 10. The largest percentage of increasing human settlement identified in the progress of
urbanization at country scale (a,b), at province scale (c,d), at city scale (e,f) in the urban-town-rural
three levels (a,c,e) and in the urban–rural continuum (b,d,f).
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At country scale, countries with the largest increases in urban area are spread across
all continents. Contrary to the observed characteristics of the continents, there are also
some African countries with the largest proportion of urban area growth, but Africa is the
continent with the largest differences among countries, for there are also some countries
stuck in the stage of town and rural development (Figure 10a,b).

It is worth noting that in such a multiscale analysis, geographical units grouped into
the same category according to the development process of human settlements may have
completely different levels of economic development. For example, in the United States
and some third world countries, there is the highest growth rate in urban areas. However,
from the overall analysis on the continental scale in Section 3.3, it can be seen that the
original urban area of North America is large, and all types of human settlements develop
in a balanced and coordinated way, while countries in Africa that originally had a very
low level of urbanization have just entered the period of rapid development in the past
two decades.

By the same token, the reasons behind some geographical units that are also classified
as rural are quite different. For example, in some areas of Europe, urbanization is almost
complete, so they can only focus on rural development at this stage. However, some
countries in Asia, Africa, and Latin America are still in the early stage of urbanization,
trying to revitalize the countryside.

4.3. Uncertainties and Limitations

The criteria and thresholds for the division of urban and rural areas have always been
difficult to determine and are different across countries worldwide. Therefore, it is very
meaningful to propose a classification system of the global rural–urban continuum and
produce the mapping result, so that we can compare the differences in the urbanization
process on a global scale. Inevitably, some local specificities have been overlooked in this
global effort. So, we compared the spatial distribution of our data products with other
similar human settlement mapping products (Figure 11). Although different classification
systems are not completely the same, it can be seen from the results that the data products in
this study have a strong consistency with other data products in spatial distribution, which
can reflect the continuous changes in urban expansion in a long time series. In addition, it
also provides finer details of the urbanization progress in the rural–urban continuum.

The differences in human settlement types in the rural–urban continuum are mainly
represented by the difference in population density and built-up area density. Based on
the World Cities Database, which includes almost all populated places in the world (about
4.3 million), we validated the mapping results by two factors (population density and
built-up area density). Results showed that the classification system adopted in this study
can effectively reflect the difference in the continuous levels between population density
and built-up area density in the rural–urban continuum (Figure 12).

However, there are still some deficiencies in terms of data and methods. In terms of
data, the population data used in this study decomposed census-based count results into
grid cells using machine learning methods, in which a certain amount of the population
was decomposed into cropland, grassland, and woodland, which did not completely
correspond to the built-up area data layer, although this information provided us with an
understanding of the level of human activities in natural land systems. Similarly, in land-
cover data, there is also the problem of poor identification of built-up areas in natural land
systems. To solve this problem, except for the main mapping process, we post-processed
the grid whose population density met the corresponding conditions while the built-up
density did not. Since the research was carried out on a scale of 1 km, there may be bias in
the numerical estimation of the land area due to the coarse resolution.
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Figure 11. Comparing our dataset with other related datasets.
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Figure 12. Population density and built-up density (ABDI, Adjusted Built-up Density Index) of
human settlements samples in the rural–urban continuum. (a) Scatter plot of ABDI against the
population density. (b) Distribution of population density in the rural–urban continuum. (c) Sample
counts of different ABDI levels in the rural–urban continuum.

As for the method, corresponding to the threshold problem, the formulation of the
classification system also ignores the particularity of the local landscape. This study only
considered the two factors (population and built-up area) in the process of mapping the
rural–urban continuum. In Section 4.3, it was also mentioned that the economic factor
is also the main difference between urban and rural areas. In addition, the urban–rural
differences in human welfare such as in income, education, and health are also worth
exploring. The simple decision tree classification system in this study can be applied in
the Google Earth Engine to efficiently produce mapping products. However, the complex
differences between urban and rural areas around the world still need to be deeply and
carefully excavated.

5. Conclusions

From the perspective of the rural–urban continuum, urban and rural areas are two
poles of a gradient with many continuous human settlements in between. Using global
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land-cover data (FROM-GLC Plus) and global population data (Worldpop) based on the
decision tree method, this study proposed a method and classification system for global
rural–urban continuum mapping and produced the mapping results on a global scale in
the Google Earth Engine platform.

Our results indicated that global human settlements follow the pattern that develops
from wildland to villages (isolated—sparse—dense), then to towns (sparse—dense), and
finally to urban areas (edge—center). Over the past 20 years, all types of cities, towns, and
villages have expanded in land area but with different trends in quantity; contrasted with
the dramatic growth of urban areas (80%) and towns (40–60%), the number of villages has
increased slowly (20%) or even decreased. From a regional perspective, North America,
Asia, and Europe respectively had the highest proportions of urban areas and towns (nearly
30%) in the rural–urban continuum, but in Oceania and Latin America, this ratio was
less than 20%. Urban areas and towns in Africa comprise only about 10%. There are
also some obvious differences in the structural features of urbanization progress: Africa
is dominated by sparse villages; Asia has the highest proportion of densely clustered
towns; the proportion of dense villages in Europe is extremely high; Oceania and Latin
America have a high proportion of isolated villages; and the rural–urban continuum of
North America is relatively evenly proportioned. Rural–urban continuum mapping and
analysis provide a database and new insights into urbanization and the differences between
urban and rural areas around the world.
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Abstract: Land registration programs on a large scale aimed at strengthening the land rights of
farm households in Ethiopia have been executed in different degrees across different regions since
1998. This study investigates the contribution of land registration on the perceived tenure security of
farmers, farmer confidence, women and marginalized groups, and sustainable land-management
practice after receiving a land holding certificate in the dryland areas of East Gojjam Zone, Ethiopia.
Face-to-face interviews were conducted with 385 households selected by using stratified random
sampling techniques. Furthermore, focus group discussions and key informants are primary data
sources. According to an investigation of qualitative and quantitative data, 163 households have
a mean of 0.40 ha of agricultural land on steep slope areas, and approximately 26% of households
are afraid of land redistribution and farm loss in the next five years. Moreover, 22% of households
fear the government taking their farm plot at any time. Respondents, on the other hand, believe
that land registration has reduced the landlessness of women, the disabled, and the poorest of the
poor while increasing the landlessness of youths. After land registration, household participation in
land-management practices increased by 15%. Despite this, the difference in the mean of major crop
yields per household is insignificant, except for wheat, which decreased significantly at the p < 0.1
level. The study determined household head age, household size, land management training and
advice, livestock holdings, and the mean distance from farm to settlement as influential factors for
increasing construction of water-harvesting systems. Land registration, in general, enhances land
tenure security, land-management practice, and land rights of women and marginalized groups of
societies, but did not improve crop productivity. The findings should persuade policymakers to
address potential sources of insecurity, such as future land redistribution issues.

Keywords: land registration; sustainable land management; land tenure security; water-harvesting
system; dryland areas; East Gojjam Zone; Ethiopia

1. Introduction

1.1. Background of the Study

Ethiopia is currently in the process of economic transformation with the goal of
becoming a lower-middle income economy by 2025. Agriculture is arguably the most
important focus of this process, as developing the agricultural sector is one of the best ways
to stimulate rapid, inclusive economic growth. However, this development would have
proven impossible if not for land registration. The International Federation of Surveyors
(FIG) defines land registration as the official recording of legally recognized interests in
land [1]. Land registration is important in understanding the impact of human societies on
natural systems, which also has psychological implications [2]. Land degradation entails
soil erosion [3,4], desertification [5], pollution [6] and inappropriate land-management
practices [7], among others. Land degradation is also caused by human intervention in
natural ecosystems [8,9]. Environmental and socioeconomic issues such as high population
pressure, land degradation, unsustainable farming practices, and land tenure insecurity
impede Ethiopia’s agricultural development [10–14]. Across Africa, land tenure insecurity
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limits agricultural production and livelihood improvements [15,16]. Government efforts to
achieve their development goals can be hampered by tenure insecurity, which is seen to
affect agricultural productivity [17–19].

Land is an essential component of household socioeconomic capital, especially in
Africa, where agriculture supports most households. More importantly, secure access to
land is critical. Long-term investments in sustainable livelihoods by rural households
are required for sustainable agricultural development [20]. Most African communities
rely on land for survival, and land resources are the cornerstone of achieving many of
the UN Sustainable Development Goals (SDGs) [21]. Moreover, securing land rights has
been identified as an important strategy for achieving SDGs [22]. The 2030 United Nations
Development Goals, specifically Goal 1 (poverty), Goal 2 (hunger, food security, nutrition,
and sustainable agriculture), Goal 5 (addressing gender equality and the empowerment
of women and girls), and Goal 15 (issue on life on land), emphasize the importance of
access to and control over land, as well as sustainable land management and associated
resources. As a result, a modern land administration system, including formal land regis-
tration, titling, and certification, has been viewed as a prerequisite for ensuring property
rights and agricultural development [23–25]. Land tenure should be properly administered
for positive societal changes by establishing formal land titling procedures [26]. It is argued
that tenure security has a positive impact on land investment by improving holding rights
and providing a sense of stability, which encourages farmers to make sustainable land
investments and increase yield [27]. The need to divert private resources to protect property
rights is decreased by improved tenure security [28]. The main finding of empirical research
is that land tenure security improves land-related investment [29–32] by strengthening land
claims and enhancing farmers’ credit access [33,34] and agricultural productivity [35,36].
Titling, on the other hand, can enhance intensification and other unsustainable land prac-
tices by fueling land contestation, particularly in legally pluralistic contexts [37–40], and
reinventing local common-pool resource problems that communities may or may not be
willing to address [41,42].

Contrarily, tenure insecurity is a major barrier to the adoption of sustainable land
management, contributing to increased environmental degradation across Sub-Saharan
Africa, including Ethiopia [43–47]. It has long been recognized that unclear and insecure
property rights can discourage farmers from making land-improvement investments due to
the uncertainty and future expropriation risk by the government [48–50]. Furthermore, the-
oretical and empirical studies suggest that a lack of secure access to land is frequently seen
as a significant factor in food insecurity, limited livelihood opportunities, and, consequently,
poverty [20,51].

Thus, calls for land titling are widespread and have been going on for a long time in
Africa, despite the fact that early land reform programs were frequently unsuccessful [52,53].
However, the growing need in Africa for the formalization of land rights and a well-
regulated land management system is highlighted by the increasing pressure on farmland
brought on by population growth and foreign investor demand for large-scale agricultural
land [54].

Due to the importance of land as a source of livelihood and political power in Ethiopia,
the land tenure system has been at the forefront of policy debates for generations [55,56].
In the decades prior to and during the imperial era, land was concentrated in the hands of
absentee landlords, and arbitrary evictions posed a serious threat to tenant farmers [56,57].
After overthrowing the imperial regime of Haile Selassie through a military coup (1974),
the socialist Derg regime implemented radical reforms that altered the agrarian structure
and access to land, transferring land ownership to the state [56,58].

Following the fall of the Derg regime in 1991, the current government began to
liberalize the economy. However, the reform package largely “overlooked” the land issue
mainly land reform, and the legacy of the Derg continued to define key elements of current
land policy [55,56]. Land rights are still held by the state. On the other hand, the current
administration has made several changes. First, responsibility for land issues was devolved
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to regions. Second, the frequency of land redistribution (where the aim was to redistribute
land according to the needs (family size) of households and to provide land for young
married couples, women, marginalized groups, and youth) has been reduced, but it is not
entirely off the agenda. Third, while land rentals are officially permitted, some regions still
impose restrictions on the terms of rental contracts. Overall, the state continues to be a
source of tenure insecurity. The government remains critical of privatizing land holdings,
retaining a discourse of social equity and protection of land concentration in the hands of
the few. However, some have argued that the government uses land rather as a “carrot and
stick” to achieve political goals [55,56].

In the past, Ethiopia experienced frequent land redistribution, which led to land
fragmentation, underutilization of land, and tenure insecurity [29,59–63]. Furthermore,
land redistribution was primarily carried out in the years immediately following the
1975 governmental change, but additional land redistributions have occurred since then
(constitutionally this requires a significant majority to demand a land redistribution to
take place) [64]. As a result of these legal changes, and significant land holding shifts,
smallholders did not perceive that they had a high degree of land tenure security—the
land redistribution after all was only usufruct rights, not ownership rights. This tenure
system was largely continued with the entrance of the new government in 1991, which
made only minor changes to the ability to rent land on a short-term basis. In 1997, the
Amhara National Regional State made significant land redistributions. Following this,
there was much debate in Ethiopia about the consequences of this redistribution. Farmers
have been discouraged from making improvements to their land due to the perception
that land redistribution undermines tenure security [65]. Therefore, it is thought that this
fragmentation and reallocation of land holdings will negatively affect land management
activities [65]. Ethiopia’s government is currently focusing on landscape restoration and
sustainable land management.

In response to the negative effects of tenure insecurity on sustainable land-management
practices, the Ethiopian government executed a large-scale land registration program in
1998. Ethiopia has one of Africa’s most extensive, rapid, and low-cost land registration
reforms, and has been cited as a model for land certification in Africa [66]. Across the
four regions (i.e., Amhara, Oromia, Tigray and (SNNP) Southern Nations, Nationalities,
and Peoples), some 15 million parcels of the total 50 million parcels had been registered
and certificates distributed to landholders. From these, about 25% of the parcels are solely
owned by women and 55% jointly held by husbands and wives. Only 20% of the total
parcels registered were under name of male landholders alone [67]. Previous research
on the effects of land registration in Ethiopia has focused primarily on the Tigray region.
According to these studies, land registration is associated with higher levels of land-related
investment and productivity [68], improved welfare [58], increased land rental market
participation [58] and reduced border conflicts [69]. Similar to this, the Amhara region of
Ethiopia has also documented the positive and significant effects of land registration on
household perceived tenure security, investment, and land market participation [29]. In
addition to this, [57,66] used data from four major regions of Ethiopia and discovered that
land registration has a positive effect on land management.

According to one of the preambles of the Amhara Region Rural Land Administration
and Land Use Proclamation No. 133/2006, the establishment of land ownership enhances
landholders’ ability to use their labor, wealth, and creativity [70]. Any person granted
rural land in the region shall be given a land holding certificate, on which the details
of the land are registered by the Authority and his photograph is fixed [70]. However,
previous studies focused on the effect of land registration on tenure security and land-
management practice by comparing titled and untitled land holders at the kebele level.
Moreover, Gedefaw et al. [71] focused on the effects of land certification on sustainable
land management, particularly on terracing and manure use. Another study carried out
by Mengesha et al. [25] investigated land certification effect on sustainable land manage-
ment, especially on tree planting. One key exception is [72], who studied the effect of land
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certification on sustainable land-management practice in the dryland areas. Farming in
dryland areas is risky due to lack of rainfall and unsustainable land-management practices.
Still, no study on the contribution of land registration on sustainable land management has
focused on the construction of water-harvesting systems in the dryland areas of Ethiopia
generally, and in the Amhara region specifically. However, this study aimed to fill the
existing research gap by investigating, with reasonable scientific justification, the changes
brought about by individual households in terms of land tenure security and land man-
agement before and after registration in the dryland area of Ethiopia’s East Gojjam Zone.
Therefore, this study investigated the contribution of land registration on perceived tenure
security of farmers, farmer confidence, women and marginalized groups, and sustainable
land-management practice in dryland areas.

To achieve this objective, the following research questions were formulated:

a. Does land registration improve the sense of tenure security of farm households?
b. Does land registration improve the holding rights of women and marginalized

groups in the study area?
c. Is there a change of crop productivity after the land registration process?
d. Does land registration improve perceived tenure security. If yes, what are the influ-

encing factors?
e. Does land registration improve land-management practices such as water-harvesting

system. If yes, what are the influencing factors?

1.2. Conceptual Framework

Figure 1 depicts a conceptual framework for contribution of land registration. The
federal and regional laws provide the foundation for land reform in the form of land
registration. The land administrations that have been established are in charge of im-
plementation, which is also dependent on donor support and budget allocations for the
activities. The effect of land registration on perceived tenure security, farmer confidence,
marginalized groups, and sustainable land-management practice is also influenced by
the initial conditions in farming households where reforms are implemented. The effects
will be determined by factors such as individual and collectively owned resources and
capabilities of households and communities, traditional norms, market exposure, other
government policies, and agro-climatic conditions.

 

Figure 1. Conceptual Framework.
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2. Materials and Methods

2.1. Study Area

East Gojjam Zone is one of eleven zones in Amhara National Regional State, Ethiopia.
It is divided into 20 districts, 16 of which are rural and 4 of which are town administration
districts. The Zone encompasses an area of approximately 14,004.47 square kilometers.
The Oromia Region borders it on the south, West Gojjam Zone on the west, South Gondar
Zone on the north, and South Wollo Zone on the east. The bend of the Abay River defines
the Zone’s northern, eastern, and southern boundaries. Mount Choke (also known as
Mount Birhan) is its highest point, rising around 4100 m above mean sea level. East Gojjam
Zone stretches from latitude 9◦55′01′′ to 11◦14′12′′ north and from longitude 37◦29′37′′ to
38◦30′18′′ east (see Figure 2).

 

Figure 2. Study area map.

East Gojjam Zone is characterized by different landscapes such as mountains (Choke
Mountain and Aba Mentous Mountain), plateaus (Yetnora, Awabal and Anaded, Gozamin,
Debre Elias) and Gorges (Abay Gorge and Wamet). The study area is located between
759 and 4100 m above sea level. Different vegetation types have resulted from topo-
graphic variations combined with diverse climatic conditions, ranging from Afroalpine and
sub-afroalpine vegetations to dry evergreen Montane Forest and Combretum Terminalia
Woodland. The total population of the East Gojjam Zone is 2,153,937, of whom 1,066,716
are male and 1,087,221 are female. This zone has a population density of 153.80 people
per square kilometer and the urban population accounts for 213,568 (9.92%) of the total
population, while the remaining 1,940,369 (90.08%) are rural residents. This zone has a total
of 506,520 households, with an average of 4.25 people per household and 492,486 housing
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units [73]. Because of the implementation of the land certification program, three represen-
tative districts, Enebse Sar Midir, Shebele Berenta, and Basoliben, were chosen to collect
study data (Figure 2).

2.2. Methodology
2.2.1. Sampling Techniques

Three representative Districts (Enebse Sar Midir, Shebele Berenta and Basoliben) of
Eastern Gojjam Zone were purposively selected for this study, due to land registration
implementation history and dryland areas. The kebeles (lowest administrative structure)
with the highest proportion of households registered were identified first in each sample
district. Five kebeles were then chosen at random from these, and in total fifteen kebeles
were selected from the three districts. With the assistance of kebele managers, administra-
tors, and chairpersons of land administration committees, the names of female, male, and
jointly certified households were identified on a separate slip of paper.

All 15,082 total households listed in fifteen selected kebeles were the sampling frame
(N) (Table 1). To calculate the sample size (n), the statistical formula Cochran (1977) [74]
was used. With a 95% confidence level and a 5% sampling error, the sample size (n)
was calculated. As a result, the study’s sample size (n) was 385 households. Probability
proportional to size principle was used to assign a sample respondent from each kebele
(Table 1). Finally, based on the number of respondents assigned to each sample category,
the actual sample size was determined using a simple random sampling method. The
detailed information about the sample districts, kebeles and sample size taken from each
kebele is documented in Table 1.

Table 1. Total population of the sample kebeles and total sample size.

District Kebeles
Total Population Sample Size

Joint Male Female Total Joint Male Female Total

Enebse Sar Midir

Gesese 695 156 336 1187 18 4 8 30
Yetefet 479 124 160 763 12 3 4 19

Ambalaye 430 111 226 767 11 3 6 20
Segenet 795 336 268 1399 20 9 7 36
Leule 666 158 289 1113 17 4 7 28

Shebele Berenta

Qarema 682 278 424 1384 17 7 11 35
Abera 626 324 363 1313 16 8 9 33

Beneyana Seqela 789 257 456 1502 20 7 11 38
Gebsit 575 209 347 1131 15 5 9 29

Yejuna Bayelie 548 293 351 1192 14 7 9 30

Basoliben

Korke 721 139 131 991 18 4 3 25
Yeduge 343 57 88 488 9 1 2 12

Anejeme 427 86 166 679 11 2 4 17
Yelaminje 392 46 52 490 10 1 1 12

Dendo 502 84 97 683 13 2 2 17

Total 8670 2658 3754 15,082 221 68 96 385

2.2.2. Data Collection Technique

Household surveys (HHS) conducted from September 2022 to October 2022 were the
primary source of data. To collect primary data for the field interviews, both closed and
open-ended structured questionnaires were used. Structured questionnaires were devel-
oped, tested, and adjusted to fit their intended purpose. Farmers were asked before and
after land registration about their perceptions of land holding rights and land management
activities. Four data collectors with a minimum of bachelor’s degree (Undergraduate) in
related fields of land administration and land management were employed for data collec-
tion. These enumerators were first trained in data collection techniques, study objectives,
questionnaire management, and interviewing techniques. Face-to-face interviews were
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required because many of the respondents were illiterate. To avoid language barriers, one
expert in land administration and management translated the questions from English into
Amharic (local language). Official supporting letters written by each district office to the
kebeles helped to enable data collection at kebele level.

The questionnaire was designed to gather information about respondents’ personal
and socioeconomic characteristics, as well as the effect of land registration on sustainable
land management. Furthermore, each question was thoroughly explained and clarified to
them with adequate explanation. The questionnaire was pre-tested by administering it to
selected respondents at Korke kebele. On the fourth day of the exercise, enumerators were
given the opportunity to make suggestions and remarks that could help them handle the
interview. Based on the results obtained from the pre-test, necessary modifications were
made to the questionnaire. Variables identified in the survey are documented in Table 2.

Table 2. Variables used in the study.

Variables Definition and Values Used

Female Female respondent (=1 female, =0 otherwise)

Male Male respondent (=1 male, =0 otherwise)

Joint Joint (Male and Female) respondent (=1 male and female
jointly, =0 otherwise)

Age Age of the respondents (=0, 1, 2, 3, . . . , n)

Education Educational level of the respondents (=1 literate, =0 illiterate)

Household size Total household size (=0, 1, 2, 3, . . . , n)

Land holding size Total land holding size in hectare (=0, 1, 2, 3, . . . , n)

Distance Average distance farm to settlement in minutes (walking)
(=0, 1, 2, 3, . . . , n)

Land redistribution Affected by land redistribution of 1997 (=1 yes, =0 no)

Expropriation Fear of loss of land due to the expropriation by government at
any time (=1 yes, =0 no)

Perceived tenure security Fear of loss of farmland due to redistribution within the next
five years (=1 (do not fear) yes, =0 otherwise)

Credit beneficiary Credit beneficiary of the respondents (=1 yes, =0 no)

Training and advice Training and advice on land management (=1 yes, =0 no)

Livestock holding (Total livestock holding size) =0, 1, 2, 3, . . . , n (in tropical
livestock units)

Land-management practice Application of land management (at least one) practices of
parcel (=1 yes, =0 no)

Water harvesting construction Application of water harvesting construction (=1 yes, =0 no)

Crop yields Crop yields for major crop types (=0, 1, 2, 3, . . . , n in quintal)

Data from household surveys were supplemented with qualitative data from direct
field observations, focus group discussions (FGD), and key informant discussions. To
supplement the quantitative data, FGD were held in each kebele. The FGD participants
were chosen based on their knowledge of and experience with land-management practices.
These people have lived in the kebeles for a long time and formed the kebele’s Land
Administration and Certification Committee (LACC). LACC members include elders,
female-headed households, youth, and disabled people, as well as Development Agents
and Kebele Managers. There were nine group discussions (three in each kebele). With
the help of the “Kebele Land Administration Officer”, each FGD had 10 to 12 participants.
The focus of the discussion was on local-level entities dealing with land-related issues, the
effect of land certification on land management, and other issues.
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Youth, women, and the elderly were among the community representatives chosen for
focus group discussions. A few members of the kebele Land Administration and Certifica-
tion Committee, development agents, kebele leaders, and district experts were among the
key informants. Interviews with representatives of the Environmental Protection and Land
Administration Authority, the Bureau of Agriculture and Rural Development, and local
authorities were conducted to better understand experts’ perceptions of land registration
and its intended objectives. Secondary data were gathered by reviewing several reports
at the kebele, district, zonal, and regional levels. In addition, five federal, six regional,
nine zonal, and four district experts participated in panels and discussion forums. These
professionals work in rural land administration and land management offices, as well as
other related fields. The professionals’ discussion focused on accomplishments, bottlenecks,
and recommendations for sustainable land management.

2.2.3. Data Analysis Techniques

Most of the data were analyzed quantitatively, and the analysis was supplemented by
a qualitative analysis. Descriptive statistics such as percentages, mean, standard deviation,
chi-square, and t-test were used to describe the socioeconomic characteristics of respondents.
For a more detailed data analysis, a binary logit regression model was used. To determine
the effect of other factors on selected variables, the following formula was used:

ln
[

Px

(1 − Px)

]
=

n

∑
i=1

βiXi + Ui

where Px is the probability for an observed set of variables that the event occurs, βi is
the ith coefficient to be estimated, Xi is the ith explanatory variable and Ui is a random
error term.

2.3. Model Specification

For selected discrete and continuous variables, the presence of multi-collinearity and
association was investigated. To identify multi-collinearity between continuous variables,
the variance inflation factor (VIF) method was used [75]. A contingency coefficient test was
used to evaluate associations between dummy variables. The variables found to be highly
correlated with one or more of the other continuous or discrete variables (VIF > 10) were
excluded from further analysis.

2.4. Description of Dependent Variables

Perceived tenure security, a dependent variable, shows whether respondents anticipate
losing farmland because of redistribution within the next five years. For respondents who
do not expect future redistribution, this binary variable has a value of 1, and for those who
do, it has a value of 0. To investigate the influence of land registration on perceived tenure
security, the following model was used:

Perceived tenure security = β0 + β1FEMALE + β2JOINT + β3EDU + β4AGE + β5HHSIZE + β6LANDHOLD +
β7LANDRED + β8EXPROPRIATION + β9LH + Ui

where β0 to β9 is the coefficient to be estimated, FEMALE, JOINT, EDU, AGE, HHSIZE,
LANDHOLD, LANDRED, EXPROPRIATION, and LH are explanatory variables, and Ui is
a random error term.

Water harvesting construction, a dependent variable, has a value of 1 if the plot
received water-harvesting system application, and 0 otherwise. The explanatory variables,
on the other hand, are either continuous or binary. The influence of land registration on the
water-harvesting system on plot j by household i was specified as follows:
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WHC = β0 + β1FEMALE + β2JOINT + β3EDU + β4AGE + β5LANDHOLD + β6DIST + β8CREDBENEF +
β9TRAINING + β10LH + Ui

where β0 to β10 is the coefficient to be estimated, FEMALE, JOINT, EDU, AGE, LAND-
HOLD, DIST, CREDBENEF, TRAINING, and LH are explanatory variables and Ui is a
random error term.

3. Results

3.1. Household Characteristics

Land registered in the names of females, males, and joint (male and female) accounted
for 23%, 17%, and 60% of the sampled households, respectively. Concerning the educational
attainment, 36% of the households sampled were illiterate, 42% could read and/or write,
and 22% had completed grade five. Table 3 contains detailed information about the
household characteristics.

Table 3. Land holding right and education of households.

Variables Number Percent

Land holding right

Female 89 23.0
Male 64 17.0
Joint 232 60.0
Total 385 100.0

Educational level

Illiterate 140 36.0
Read and/or write 162 42.0

Grade five and above 83 22.0
Total 385 100.0

Amhara Land Administration and Use (ALAU) Proclamation No. 133/2005 under
Article 24 (2) states that where the land is a holding of a husband and a wife in common,
the holding certificate shall be prepared by the name of both spouses [70]. As a result, joint
titled implies implementation of land proclamation.

The age structure of households revealed that the mean age was 47 years. Furthermore,
the average household size was 6.2 persons. Looking at the differences between respondent
households, the largest family size was 12 and the smallest was one. There was an average
difference of 0.03 ha in land holding size before and after land registration (see Table 4).
The average difference between the number of farm plots before and after land registration
was only 0.31.

Table 4. Summary of age of the household head, household size and land holdings (N = 385).

Variables Mean Difference St. Difference

Age 47 11.09
Household size 6.2 2.35

Landholding before and after
land registration (in ha) 0.03 0.22

Plot number before and after
land registration 0.31 0.38

3.2. Characteristic of Farm Plot

Farm plot characterization was assumed to demonstrate differences in the fertility
status of farm plots before and after registration. Based on farmer perception, farms’ fertility
status could be classified as fertile, moderately fertile, or poorly fertile.
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The findings in Table 5 clearly show that land registration had no effect on the level of
farmland fertility. Out of all the households surveyed, 258 have an average of 0.60 ha of
farmland on a flat slope, 126 have an average of 0.36 ha on a moderate slope, and 163 have
an average of 0.40 ha on a steep slope. The cultivation of crops on steep slopes suggests
that the study area lacks land use planning and a consequence of demand for land and
food production exceeding supply of suitable land, pushing farmers to use marginal land.

Table 5. Fertility status of farm plots of sample households.

Farm Status
Frequency Before Registration After Registration

Number (%) Mean St. dev. Number (%) Mean St. dev.

Fertile 266 (88) 0.59 0.52 272 (90) 0.60 0.53
Moderate 193 (63) 0.44 0.34 194 (64) 0.45 0.35

Poor 131 (43) 0.37 0.26 127 (41) 0.39 0.27

3.3. Households’ Confidence on Land Registration

According to Table 6, the last land redistribution affected 23% of the sampled house-
holds interviewed, either positively or negatively. However, approximately 26% of house-
holds are concerned about land redistribution over the next five years and losing their
farms. Furthermore, 22% of households are concerned that the government will seize their
farm plot at any time. Focus group participants proved that at each kebele, farmers living
around town administration were highly frustrated with the expropriation of their farms.

Table 6. Households’ confidence on land redistribution after registration (N = 385).

Name of the Variable
Yes No

Number Percent Number Percent

Households affected in 1997
land redistribution 90 23 295 77

Fear of land redistribution and
farm loss in the next five years 102 26 283 74

Fear of government land
expropriation at any time 83 22 302 78

3.4. The Effect of Land Registration on Women and Marginalized Groups

Table 7 shows that approximately 70% and 85% of households knew landless house-
holds in their village before and after land registration, respectively. The statistical test
reveals a significant (p < 0.01) difference between the number of landless households in
marginalized social groups before and after land registration. The qualitative information
gathered from household surveys and focus group discussions showed that land registra-
tion protects the land rights of women and other marginal societies more than youths.

Table 7. Household Landlessness before and after land registration (N = 385).

Variable Name
Before Land Registration (Percent) After Land Registration (Percent)

Chi-Square
Yes No Yes No

Landless households 70.0 30.0 85.0 15.0 1.37 ***
Women 52.7 47.3 37.0 63.0 94.73 ***

Disabled 41.7 58.3 30.0 70.0 1.21 ***
Youth 60.3 39.7 84.7 15.3 63.57 ***

Poorest of poor 51.7 48.3 30.3 69.7 79.06 ***

*** = Significant at p < 0.01.
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The chi-square test reveals a significant difference (p < 0.01) before and after land
registration in the case of women’s stronger land-holding rights in jointly led households.
Furthermore, according to focus group participants and key informants, women have full
rights to share the land equally during divorce; no one takes the land of women and other
marginal societies.

3.5. Effect of Land Registration on Land-Management Practices

Table 8 clearly demonstrates that, with p < 0.01, approximately 80% and 95% of
the households participated in at least one type of land management practice before
and after land registration, respectively. Land management practices considered in this
study included terracing, tree planting, compost application, manure application and
the construction of water-harvesting structures (WHS). There was a significant difference
between before and after land registration for each type of land management practice
(p < 0.01).

Table 8. Land management practices in (%).

Factors
Before Land Registration After Land Registration

Chi-Square
Yes No Yes No

Land-management application 80 20 95 5 47.65 ***
Terracing 75.0 25.0 92.3 7.7 62.89 ***

Planting of tree 45.3 54.7 50.7 49.3 2.89 ***
Compost use 40.3 59.7 65.0 35.0 2.24 ***
Manure use 70.3 29.7 83.0 17.0 1.34 ***

Water-harvesting structure 15.7 84.3 25.3 74.7 97.73 ***

*** = significant at p < 0.01.

3.6. Effect of Land Registration on Crop Productivity

Except for wheat, there was no significant difference in major crop yields between
2021/22 (after land registration) and 2005/06 (before land registration) (p < 0.1). The
average difference between wheat production in 2021/22 and 2005/06 is 0.89 quintals per
household (Table 9). This finding indicates that there is no significant improvement in
major crop yield per household following land registration, but rather a decrease. This
could be due to changes in rainfall and other factors.

Table 9. Major crops produced in the year 2021/22 and 2005/06 (quintal/household).

Crops Respondents Difference in Mean Difference in Std. Deviation t-Test

Maize produced in
(2021/22–2005/06) 66 0.51 3.74 −1.22

Wheat produced in
(2021/22–2005/06) 182 0.89 7.15 1.74 *

Teff produced in
(2021/22–2005/06) 150 0.31 4.33 1.26

Other crops produced
in (2021/22–2005/06) 125 0.18 5.15 0.28

* = significant at p < 0.1.

3.7. Results of the Logit Model

To evaluate the relationships between dummy variables, a contingency coefficient test
was used. The model is included for analysis because, as is evident from the results in
Appendix A, there are no problems with multi-collinearity between the variables, and the
contingency coefficient test result is very good.
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3.7.1. Influencing Factors of Land Tenure Security

Three of the eight independent variables entered the model, namely education (sig-
nificant at p < 0.05), land holding size (significant at p < 0.01), and land redistribution
(significant at p < 0.01), were significantly and positively influencing households’ fear of
future land redistribution and loss of farmland (see Table 10).

Table 10. Factors influencing land registration on perceived tenure security (N = 385).

Explanatory Variables Name B Z-Value p > |Z| Marginal Effect

Female −0.4596 −0.87 0.324 −0.0887
Joint −0.0850 −0.13 0.719 −0.0136
Age −0.0121 −0.28 0.755 −0.0015

Education 0.2562 2.02 ** 0.035 0.0649
Household Size −0.0257 −0.23 0.714 −0.0138

Land Holding size 0.6740 2.83 *** 0.004 0.1647
Land Redistribution 3.6758 7.14 *** 0.000 0.9216
Livestock holding 0.0081 0.22 0.732 0.0122

Constant −2.3673 −3.43 0.001

Log likeihood −65.42575
Chi squared 174.52
Pseudo R2 0.5592

*** and ** designate significance at p < 1% and p < 5%, respectively: B (coefficients).

3.7.2. Factors Influencing Construction of Water-Harvesting Systems

Before land registration, as shown in Table 11, household size, livestock holding,
and distance all had a significant effect on construction of water-harvesting systems at
p < 0.05, p < 0.01, and p < 0.01, respectively. After land registration, age and household
size influenced the construction of water-harvesting system with a significant difference
of p < 0.05, whereas distance, livestock holding, and training and advice influenced the
construction of water-harvesting systems with a significant difference of p < 0.01. The
descriptive statistics also revealed that after land registration, the construction of water-
harvesting systems increased by 59%.

Table 11. Influencing factors of land registration on construction of water-harvesting systems (WHS)
(N = 385).

Variables
Before Land Registration After Land Registration

B Z-Value Marginal Effect B Z-Value Marginal Effect

Female −0.3220 −0.74 −0.0523 −0.1490 −0.51 −0.0474
Joint −0.3724 −1.27 −0.0740 −0.3360 −1.24 −0.1077
Age −0.0235 −1.34 −0.0015 −0.0156 −2.07 ** −0.0051

Education −0.1213 −1.13 −0.0216 −0.1285 −1.35 −0.0411
Household size 0.1180 2.27 ** 0.0221 0.0892 2.01 ** 0.0276

Land holding size −0.0674 −0.31 −0.0135 −0.2760 −1.34 −0.0758
Training and advice 0.2694 0.78 0.0442 0.8953 2.69 *** 0.2089
Livestock holding 0.0987 2.50 *** 0.0183 0.1127 2.68 *** 0.0349
Credit beneficiary

before LC −0.1124 −0.52 −0.0176 - - -

Credit beneficiary
after LC - - - 0.1214 0.61 0.0479

Distance

Constant

−0.0075

−0.9554

−2.49 ***

−1.55

−0.0014 −0.0078

−0.5520

−3.33 ***

−1.04

−0.0027

Log likelihood −104.6043
25.30
0.1025

−156.23964
44.47

0.1126
Chi squared
Pseudo R2

*** and ** indicate significance at p < 1% and p < 5%, respectively: B (coefficients).
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4. Discussion

4.1. Confidence of Households in Land Tenure Security

The last land redistribution affected 23% of the households in 1997 (Table 6). According
to Deininger et al. [76], land redistribution affected 9% of Ethiopian farmers between 1991
and 1998, 18% in Tigray region, and 21% in the Amhara. Approximately 26% of households
are concerned about land redistribution and losing their farm plots in the next five years,
while 22% are concerned that the government will take their farms at any time (see Table 6).
Thus, there is still concern about land redistribution, as found in Tigray, where 44% of
farmers expect land redistribution and believe they will lose farms [77].

Furthermore, a previous study has found that 27% of respondents are confident that
land redistribution will not happen in the future, while 9% believe it will occur within the
next five years [78]. Given the aim of land certification, a small number of households are
concerned about land redistribution over the next five years, and the government must
address those households properly if land management is to improve.

4.2. The Effect of Land Registration on Women and Marginalized Groups

Land registration aimed to protect the land rights of marginalized groups such as the
elderly, disabled, and women. After land registration, women, the disabled, and the poorest
of the poor experienced less landlessness, whereas youths experienced an increase. This
result was consistent with previous studies and discovered that 8.5% of farm holders are
younger than 24 years old, indicating that landlessness is a significant issue in the Amhara
region, especially for young people who have difficulty accessing land. This could be due
to a lack of farmland, and land law prioritizes youths as one of society’s most marginalized
groups [61]. For instance, revised Amhara Region Land Administration and Use (ARLAU)
Proclamation No. 133/2006 Article 9 (2) supports land holding in priority order for orphans,
the disabled, women, and young people who join the new life of independence.

Women now have more land ownership rights after receiving land certification. Land
registration has been shown in studies to promote gender equality, increase women’s tenure
security, and enhance land-management practice participation; [66,79,80] supported this
conclusion. According to similar studies, the land certificates promote gender equality and
encourage women to the field work [79]. Furthermore, this finding is in line with results
found in Amhara Region pilot and non-pilot districts [81] and in Southern Ethiopia, who
discovered that certification improved women’s tenure security [82]. According to studies,
the majority of households (85%) believe that land certification will improve women’s status
and provide incentives for land rental [66]. Finally, the land registration program promoted
gender equality in Worja kebele in the Southern Nations Nationalities and Peoples region
and 90% in Beresa kebele in Oromia [80].

4.3. Land Registration Effect on Land-Management Practices and Crop Productivity

Following land registration, household participation in land-management practices
improved (see Table 8). This result is consistent with research carried out in Tigray, where
85.2% of households engaged in various sustainable land-management practices following
land titling, compared to 34.1% growth prior to titling [83]. Similar studies discovered
that a sizable majority of households in Ethiopia believed that registration of rural land
increased incentives for spending on planting trees (88%), building structures for soil
and water conservation (86%), and managing common property resources sustainably
(66%) [66]. Likewise, land registration has strong implications for household participation
in sustainable land management initiatives at the community level [84].

Most of the land tenure regularization programs predict an increase in land-based
investments such as soil and land management infrastructure due to land registration and
certification [85]. Deininger et al. [29] found positive and a statistically significant marginal
effect of the land certification on the repairs and new investments in land management with
an estimated average treatment effect of 30%. Land management incentives promote the
positive impact of the land registration program [86]. In order to increase investments in
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land-related projects for sustainable land management, certificates are issued [29]. Accord-
ing to a similar report, 77.5% of Worja kebele farmers in the Southern Nation Nationalities
and Peoples region and 70% of Beresa kebele farmers in Oromia completely agree that land
registration increases investments in soil and land management [80]. In the same manner,
reports indicate that 96.7% of farmers in pilot areas and 77.5% of farmers in non-pilot areas
in the Amhara have participated in land management activities [81]. Additionally, studies
conducted in Damot-Gale District, Southern Ethiopia revealed that the majority (62%) of
the respondents indicated that they are practising land management due to a certificate,
i.e., land certificate increases the perception of farmers in land management practices [87].
Finally, results from Melesse and Bulte [56] substantiate that land-certified households are
more likely to adopt land management strategies than the uncertified ones. The partici-
pants of focus group discussion clearly indicated that land registration addressed issues of
persistent gender inequality. As a result, registration improved decision-making in relation
to land-management practices, and increased women’s land rights. Studies show that the
registration process made women more willing to work in the field and apply appropriate
land-management practices [80].

Major crop yields decreased following land registration, except for wheat. The average
difference in wheat production before and after land registration per household decreased
by 0.89 quintals. This result demonstrates that, rather than improving significantly after
land registration, major crop yield per household decreased. This might be brought on by
changes in rainfall and other factors affecting crop growth. Because frequent droughts, the
recent emergence of insect pests, and other factors have an impact on farmland productivity,
crop productivity did not increase solely because of land registration in dryland areas.
This outcome is consistent with earlier findings, according to which 50% of households in
non-pilot districts and 63.3% of households in pilot districts of the Amhara region both
agreed that land registration had no impact on farmland productivity [81]. On the contrary,
studies have shown that improved land-management practices following registration have
been associated with increased crop yields [71].

4.4. Factors Affecting Perceived Tenure Security
4.4.1. Education

The educational level of the respondents has a significant and positive effect on the
fear of future land redistribution (see Table 10). Respondents who have higher levels of
education are more likely to engage in off-farm activities and find alternative employment
opportunities. As a result, there is a greater fear of losing farmland because the government
could take over the land at any time. This survey result is consistent with the Amhara Rural
Land Administration and Use (ARLAU) Proclamation No. 133/2006, which states in Article
12 (1a) that any land holder of a right to use the land may lose that right if he engages
in non-farming activities and makes a living from these [70]. As a result, households are
concerned that as education levels rise, so will the likelihood of non-agricultural activity,
which may not be enough to meet individuals’ basic needs but will result in farmland loss.
On the contrary, this finding contradicts Pender et al. [88], in which the findings reported
that education is likely to increase households’ opportunities for salary employment off-
farm and may increase their ability to start up various nonfarm activities. In addition, this
may increase households’ access to credit as well as their cash income, thus helping to
finance purchases of physical capital and purchased inputs.

4.4.2. Landholding Size

There is a positive and significant correlation between respondents’ total land holding
size and their fear of future land redistribution (Table 10). Households with large land
holdings are more concerned about land redistribution and the loss of farmland. According
to participants in the focus group discussion, as food insecurity and crime rise, an increasing
number of landless young people are threatening their farms. Consequently, land could be
redistributed from elderly people who own large farms to landless youth. The findings
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of this study are supported by investigations that farm households with relatively larger
farms feel more insecure than those with relatively less land, and farm tenure security in
Ethiopia is inversely related to farm size [71,89].

4.4.3. Land Redistribution

The fear of land redistribution is significantly and positively associated with house-
holds affected by land redistribution in 1997 (Table 10). Fear of land redistribution is high,
and it is even higher within the next five years than it is beyond (Table 5). Focus group
discussion participants reported that land redistribution had occurred frequently in recent
days. They have no idea what will happen in the future because it is dependent on the
government and its policies. Even the land policy gives reason for concern, stating that
land redistribution may be possible if the land is required for irrigation projects. Another
concern is that the government could be replaced, and the legislation would not be properly
implemented [71].

4.5. Factors Influencing Construction of Water-Harvesting System
4.5.1. Distance

The construction of a water-harvesting structure is negatively impacted by the distance
between a farm plot and the settlement. After land registration, the average distance of a
farm plot from the settlement increased by one minute, while the construction of a water-
harvesting structure decreased by 0.27%. Farmland owners who live close to residential
areas are more likely to build a water-harvesting system than those who live far from the
settlement (see Table 11). This is since households prefer nearby farm plots over distant
plots. According to studies, managing close farmland takes less time and energy, so longer
walking distances between farmland and settlement areas reduce farmland cultivation
adoption [90,91].

4.5.2. Training and Advice

The construction of a water-harvesting system has a significant and positive relation-
ship with households that received land-management training and advice (see Table 11).
A unit increase in training and advice from agricultural extension services increased the
construction of a water-harvesting structure by 20.8% after the land was registered. This
significant increase was caused by the provision of enough knowledge and instruction on
sustainable land-management techniques. Focus group participants reported that house-
holds that received more training were motivated to build water-harvesting systems for
their farmlands. Participants acknowledged that extension services offered to them were
more likely to persuade them to make such land investments than development workers.
Previous research has found that farmers who receive training are more likely to adopt,
use, and implement land-management practices [91]. Farmers’ attitudes and abilities in
land management will improve because of increased access to training, as well as their
knowing of the advantages and limitations of soil conservation. Additionally, training
enhances one’s capacity to understand and use specific knowledge about land management
activities. A previous study confirmed that training had an impact on the adoption of
land-management applications [90–93]. Numerous studies have examined the connection
between farmers’ training and their use of sustainable land-management techniques [94].
The current study’s findings also showed that after the land registration process, the impact
of training was increased.

4.5.3. Livestock Holding

The total number of livestock holdings and the decision to construct a water-harvesting
system were significantly and positively correlated (see Table 11). Following land registra-
tion, the construction of water-harvesting systems increased by 3.4% as the total number of
livestock increased by one unit. Small family sizes, a labor shortage, and a high livestock
population are the most likely causes. There is a chance of selling livestock and converting
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to human labor. It is then possible to build water-harvesting systems using the human
labor force gained from family members. Key informant participants confirmed that when
farm households have a shortage of human labor, livestock sales are used to purchase
labor for the building of water-harvesting systems. The results of this study have also been
supported by earlier studies [90,93,95,96]. Additionally, livestock is a significant source of
farm income that enables farmers to invest in land management strategies and purchase
agricultural inputs. Moreover, it serves as non-human labor to construct structures for
soil conservation [97]. According to earlier research, the quantity of livestock is a sign of
financial stability, which improves the efficiency of land management [95,96].

4.5.4. Household Size

After land registration, the size of a household has a positive and significant influence
on the construction of a water-harvesting structure. Construction of water-harvesting
structures increased by 2.7% as household size increased by one member after certification
(Table 11).

4.5.5. Age

After land registration, the construction of a water-harvesting structure is negatively
impacted by the household head’s age. As a result, after land registration, an increase
of one year in the household’s age resulted in a 0.51% decrease in the construction of
water-harvesting structures (Table 11). Older farmers have larger land holdings than
younger farmers, and they may lose land due to redistribution. So, older farmers were less
invested in land management [98]. Greater family labor indicates a greater potential for
labor-intensive investments such as water-harvesting construction. Larger households will
be able to provide the labor needed to maintain conservation structures [98].

5. Conclusions and Recommendations

Land registrations are critical issues in Ethiopia’s land administration system for
improving land tenure security. To that end, Ethiopia has had a land registration and
certification program in place since 1998, and the Amhara region has had one since 2002,
with the goal of registering all land holdings and issuing land certificates to enhance
farmers’ land rights’ security. In theory, land certification stimulates economic growth by
providing incentives to increase agricultural production. Secure land rights are essential
for economic development.

Because tenure insecurity is a problem in African countries, efforts should be made
to provide land rights to people, and particularly to women and marginal groups. Ap-
propriate land rights are considered a starting point for the empowerment of the poor.
Land registrations are currently applied in Ethiopia to provide land tenure security. This
contributes to the advancement of sustainable land-management practices. As a result,
developing countries can learn from this success and emphasize tenure rights for their
country’s sustainable development.

Even though land registration has a significant impact on long-term land management,
Ethiopia lacks a comprehensive land use policy. Land use regulation is not given much
weight in the current rural land administration system. Land use rights are given less
attention in rural land administration and land use proclamations. The legal framework is
primarily concerned with issues of land administration. Of course, land ownership and
tenure security are fundamental components of sustainable land-management practices,
and they are a good place to begin. Nonetheless, in order to enforce sustainable land man-
agement, a land use policy for proper land use practices should be established. Otherwise,
there will be no solution to the land degradation and deforestation problem. This, in turn,
could be a threat for agricultural production and exacerbate the country’s poverty situation.

In this study, land registration significantly improved farmers’ perceptions and confi-
dence in land tenure security, even though 13.7% of households remain concerned about
future land redistribution and expropriation by the government at any time. Fear of land
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expropriation by the government emerged from the foundation of new town administration
and that is holding rural kebeles.

The state still owns all land in Ethiopia, even though farmers feel more secure regard-
ing competing claims to their land from neighbors and relatives. This policy continues to
create insecurity, especially when local officials suggest that the government might seize
the land if it is not used properly. Such claims by local officials have caused confusion
among smallholders about the benefits of land registration on tenure security, sparking a
debate about whether land registration must be accompanied by land ownership in order
to realize secure use rights.

The logit model results revealed that education, land holding size, and households
affected by last land redistribution were found to significantly and positively aggravate
households’ fear of future land redistribution and farmland losses. Except for youths,
land registration effectively protects the land use rights of women and other marginalized
groups in society. As a result of this, youths have raised the issue of land right immediately
following land registration in the study area. Women’s land holding rights were found to
be stronger after land registration, with a significant difference of p < 0.01 between before
and after land registration.

Regarding the effect of land registration on land management on cultivated land,
household land management participation improved after land registration in the study
area. However, the average distance of a farm plot from the settlement had a negative
impact on the construction of water-harvesting system in the study area, whereas access
to agricultural extension training and advice, as well as livestock holding, had a positive
impact on the construction of water-harvesting systems. Nonetheless, steep slope areas in
the study area are still used for crop cultivation. With the exception of wheat, which was
significant at the p < 0.1 level, there was no significant difference in major crop yield per
household after and before land registration. This result shows that there is no significant
improvement in major crop yield per household after land registration, but rather a decrease.
This could be due to variations in rainfall and other crop growth factors. As a result, crop
yield did not improve solely through land registration in dryland areas because farmland
productivity was affected by the occurrence of recurrent drought and other factors.

The findings also provide important policy implications and suggest that policymakers
both at governmental and non-governmental agencies engaged in sustainable land man-
agement among rural agricultural households that aim to boost agricultural development
should consider land registration as an important prerequisite. The evidence shows that if
farm households are given more secure property rights on their land, they would be encour-
aged to increase their investments in sustainable land management. Thus, policymakers
in Ethiopia should consider land registration as a matter of priority to ensure the success
of sustainable land management programs and to promote the development of modern
agriculture. Tenure security by ensuring the probability of benefiting from their investment
in the long term. Thus, tenure security can also serve as an incentive mechanism for the
success of sustainable land management.

The possible recommendations were that governmental and non-governmental offices
should work together to raise awareness about the duties and responsibilities that land
registration entails. Meanwhile, the government should look for clear policies, such as
small-scale enterprise and urban agriculture, to address the issues of landless youths and
farmers whose lands have been encroached upon by town administration expansions
into rural kebeles. Furthermore, the government should strengthen the implementation
of the society’s land registration processes. However, to address youth landlessness,
intensive farming practices should be promoted, which will increase labor needs and thus
engage youths.
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Appendix A

Severity of multi-collinearity between independent variables was assessed prior to es-
timating the logit model by calculating the variance inflation factor (VIF). VIF < 10 specifies
that there is no multi-collinearity.

Table A1. Multi-collinearity test for perceived tenure security.

Continuous Independent Variables VIF

Age 1.112
Household size 1.184

Land holding size 1.158
Livestock holding 1.165

VIF is variance inflation factor; source: survey, 2022.

Table A2. Multi-collinearity test for construction of water-harvesting system.

Explanatory Variables
VIF

Before Registration After Registration

Age 1.158 1.123
Household size 1.214 1.187

Land holding size 1.159 1.151
Distance 1.022 1.021

Livestock holding 1.143 1.135
VIF is variance inflation factor; source: survey, 2022.

Table A3. Contingency coefficients for perceived tenure security.

Female Joint Education Land Redistribution Expropriation

Female 1
Joint 0.568 1

Education 0.086 0.087 1
land redistribution 0.023 0.023 0.032 1

Expropriation 0.011 0.045 0.084 0.038 1
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Abstract: Although deforestation remains a continuing threat to both the natural world and its
resident human populations, a countervailing land cover dynamic has been observed in many
nations. This process of landscape turnaround, the so-called forest transition, holds the potential of
regenerating ecosystem services by sparing land from agricultural activities and abandoning it to
forest succession. Here, we present a case study of a long-term process of forest transition that is
ongoing in the Patzcuaro watershed of the state of Michoacán, Mexico. The research to be discussed
comprises a remote sensing analysis designed to (1) capture the land cover impacts of a multidecadal
process of trade liberalization (1996–2018); (2) ascertain the role that land tenure plays in land use
dynamics affecting forest cover, and (3) resolve forest cover types into native forest, secondary
vegetation, and “commodity” covers of fruit trees, in this case, avocado. Mexico presents a useful case
for addressing these three design elements. Our analysis, undertaken for both private property and
collective modes of resource management in five communities, reveals a forest transition annualized
at 20 ha-yr−1, or a gain of eight percent for the period. This translates into a relative rate of forest
transition of 0.39%-yr−1 which is three times faster than what is occurring in the temperate biome
on a national scale (0.07%-yr−1). Most of the forest transition is occurring on private holdings and
stems from field abandonment as farming systems intensify production with avocado plantations and
cow–calf operations. As this study demonstrates, forest transitions are not occurring ubiquitously
across nations but instead are highly localized occurrences driven by a myriad of distal and proximate
factors involving disparate sets of stakeholders. Consequently, policy makers who are keen to expand
forest transitions to fulfill their national climate action commitments under the Paris Agreement must
first promote research into the complexity of landscapes and drivers of land change at regional and
local scales.

Keywords: forest transition; land sparing; neoliberal policy; NAFTA; Mexico; deforestation

1. Introduction

The conversion of native forests is one of the most important processes contributing
to the current global environmental crisis. It accounts for 38% of the carbon emissions
from agriculture, which contributes ~25% of greenhouse gas (GHG) emissions to the at-
mosphere [1]. In addition, deforestation and forest degradation are the primary drivers of
species extinctions on land and the loss of livelihood for the millions of people who rely
on the ecosystem services provided by forests [2,3]. It should come as no surprise that
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measuring this environmental transformation and understanding its proximate and under-
lying causes now comprise a major interdisciplinary research area. Although deforestation
remains a continuing threat to both the natural world and its resident human populations,
a countervailing land cover dynamic has been observed in many nations. This process of
landscape turnaround, the so-called forest transition (FT), holds the potential of regenerat-
ing ecosystem services by sparing land from agricultural activities and abandoning it to
forest succession.

Specifically, FT provides a critical empirical foundation for greenhouse gas (GHG)
emissions policy based on carbon sequestration and is therefore highly consistent with
the goals of the United Nations Program on Reducing Emissions from Deforestation and
Forest Degradation, or UN-REDD [4,5]. Recently, controlling anthropogenic greenhouse
gas (GHG) release to the atmosphere with forest-based policy has been widely adopted
by signatories to the Paris Climate Treaty, particularly by nations with large forests and
dynamic agricultural economies, such as those found throughout the global south. FT,
although first observed in the global north, is increasingly affecting forests wherever they
are found. This article takes up the case of Mexico, which has set a goal of 0% deforestation
by 2030 as part of its commitment to the Paris Climate Treaty. In particular, we present the
results of a study addressing land cover change dynamics in an old agricultural frontier
where FT was observed over twenty years ago. Our objective was to assess the continuity
of this process given the significant changes in the institutional and economic environments
affecting Mexico and the global economy more generally.

We pursue our objective as follows: First, we provide an overview of the manner in
which FT has been conceptualized and touch on the literature that has extended its range
of applications, both spatially and temporally. After this, we focus on Latin America and
consider cases of FT occurring across the region at the present time. This sets the stage for
the presentation of research on Mexico. For this, we present results from a remote sensing
analysis combined with data collected from a survey of smallholders. Finally, we discuss
our findings and draw a brief conclusion that questions to what degree FT can be regarded
as an ecologically restorative process.

Before proceeding, we wish to address two terminological issues. The first concerns
our use of the term “forest transition” as opposed to “land sparing.” Although both reflect
processes that for all intents and purposes are identical, we elected to use “forest transition”
as our operative phrasing given its early usage as a term reflecting long-term patterns
of land cover change tied to broad-scale global dynamics. This is appropriate given that
the analysis we present covers a multidecadal period of nearly fifty years, during which
time neoliberal reforms profoundly affected many national economies. The second issue
involves FT’s descriptive categories, a binary of highly aggregated land covers, one that
exhibits exclusively positive environmental qualities (forest) and one that does not (non-
forest). Such a sharp distinction is often absent from densely settled parts of the world such
as Mexico, where human populations have long derived subsistence from agroecological
matrices that include trees from the original biome as well as agricultural land uses. In
these situations, land covers are environmentally “fuzzy” because they manifest varying
intensities of ecosystem service provision. Our usage of the term “fuzzy” derives from
the concept of the fuzzy set, whose members elicit variable degrees of membership. They
cannot be construed as belonging to a binary scheme of categorization comprising covers
that conserve the environment and its ecosystem services and covers that do not.

Mather [6] and Walker [7] use the terms forest areal transition and landscape turnaround,
respectively, in referring to shifting trends in the national land covers of Europe, North
America, and the Pacific Rim, from a period of forest decline to one of net expansion. Their
original formulations rested on a hypothesized relationship between land cover dynamics
and long-run structural changes in a national economy, with agricultural development
driving deforestation, after which industrialization sparks rural-to-urban migration as
farmers abandon their fields to take manufacturing jobs in cities. Intensifying this process
of abandonment are technological changes that reduce the demand for farmland by raising
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agricultural productivity, which is further enhanced as communication networks reveal
regional comparative advantages and production shifts from marginal to fertile areas.
Technological changes also attenuate forest exploitation by providing new energy sources
and building materials as substitutes for fuelwood and timber. Finally, as consumer
preferences for natural amenities develop with rising incomes, state environmental policies
reinforce the recovery of natural areas in the interest of conservation. The sum total of all
these effects is that the pressure on forests is reduced and that formerly exploited lands are
abandoned to forest succession, the foundational FT process [6,7].

Critics of the early formulation, which draws a correspondence between dynamics in
a national economy and regional landscapes, point to its congruence with developmentalist
thinking and the apparent restriction to an isomorphic pattern with necessary “stages”,
also known as the Rostow paradigm of growth [8]. This critique questions the alleged
spontaneity of forest recovery in the face of industrial capitalism, arguing that FT necessarily
requires state intervention in resource exploitation by the private sector and does not
proceed by a natural succession of preordained stages [9]. It also points to the impact of
institutions, trade, and historical contingency on FT, given that alleged necessary conditions
do not always lead to the expected outcome [8,10–12]. Behavioral contingency plays a role
as well, given the wide variety of skills individuals possess and the great diversity in their
preferences for production and consumption.

More recent critiques call attention to scale and foundational issues of measurement
and definition [13]. As for scale, there is no a priori reason to restrict FT to the nation-state
given that processes of forest recovery occur not just at the macro-scale but also in highly
localized settings [14–16]. In fact, aggregate deforestation might conceal regional FT as a
function of the biome [15,17,18]. As for the issue of measurement, ecologists have pointed
to the false dichotomy between conservation and agriculture inherent in FT theory, which
is based on an agriculture–forest binary equating forests with conservation and agriculture
with degradation [19,20]. Many landscapes are highly fragmented, with matrices combining
agriculture and forest as opposed to distinct partitions into two categories, as noted at the
outset. Further, the forest itself may provide agricultural values either by grazing or by
the substitution of trees producing commodities for those of the original biome. In such
landscapes, ecosystem services are more likely to be provided by a matrix of agroecological
land use than by native forests. This framing, compatible with the whole landscape
approach [21], recognizes a persistent rurality in which indigenous and other rural people
do not abandon marginal lands but instead adapt their practices to the agroecological
environment [22–24]. In these cases, small-scale sustainable agriculture can contribute
effectively to an ecosystem services conservation strategy in the absence of a stylized FT.

This study presents research attentive to scale, both spatially and temporally, which
accounts for the definitional issues raised by ecologists. With respect to spatial scale, we
address complex, countervailing processes whereby aggregate deforestation conceals a
disaggregate FT as a function of biome type [17]. In addition, the detail of our remote
sensing analysis enables us to decompose the “forest” category into native forest and fruit
tree plantations, which in our case possess contradictory implications for conservation. We
are therefore able to address the binary framing of conventional FT theory with a “fuzzy”
approach that translates forested and non-forested land covers into an agroecological
matrix. In undertaking our analysis with a representative case study, we implement a
multidecadal time span consistent with early FT conceptualization. Thus, the analysis
period brackets long-run changes in Mexico’s macro-economy driven by neoliberal reforms.
Finally, the temporal scale implemented provides an opportunity to examine the impact
of land tenure and property rights on localized FT, given that it covers changes in the
institutional environment that have generated a complex pattern of private and communal
holdings in the study area. Many have called attention to the role of property institutions
in explaining dynamic land cover processes such as deforestation. Consequently, since
land tenure affects land use decisions, FT, as an outcome of agricultural decision-making,
must necessarily reflect the institutional context in which it occurs [10,25]. To date, little
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empirical work has documented how land rights impact restorative ecological processes
such as FT.

1.1. Forest Dynamics in Latin America

Mather [6] and Walker [7] documented FT in much of the global north and argued
there was no guarantee it would occur where nations were still experiencing high rates of
deforestation, such as in the global south. Nevertheless, research has now documented FT
in a wide variety of settings [25–28]. For example, Grau and Aide [27] point to 18 Latin
American cases occurring between 1996 and 2008. Most of them—incipient and highly
localized—involve relatively small areas, with half covering less than 5000 km2 and only
three exceeding 100,000 km2. In addition to the reduced extent, the identified FTs are
recorded for periods of short duration and do not necessarily reflect long-term dynamics
associated with structural changes in an economy. Only two FTs appear to be occurring at
a national scale, one in Puerto Rico and the other in El Salvador.

Puerto Rico is a commonwealth of the US, where manufacturing is heavily subsidized
and emigration to the United States is unrestricted [7]. Here, annual rates of forest recovery
from 1940 to 1990 have been estimated at between 9% [7] and 0.63% [29]. The other
macro-scale FT is occurring in El Salvador, where civil war displaced a large part of the
rural population in the 1980s [30]. Since 1990, forest covers have expanded by 7% in El
Salvador’s closed forests and 30% in its open forests [30]. The Brazilian Legal Amazon
provides another relevant example given the area covered, ~5 million km2. Here, Perz
and Skole [31] reported declining rates of deforestation, with an increasing expansion of
secondary forests for the period 1986–1992. Net secondary forest gain represents only 1%
in the aggregate, but in old settlement areas of the lower basin, it reaches 25%. Finally,
regional FT over a large area is occurring in the Atlantic Rainforest biome of Brazil, as
documented by [17].

FTs in Puerto Rico, El Salvador, and Brazil reflect histories of agricultural land aban-
donment, where country-specific contingencies have managed to push and pull people
from rural areas, with significant depopulation in the countryside [30,32]. Studies of Latin
American FTs at more localized scales have emphasized the impact of changing livelihood
strategies on household mobility [16,33,34]. For example, Rudel et al. [35] used remotely
sensed and household data to investigate FT in the Peruvian Amazon. Schmook and
Radel [36] took a similar approach to the southern Yucatan in Mexico. Results from both
studies confirm an incipient FT in each case but diverge in their explanations. In Yucatán,
out-migration and non-farm job opportunities appear to be driving a decline in deforesta-
tion. By contrast, out-migration does not appear to promote FT in the Peruvian Amazon,
where household decisions about land use and livelihood diversification play key roles.

These Latin American examples suggest that landcover change dynamics sometimes,
but not always, follow an FT narrative in which rural out-migration and forest recovery
are linked to changes in national and global economies [15,37]. Our work provides an
additional case study for Mexico, specifically in the highlands of Michoacán, where previous
research has explored how landscape processes are linked to economic dynamics occurring
at various scales, from global to local. Much of this work suggests an FT may be underway
as agricultural abandonment leads to spontaneous forest regeneration [25,38], while other
observations suggest drastic forest loss due to illegal logging and conversion to export-
oriented avocado orchards [39].

1.2. Forest Transition: The Mexican Case

Mexico presents a useful case for addressing forest transition. Of particular note is
the process of neoliberal reform that it has experienced since the 1980s with the General
Agreement on Trade and Tariffs (GATT, 1985), which was followed by the North American
Free Trade Agreement (NAFTA) in 1994 and, most recently, the United States–Mexico–
Canada Agreement (USMCA) in 2020. These reforms affected land tenure and market
access for smallholder farmers throughout Mexico. Land tenure was impacted by the ejidos,
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the publicly held properties created during the land reforms of the Mexican Revolution.
Although private farm properties have long existed in Mexico, they expanded significantly
following Amendment 27 to the Mexican Constitution in 1992, which allowed for the
privatization of ejidal farm parcels under strict guidelines [40]. In addition to this, trade
liberalization essentially thrust Mexico into the global economy by reducing tariffs on
imports and eliminating subsidies to production from the parastatal sector [41,42].

Trade liberalization in Mexico and neoliberal reforms more generally have tracked an
autonomous process of agricultural intensification, which began with the green revolution
in the 1960s with new varieties of wheat and maize. Also in evidence is a multidecadal
process of land cover dynamics. An examination of total forest change magnitudes at a
national scale reveals overall declines in deforestation rates through much of the time period
until 2013, when rates began to rise once again (see Figure 1). The rate of deforestation
between 1985 and 1992, 0.53% yr−1, declined to 0.11% yr−1 for the period 2002–2014. Of
particular interest for this study are the forest cover dynamics revealed when the data
are disaggregated by forest biomes. As the figure shows, deforestation rates in tropical
humid biomes have steadily declined throughout the time period, and an apparent FT is
underway in Mexico’s temperate forests, which increased their extent from 341,805 km2 in
2002 to 351,562 km2 in 2018, for an annual rate of transition of 610 km2 yr−1. Unfortunately,
deforestation rates in tropical dry biomes show a pronounced rise across the time period, a
trend that parallels deforestation patterns across the global south [18,43,44]. The dramatic
and continually high deforestation rates in tropical dry biomes clearly explain the total
deforestation rate trends on a national scale.

 

Figure 1. Forest change magnitudes 1985–2018 km2 [45]. Five study sites in PLW, located in Mi-
choacán state, central Mexico.

2. Methodology

2.1. Study Region: Physical and Social Characteristics

The present study addresses a specific case of a temperate FT, one occurring in the
Patzcuaro Lake watershed (PLW) in the state of Michoacán, Mexico (see Figure 2). The PLW
is part of the Purhépecha Indigenous Region, and, like many other parts of rural México,
human settlement at this site is ancient, dating back more than 5000 years [46]. The water-
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shed, covering ~1000 km2 [47], drains into Pátzcuaro Lake, with a surface area of 130 km2

and a 4.9 m mean depth [48]. The regional geomorphology is dominated by volcanic
mountains, inter-mountainous valleys, piedmonts, and hills, with elevations ranging from
2035 m.a.s.l. at lake level to 3400 m.a.s.l., the altitude of the highest mountain [47]. The PLW
possesses a mild, temperate climate, with an average annual temperature of 14.5 ◦C and
an average rainfall of 1000 mm-yr−1 distributed mostly from June to October. Soils are of
volcanic origin and are mostly fertile. Ecology is dominated by the temperate forest biome,
consisting primarily of a mixed pine–oak forest. Fir trees (Abies religiosa) are found in the
high elevations, while pine (Pinus pseudos-trobus, P. michoacana, and P. montezumae) and
oak (Quercus rugosa, Q. castanea, and Q. laurina) grow on the wide slopes of the mountains.
Lower elevations are covered by grasses and secondary herbaceous vegetation, presumably
of anthropogenic origin [48].

 

Figure 2. Map of the study area.

Agriculture occurs on small holdings (<5 ha) in the flat areas around the lake and in
the valleys [47]. The main seasonal crops are maize, oats, wheat, legumes, and vegetables.
Tree crops are also grown, avocado in particular, but maize is the most important crop,
representing 71% of the planted area (8115 ha total in 2014), followed by oats, which are
used to feed cattle [46]. PLW agriculture takes place within a complex spectrum of land
tenure institutions, ranging from private property to those reflecting a more communal
approach. These include Comunidades Agrarias (agrarian communities), which recognize
long-standing collective tenure rights, and ejidos, which are collective land reform grants.
Under both collective arrangements, individual land managers generally have strong
usufruct rights to planted fields and orchards, while lands with native tree cover are
shared by the community as a whole. The private properties, agrarian communities, and
ejidos in our study area are mostly inhabited by Purépecha Indigenous peoples. The
agrarian community (AC), also referred to as the Indigenous community in this part of
Mexico, includes a higher density of collective social institutions for self-governance and
ritual celebrations.
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2.2. Prior Research

A substantial amount of research has addressed resource use and agriculture in the
PLW. Klooster [25] used aerial photographs (from the years 1942, 1960, 1974, and 1990) and
satellite imagery (2000) together with key informant interviews to investigate long-run
landscape dynamics in the PLW, including one of the communities in the present study.
This work suggested an overall expansion of forest cover, primarily on agricultural fields
that were far from towns or on poor soils [25,49]. In a similar study on the neighboring
Lake Cuitzeo Basin, Lopez et al. [38] used aerial photographs from 1975 and 2000 to show,
for the entire 4000 km2 watershed, a substantial expansion of scrubland areas following
the abandonment of rainfed agriculture and a slight increase in the forest. Evidently,
land abandonment occurred in ‘relatively unproductive’ areas, especially stony fields and
hillsides with low yields. In several municipalities, however, avocado orchards replaced
rain-fed agriculture.

These findings are generally consistent with the FT narrative stemming from agricul-
tural abandonment [25,50]. Other land cover dynamics have been observed in the region.
Although FT appears to be long-term and ongoing, deforestation to make way for avocado
plantations is occurring in addition to logging, which is shifting species composition away
from commercially valuable pine to less valuable oak by selective harvest [49]. Aside from
outright resource exploitation, the PLW also provides examples of community forestry [39].
In an area approximately 50 km to the south of the PLW, Barsimantov and Navia An-
tezana [40] used Landsat TM and ETM images from 1990, 1996, 2002, and 2006 to conduct
comparative landcover change analyses in four indigenous communities. Two of the four
communities maintained effective communal organization, established legal community
logging operations, and manifested drastically lower deforestation rates than the two oth-
ers, which lacked effective communal organization. Here, communal forests were illegally
logged, then extra-legally privatized by a transfer to non-community members who planted
avocado. Most of the deforestation occurred during the early and mid-1990s, amid changes
in communal tenure policy and a relaxation in log transportation rules.

2.3. Current Study

Our research comprises a remote sensing analysis designed to (1) capture the land
cover impacts of a multidecadal process of trade liberalization; (2) ascertain the role that
land tenure plays in land use dynamics affecting forest cover; and (3) resolve forest cover
types into native and “commodity” covers of fruit trees, in this case, avocado. Our research
complements earlier work by providing a quantitative assessment that disaggregates land
change processes in the PLW into source land covers and by extending the analysis to the
post-NAFTA period. The specific coverage area for the remote sensing analysis comprises
five localities in the PLW, selected to ensure variation in land tenure regimes. These
include communal lands in indigenous communities (San Andrés Tziróndaro, San Jerónimo
Purenchécuaro) and ejidos (Erongarícuaro and La Zarzamora), in addition to private
properties (also in Erongarícuaro) (see Figure 3). Ejido Zarzamora, Ejido Erongarícuaro,
and the private properties under analysis are found in Municipio Erongarícuaro, while the
two indigenous communities are located in Quiroga Municipio. We used remotely sensed
data to produce land cover change matrices for each locality.

The remote sensing and GIS analysis involved change detection based on data from
1996 and 2018. For 1996, we created a land-use map by visual interpretation of black and
white aerial photographs taken in 1996 at 2m spatial resolution. The aerial photographs
were interpreted by an expert familiar with the study area and who had deep knowledge
about the distribution of its land cover. In addition, information such as the form, shape,
texture, and tone of the land cover classes was employed during the visual interpretation
process. For 2018, we used very high spatial resolution images available in Google Earth,
downloaded as an RGB photo and geometrically rectified, then projected to a common
Universal Transverse Mercator projection (WGS 84, UTM 14N). The change analysis was
carried out following an interdependent interpretation procedure developed by FAO [51],
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by which the first image is interpreted visually and then the second image is modified based
on the interpretation. Accuracy assessment was not performed for the 1996 land-use map
since there were no available high-resolution images in Google Earth to obtain ground truth
data. The visual interpretation of aerial photographs by an expert was capable of producing
land-use maps with high accuracy. By following this procedure, it was expected to be able
to produce consistent change data. We superimposed the GE photo on the 1996 land cover
map and visually identified the land cover areas that showed changes over the period; not
all land use changed. The land cover categories implemented were forest (e.g., pine and
oak), secondary vegetation (e.g., herbaceous vegetation, potential fallow, and dirty grazing
pasture), annual crops (e.g., maize, legumes, vegetables), tree crops (e.g., avocado), and
urban areas (built-up areas). Our change detection analysis produced transition matrices
for the aggregate across all five localities as well as for each one. Net changes for each
category of land use are given, as is the transition matrix for each pairwise permutation of
the land use categories.

 

Figure 3. Five study sites in PLW, located in Michoacán state, central Mexico.

3. Results

Before presenting the results of the land cover change analysis, we provide background
context by considering the socio-demographic conditions of the five localities (see Table 1).
As is evident, the population of the agrarian communities (ACs) numbers in the thousands,
considerably more than the relatively few people who live in the ejidos. A similar pattern
emerges for the land area. In this case, both the land area for the ACs and the private
holdings are larger than the ejidos. In general, the five localities have remained stable
over time, even though the ejidos and AC of San Jerónimo are quite old. Although the
ACs and ejidos have both benefited from government subsidies under PROCEDE, poverty
remains entrenched.

Table 1. Characteristics of localities in study region.

AC
San Andrés

AC
San Jerónimo

Ejido
Erongarícuaro

Ejido
Zarzamora

Private
Property

Erongarícuaro

Population:
Total a 2418 1981 98 31 3639

Indigenous a 2418 1981 unknown unknown unknown
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Table 1. Cont.

AC
San Andrés

AC
San Jerónimo

Ejido
Erongarícuaro

Ejido
Zarzamora

Private
Property

Erongarícuaro

Poverty a Medium Very Low Very Low Very Low Very Low

Area (ha):

Initial Size b 2621.4 3146.8 648.0 117.7 NA
Current Size c same same 1045.0 same NA

Resolution b

Initial date
26 August 1997 22 September 1975 14 January 1918 3 February 1961 NA

PROCEDE c

Current date
15 May 2006 24 September 2002 24 July 2002 30 June 1997 NA

Sources: a Consejo Nacional de Poblacion, Mexico [52,53]; b Presidential Resolution of Communal and Ejido [54];
c Program Certificación de Derechos Ejidales y Titulación de Solares—PROCEDE [54].

3.1. Changes in Land Use

Aggregate changes in land use across the five localities for the period reflect three
processes, namely: (1) the reduction in the area dedicated to annual crop production,
(2) the emergence of tree crops, specifically avocado, and (3) the abandonment of secondary
vegetation to ecological succession (see Table 2a). The aggregate reduction in the area
under annual crop production in the study region, in particular maize, is the dominant
agricultural dynamic, with a decline of ~550 ha from ~3872 ha in 1996, or about 14 percent.
For its part, avocado production expanded dramatically from a limited 5 ha dedicated to the
crop in 1996 to more than 230 ha by 2018. During this same time period, private properties
decreased the area under annual crops by 547 ha. The two indigenous communities
manifest rather static dynamics, with farming based solidly on annual crops in both periods;
neither has planted tree crops and only San Jerónimo shows any change in secondary
vegetation, with a reduction of ~90 ha from ~350 ha in 1996. The annual crop area has
remained stable in Ejido Erongarícuaro, where 8 ha of avocado were planted sometime
after 1996. Tree crops were not planted in Ejido Zarzamora, which shows the abandonment
of land under annual crops. The areas here are small relative to the other localities and
therefore do not affect the aggregate dynamics.

Table 2. (a) The area of land use and land cover changes from 1996–2018. (b) Land use transition
from 1996 to 2018.

a

Land Use
Categories

Areas in 1996 (ha) Areas in 2018 (ha)
Change

Area (ha)

Annual crop 3872.19 3324.99 −547.2
Temperate forest 5448.3 5883.32 +435.02
Tree crops 5.51 228.87 +233.36
Secondary vegetation 956.05 771.96 −184.09
Urban zone 278.88 351.80 +72.92

b

Land Use 2018 (ha)

Land Use
1996 (ha)

Annual
Crop

Forest
Tree

Crops
Secondary
Vegetation

Urban
Areas

Total

Annual
crop

3293.47 280.58 101.95 125.05 71.14 3872.19

Forest 9.35 5334.09 85.89 18.37 0.61 5448.30
Tree crop 0.73 4.29 0.50 5.51
Secondary
vegetation

21.44 268.65 36.74 628.54 0.67 956.05

Urban areas 278.88 278.88
Total 3324.99 5883.32 228.87 771.96 351.80
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3.2. Forest Transition

In 1996, forest covered ~5448 ha of the five localities in the sample, and by 2018, 435 ha
had been added, yielding an annualized transition of 20 ha-yr−1, or a gain of eight percent
for the period. This translates into a relative FT rate of 0.36%-yr−1. Evidently, the local FT
calculated for the PLW is three times faster than what is occurring in the temperate biome
at the national scale in Mexico (0.11%-yr−1).

About half of the study area’s forest gain is accounted for by private properties
(219 ha). This is followed by the gain of 169 ha in the indigenous community, San Jerónimo,
in contrast to the forest cover stasis in San Andrés. Both ejidos show a transition, with an
additional 28 ha of forest cover acquired by Ejido Erongarícuaro for the period and 16 ha by
Ejido Zarzamora. The expansion of forest land on private properties is mostly accounted
for by the suspension of annual crop production on 220 ha; 122 ha are contributed by
succession from secondary vegetation. The sources of FT in San Jerónimo are reversed,
with 123 ha coming from succession and 48 ha from the abandonment of crop fields. Hence,
for these two localities, 268 ha of transition stem from field abandonment and 245 ha from
vegetative succession. For the two ejidos, the scaling back of annual production accounts
for most of the observed transition.

4. Discussion

The FT in the PLW, first documented by Klooster [25,49], has continued to the present,
with the region’s temperate forest gaining ground from the mid-twentieth century. Klooster [25]
drew attention to the land-use component of FT, as advanced by Grainger, noting that
field abandonments throughout the region were key to the region’s land cover dynamics,
especially the restoration of its temperate forests of pine and oak. The present study adds
to the historical case presented by Klooster in documenting the contraction of annual crop
production with the concomitant release of land to successional processes. We are able to
show explicitly that most of the FT occurring across the five localities is attributable to the
abandonment of land under annual crops. Such field abandonments arise for two primary
reasons. Either 376 farmers abandon cornfields altogether to earn a living elsewhere or
from off-farm activities, or they continue farming but with different crops and farming
systems. We now consider each possibility. Our methodology cannot assess the quality
of the remaining and recovering forests; the removal of the most commercially valuable
species and individual trees is likely to happen [24,25].

It is certain that the study area’s mobility patterns are consistent with farm closures.
Although population dynamics are not observable at the locality level, insight can be
gained with municipal data. Ejido Zarzamora, Ejido Erongarícuaro, and the private prop-
erties under analysis are found in Municipio Erongarícuaro, while the two indigenous
communities—San Andrés and San Jerónimo—belong to Municipio Quiroga. Both Eron-
garícuaro and Quiroga grew during the period of NAFTA implementation (1990–2005),
Erongarícuaro from 11,930 to 13,060 residents and Quiroga from 21,917 to 23,391. Dynam-
ics affecting their rural and urban places differ, however. Of interest is Erongarícuaro’s
declining rural population (from 11,930 to 10,593). This suggests that people are leaving
the rural economy for better opportunities elsewhere, which could explain the FT in each
of the three localities found here (private property and two ejidos).

Alternatively, Quiroga experienced rural population growth between 1990 and 2005
(from 3788 to 5735). Although annual cropping persists in a reduced area, FT follows the
succession of secondary vegetation. Moreover, the growth in the rural population hardly
suggests that the restoration of the forest has been driven by outmigration. For the notable
case of San Jerónimo, FT evidently arises for reasons other than farm closure, perhaps
from changes in household production involving intensification or from the replacement of
maize produced locally for human consumption with purchased grains [25]. FT dynamics
may also include a shift from wood to natural gas for cooking, although rural people in the
area tend to continue to use firewood even after adopting natural gas options [55].
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Although we cannot clearly link migration dynamics to the landcover changes we
detected, it is clear that smallholder farming strategies throughout the region, and Mexico
more generally, have changed appreciably in the wake of NAFTA and closely related
institutional reforms. Maize agriculture has long been important to the PLW and still
represents a key component of household farming [56]. Nevertheless, our study frame
brackets the period during which PLW farmers began their engagement with the maize–beef
complex, a vertically integrated system of maize suppliers, feedlots, and supermarkets [46].
Now found in all regions, this highly integrated production chain, which exports beef to
global markets, is concentrated near cereal-producing regions in temperate central Mexico
such as El Bajió, comprising the States of Guanajuato, Jalisco, and the state of the study area,
Michoacan.

The adjustments in farm-level production followed trade liberalization, NAFTA, in
particular, which stimulated a structural change in the Mexican cattle economy, specifi-
cally a switch from the grass-fed system of the hacienda to a complex supply chain based
on feedlots, cheap imported grains, and expanding global markets for beef. As a conse-
quence, new opportunities for smallholders have opened as suppliers of calves and feeders.
Although the mixed farming systems in the PLW have long incorporated cattle in their
production portfolio, the survey data reported by Astier et al. [46] for two of the study
area municipalities (Erongarícuaro and Quiroga) revealed a substantial herd expansion
from 589 animals at the start of their individual operations to 1760 animals in 2019 for
130 smallholder households. At the same time, the average household herd size grew from
5.8 to 14.5 animals. In accompaniment has been a shift in the role that bovines play in the
household economy, with the sale of feeders to the supply chain replacing reproduction as
the primary reason for maintaining cattle.

Prima facie, this might be expected to have placed pressure on forests to convert to
pasture. Unfortunately, our remote sensing analysis was unable to identify pasture as a
distinct land cover category, which is probably moot given the presence of FT. The expla-
nation evidently lies in the availability of cheap corn and the use of household grains to
feed the animals [41]. This could explain why the amount of land used for grazing has
diminished over time across the sample, from 1236 to 1084 ha; a decline tracked by the
household average from 8.64 to 7.52 ha [41]. Earlier, we suggested that land abandonment
in Municipio Erongarícuaro is attributable to farm closures and economic difficulties. An
alternative explanation is that cheap grains bought by the sale of feeders have diminished
the household demand for annual production. Following NAFTA, family cow–calf oper-
ations no longer produce maize for local consumption. Evidently, old maize fields have
been converted to pasture and secondary forests in which cattle graze. Supporting this
possibility, and mitigating our inability to identify pastures with remote sensing, is the
fact that smallholders in the PLW do not graze their animals on well-formed pastures, but
rather in forests and secondary vegetation (agostadero).

As for the possible impact of the 1992 amendments to Article 27 of the Mexican Con-
stitution, we call attention to the sharp distinction between private properties on the one
hand and ejidos and indigenous communities on the other, with respect to the production
of avocado. The amendment undid basic principles of the Mexican revolution as codified
in Article 27, which established the inalienability of ejido lands, effectively transforming
them into communal holdings, much like Indigenous communities’. After 1992 (and with
the implementation of NAFTA), ejidatarios were able to privatize holdings subject to regula-
tions and legal protocols. Only then could land be used as collateral to guarantee the loans
necessary to invest in avocado. This could explain why nearly all avocado plantations are
found on private holdings. There are other possible explanations, the analysis of which
lies beyond the scope of this paper. For example, private properties may have inciden-
tally formed on lands with enhanced capabilities (soils and topography). Alternatively,
communal controls on farm practices might have inhibited commercial prospects.

The extent of avocado agriculture appears to be growing. Orozco-Ramírez and
Astier [56] measured its expansion in the PLW for two municipalities in the present study.

125



Land 2023, 12, 840

In Erongarícuaro, the avocado area grew from 8 hectares in 2003 to 211 hectares in 2014, and
in Quiroga, from 5 to 73 hectares for the same period. In both cases, avocado areas grew at
the expense of maize fields and the native forest of pine and oak. This rapid expansion is
observable throughout the region. In the primary avocado-growing parts of Michoacán,
associated land allocations increased from 3 to 34% of the total area, while fields for annual
crops (mostly maize) shrank from 35 to 16%, and forests from 47 to 30% [57].

Our research documented a localized FT in the PLW, one that mirrors what is hap-
pening in the temperate forest biome across Mexico. This recovery of the forest area has
occurred simultaneously with a significant structural change in regional agriculture. The
old maize-oriented family farm appears to be giving way to more commercially oriented
enterprises consisting of cow–calf operations, avocado plantations, or some combination of
the two.

5. Conclusions

Economists and others often speculate about the link between resource management
and land tenure. Bioeconomic theory has pointed to the superior performance of private
property with respect to a variety of conservation outcomes [7]. It is argued that when
resources are held in common, conservation-compatible incentives do not emerge. Al-
though the theory has not been well articulated for the case of FT, it stands to reason that
any kind of land cover change, to the extent it is driven by incentives, must bear some
relationship to the land tenure situation. In the present case, the results are inconclusive. In
absolute terms, private holdings dominate FT, affecting the native forest and accounting
for about half of the new area captured by our analysis. However, one should not be too
quick to conclude that FT is more likely to occur on private properties, which might be
taken as the logical inference of bioeconomic theory and the incentives argument. Private
property dominates in absolute terms, but its FT in relative terms (recovered native forest
as a percentage of the land in private property) is 6%. For the case of Ejido Zarzamora, the
relative FT is 20%; for Ejido Erongarícuaro, 5%; and for AC San Jerónimo, 5%. Although
the AC of San Andrés shows no FT whatsoever, we note that our sample size forecloses an
inferential conclusion, especially given the substantial variation in the relative rates across
the communal properties.

FT research has called attention to the nature of the forest that returns to the landscape
following the transition [7]. The hope is that the same ecosystem services, in the form
of biodiversity maintenance and carbon sequestration, will be restored, but there is no
guarantee. Our study reveals two confounding factors that weaken the prospects of such
a beneficial outcome. The first is that Mexico’s temperate FT involves a hidden land use,
namely the grazing of cattle under closed canopies. It is difficult to imagine that this
would not significantly impact both biodiversity and forest biomass. Further, absent sound
forest management practices, woodcutting, and timber harvesting are likely to remove
commercially valuable species from the forest, which could degrade its ability to provide
the ecosystem services that local people value. Evidently, such exploitation in the PLW is
pushing the forest to one dominated by oak.

The second confounding factor involves tree crop production, avocado, in particular.
Tree crops with closed canopies are forests of a type, and it may be difficult to classify them
as a separate land cover when remotely sensed data do not possess sufficient resolution.
Even with adequate resolution and a sure classification, an analyst might naively interpret
avocado plantations as a type of forest for the simple fact that avocado plants are trees. Is
there any harm in this, one might naturally wonder. Would it be wrong to conclude that
the encroachment of avocado plantations on abandoned maize fields represents a type of
FT? We argue that an answer should depend on the ledger of ecosystem services before
and after the plantation matures. In the case of avocado, environmental harms outweigh
its production of ecosystem services.

Of prime concern in the case of avocado are irrigation and pollution [58]. Irrigation, in
which well-capitalized interests typically invest, disturbs the hydrological balance, thereby

126



Land 2023, 12, 840

affecting the microclimate and surface water run-off patterns [59,60]. The use of manure and
synthetic fertilizers—also used by large-scale operations—have been shown to eutrophy
receiving water bodies, which are also impaired by run-off with pesticide residues. The
negative externalities of land-use change involving a switch from the temperate pine–oak
forest of the PLW to avocado plantations are well documented and clearly militate against
counting avocado trees as adding to the positive side of the ecological ledger [60]. It
should not be forgotten that avocado agriculture also produces a valuable commodity that
could potentially generate higher income. Nevertheless, assessing the extent to which an
economic activity promotes human welfare requires an accounting of all associated costs.
Our analysis has pointedly equated forest with native forest, which a priori eliminates the
possibility of making a definitional error that would lead to an overestimation of the study
area’s FT.

Mexico’s National Contribution to the Paris Climate Treaty addresses the agricul-
tural sector and forest management. Like other nations with large extant forests, Mexico
recognizes the ecosystem service of carbon sequestration and consequently has crafted a
mitigation approach involving the principles of UN-REDD. As already mentioned, this
involves the policy objective of achieving 0% net deforestation by 2030. Such an objective
may not seem far-fetched given the onset of FT in its temperate forests. One should be
cautious, however, in concluding that this is the best possible outcome for the environment
as a whole. An agroecological matrix of land uses may provide more ecosystem services
than a recovering “forest” that is grazed or a new one that generates valuable commodities.
The present study does not suggest the FT occurring in the PLW offers no environmental
benefit, given that we have excluded avocado trees from the “forest” category. Further, the
FT we have measured appears quite robust. It has prevailed against the structural changes
induced by trade liberalization, involving a partial shift from maize-oriented agriculture to
cow–calf operations and avocado plantations. Only time will tell if these new and profitable
activities will reverse the multidecadal FT presently occurring in this part of Mexico.
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Abstract: As the farmland transfer market in China develops, moderate-scale operations increasingly
grow but without much improvement in fertilizer use efficiency. This study theoretically analyzes the
mechanism and effect of rising farmland costs on fertilizer use efficiency using multiple quadratic
regression and mediating effects models. It empirically tests a micro-sample of 806 farmers in Gansu
and Jiangsu provinces in China from two dimensions: the full samples and farmer heterogeneity.
The results showed 0.544 as the average fertilizer use efficiency (hereinafter, fe) of farmers in Gansu
and Jiangsu, highlighting the severe loss of fe caused by excessive fertilizer inputs. The multiple
quadratic regression model further revealed an inverted U-shaped relationship between farmland
costs and fe, with the U-shaped curve showing a remarkable inflection point at the USD 708/mu mark.
When farmland costs are excessive (cost > CNY 708/mu), the increase in farmland costs inhibits the fe.
An investigation of the corresponding impact mechanism for this scenario (i.e., cost > USD 708/mu)
revealed that farmland costs directly suppress fe (−0.485) by distorting the fertilizer factor substitution
effect and indirectly suppress fe (−0.037) by impeding the technology spillover effect of production
specialization and production scale-up. We also found heterogeneity between two groups: ordinary
farmers and new agricultural operators (e.g., large grain and family farmers), with the peak kernel
density function of fe of new agricultural operators (0.85) being much higher than that of ordinary
farmers (0.30). Moreover, the multiple quadratic regression between the groups revealed a lower
inflection point for ordinary farmers (CNY 638/mu) than new agricultural operators (CNY 823/mu),
highlighting that the fe of ordinary farmers was more likely to be inhibited by the excessive rise
in farmland costs. To promote the sustainable development of China’s agricultural production,
we propose reducing the cost of farmland, promoting service-scale operations, and fostering new
agricultural operators.

Keywords: farmland costs; fertilizer reduction; new agricultural operators; multiple quadratic
regression model; mediating effect model

1. Introduction

Since the founding of “New China”, especially since the country’s reform and opening-
up, China’s agricultural production methods have evolved—from relying mainly on tra-
ditional agricultural resources (labor) to capitalizing on chemical agricultural resources
(chemical fertilizers) [1]. The rapid growth of chemical fertilizer application has greatly
supported the stable supply of agricultural products in China [2]. However, negative
environmental externalities such as the surface pollution caused by heavy fertilizer applica-
tion have been highlighted [3–5], including soil acidification, the eutrophication of water
sources, and increased greenhouse gas emissions [6,7], which have primarily impeded
China’s sustainable agricultural development. In response, the Chinese government has
actively launched a zero-growth fertilizer campaign and enacted a series of policies to
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promote green agricultural development in recent years. Under the guidance of ecological
civilization, China’s zero fertilizer growth target has also been largely achieved, but the
total base remains high. In 2020, the total fertilizer application in China was at 52.5 million
tons, a unit area application rate of 390 kg/ha [8]. This is much higher than the internation-
ally accepted fertilizer application limit of 225 kg/ha. At this stage, China’s grain supply
and demand remain in tight balance, with significant structural contradictions. Thus, the
promotion of chemical fertilizer reduction has become an important link affecting food
security and sustainable agricultural development, becoming the focus of academia.

In recent years, scholars in China and abroad have paid attention to fertilizer reduc-
tion [9–11], especially regarding the impact mechanisms, with different focuses in different
periods. Based on the changing characteristics of the external environment of agricultural
production in China, the existing literature provides an in-depth analysis of the influential
factors concerning fertilizer reduction in three stages: labor off-farm transfer [12], farmland
transfer market development [13], and agricultural production service market develop-
ment [14]. Initially, in the context of the off-farm transfer of agricultural labor, there was
growing concern that the ongoing wave of off-farm employment would hurt the agricul-
tural environment, as measured by fertilizer use intensity, because rational smallholders
tend to hedge output risks by over-applying fertilizers [15]. Using panel data from two rep-
resentative mountainous and plain areas in Sichuan and Henan, Zhang et al. [12] found that
non-farm employment in mountainous (plain) areas has an inverted U-shaped (positive)
relationship with fertilizer inputs. As the market for farmland transfer continues to develop,
academics have turned to analyzing the impact of farmland transfer on farmers’ green
production behavior [13,16]. Starting from the relationship between farmland operation
scale and fertilizer inputs [17,18], scholars have focused on the positive impact of farmland
transfer and the resulting farmland scale operation on fertilizer reduction. Zou et al. [19]
found a suppressive effect of land transfer on the fertilizer use intensity of large-scale
farmers. The area transferred and nongrain crop planted were also negatively associated
with fertilizer application intensity. In contrast, the fertilizer reduction effect of farmland
transfer in smallholder production was weaker or not significant [20,21]. To compensate
for the negative impact of agricultural labor shortage and small-scale decentralized opera-
tion on agricultural production [22], China has rapidly developed agricultural production
services in recent years, and some scholars have started to focus on the contribution of
agricultural production services to fertilizer reduction. They concluded that agricultural
productive services promote specialized division of labor and precision production and are
an important option for fertilizer use reduction [23,24].

In contrast to domestic research, international studies focus on the influence of market
factors on farmers’ fertilizer application, such as consumption preferences [25], fertilizer
prices [26,27], agricultural prices [28], and government intervention [29,30]. Goetzke [25]
argued from an agricultural market supply and demand perspective that consumer pref-
erence for green agricultural products drives the reduction of chemical fertilizer inputs.
Through a combination of theory and empirical evidence, Banerjee [26] found that the
relative prices of fertilizer and output have a negative effect on fertilizer application by
farm households. Additionally, international researchers have also focused on the influence
of farmers’ intrinsic characteristics on fertilizer application, mainly in terms of individual
farmers’ characteristics [31], land operation scale [32], social networks [33], and farmers’
moral codes [34], to analyze the influence of production motivation and behavior on fer-
tilizer application due to differences in farmers’ intrinsic characteristics. International
and domestic research also share commonalities, for instance focusing on the impacts of
external factors such as farmland market development [35] and agricultural production
service market development [36] on fertilizer application, and both disagree on whether
land trading can contribute to fertilizer reduction. Conley and Udry [35] found that the
scale of operation through agricultural land trading could improve fertilizer application
efficiency. However, Bambio and Agha [36] showed that the expansion of land trade and
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the scale of operation intensified the short-term production behavior of farmers, which was
not conducive to fertilizer reduction.

The literature above has explored the impact mechanism of fertilizer reduction based
on the stage characteristics of the external environment of agricultural production in China,
and the internal characteristics and external factors of farmers, providing an important ref-
erence for this study. However, what has been overlooked is that along with the continuous
development of the farmland transfer market, farmland prices have increased, and the high
farmland cost has become an important feature of China’s agricultural production environ-
ment [37,38]. According to a Rural Land Management Rights Transfer Market Insight Series
Report, the average cost of farmland in China was CNY 11,000/hm2/year in 2020, and the
average annual growth rate of farmland cost in China has exceeded that of agricultural
production costs (i.e., material, labor, and land costs). Moreover, the share of land cost in
the total output of Chinese agricultural production is, on average, 31.35%, which is much
higher than that of the United States (21.00%), Brazil (16.92%), or the European Union
(8.81%) [39]. Furthermore, farmland transfer has not brought about a fundamental change
in China’s fragmented household management pattern, nor has the application of organic
fertilizer increased with the advancement of China’s farmland transfer market [2]. The
underlying problem is that given the rising farmland costs in China, farmland prices must
be kept at a reasonable range for farmland transfers to lead to fertilizer reduction with
excessive farmland costs, the allocation structure and degree of use of production factors
by agricultural producers change or even get distorted. However, few studies have focused
on the poor fertilizer reduction effect of farmland transfer from the perspective of farmland
cost. For a deeper investigation of the classic proposition of fertilizer reduction in Chinese
agriculture, the impact of farmland cost on fertilizer use efficiency to achieve sustainable
agricultural development must be explored.

Furthermore, in the current literature on the factors influencing fertilizer reduction,
most scholars still characterize the degree of fertilizer application directly by the amount of
fertilizer input per unit area. Notably, the marginal output of fertilizers will vary under
different factor allocation structures and even utilization levels. The key to whether fertilizer
input is excessive lies in the relative difference between the actual versus optimal input
amount of fertilizer. Therefore, some scholars have used the Cobb–Douglas production
function to characterize the degree of fertilizer application from the perspective of fertilizer
use efficiency based on the principle that the marginal product value of fertilizers equals
the price of fertilizers [40,41]. Hence, we also investigate fertilizer use efficiency to reveal
its changing characteristics from the perspective of rising farmland costs and explore the
mechanism of how rising farmland costs affect fertilizer use efficiency. The empirical
test is conducted using survey data of 806 farmers in the Gansu and Jiangsu provinces,
and multiple quadratic regression and mediating effect models from two dimensions: the
full sample and farmer heterogeneity. It is important in curtailing the adverse effects of
fertilizers on the environment such as soil acidification, eutrophication of water sources,
and increased greenhouse gas emissions, among others.

The remainder of this paper is structured as follows. Section 2 discusses the struc-
tural effect of rising farmland costs on fertilizer use efficiency and the impact mechanism.
Section 3 presents the study area, data resources, and basic model. Section 4 provides the
empirical analysis and main findings. In Section 5, we discuss the limitations of the study
and policy recommendations. Section 6 presents the conclusions.

2. Theoretical Analysis

2.1. Impact Pathways of Rising Farmland Costs on Fertilizer Use: Direct Versus Indirect Effects

With the transfer of surplus agricultural labor and the reform of China’s farmland
system, the development of the farmland transfer market has accelerated, leading to a
continuous rise in the cost of farmland. This situation has profoundly changed farmers’
behavior toward fertilizer application, which can be summarized as direct and indirect
effects of the rise in farmland cost (Figure 1a).

132



Land 2022, 11, 1730

Figure 1. Mechanisms of the impact of rising farmland costs on fertilizer use efficiency. (a) illustrates
the path of the impact of rising farmland costs on fertilizer use efficiency. (b) illustrates the substitution
of fertilizers on farmland. (c) illustrates the effect of fertilizer input quantity on farmland output.
(d) illustrates the effect of fertilizer input quantity on farmland output under the effect of indirect
pathways. (e) illustrates the relationship between rising farmland costs and fertilizer use efficiency.

(1) Direct path based on the substitution effect of production factors

To maximize income, farmers restructure the input of each factor of production ac-
cording to the changes in their relative prices, and the inputs of those that are relatively
low-priced are increased to replace those that are relatively high-priced. In the case of fertil-
izer substitution for land, the substitution process is essentially influenced by the relative
prices of production factors. The theory of induced technological innovation in agricultural
development suggests that farmers will choose the appropriate technological innovation
based on the relative prices of production factors. Moreover, fertilizer, as an agricultural
production technology that involves biology and chemistry, is a land-substituting factor of
production [42]. The increase in the farmland transfer price has caused the relative price of
fertilizers to fall. The increased use of fertilizers, which is an input factor to promote crop
growth, can partly replace farmland inputs that are higher-priced. Therefore, choosing to
increase the amount of fertilizer applied per unit area to reduce the cost of farmland inputs
is a rational choice for farmers.

(2) Indirect path based on the effect of farmland mobility

The farmland mobility effect includes producer specialization and the scale-up of
production methods, and farmland transfer prices indirectly affect fertilizer application
through the technological spillover effects on producers and the production scale. Examples
are provided below.

a. Producer specialization. Producer specialization refers to the allocation of land
from inefficient growers to more efficient growers. In a period of moderate price
increases, the farmland market promotes the efficient mobility of farmland, thus
forming an exit (entry) mechanism for “weak” (“strong”) operators. Farmland flows
into the hands of capable operators, who usually have better agricultural knowledge,
management skills, and ability to solve the technical constraints faced by green
agricultural production. They have a greater chance of acquiring green agricultural
production technologies, and the modern production methods they bring implicitly
promote the reduction of agricultural fertilizer production. However, excessive
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farmland prices prevent these management experts from effectively solving the
financial constraints caused by extreme cost increases, and the farmland transfer
market becomes “price-less.” When farmland is costly, it is difficult for operators to
apply green production technologies effectively, and the fertilizer-reducing effect of
farmland mobility is hampered [20].

b. Scale-up of production methods. Profit maximization theory suggests that when
the marginal output of an input factor of production is greater than the marginal
cost, producers are incentivized to increase the input of that factor. In a period of
moderate increase in farmland prices, producers will still choose to flow into farm-
land because of the economic incentive of scale payoffs in agricultural production.
Additionally, several studies have shown that scale production can reduce the unit
area cost of new technology use [43] and promote the diffusion of new agricultural
technologies [44,45]. For example, in the promotion of green production technologies
such as soil testing formula fertilization and water–fertilizer integration, having a
certain area of farmland to meet the scale criteria for promoting green production
technologies [18,46] can help promote chemical fertilizer reduction. However, when
the price of farmland is too high, especially when the marginal cost of farmland is
greater than the marginal payoff generated by scale benefits, producers become less
willing to purchase farmland and even choose to abandon farmland [47]. In this
situation, scale production becomes difficult, thus hindering the fertilizer reduction
effect [2].

2.2. Characteristics of Changes in Fertilizer Use Efficiency under Different Scenarios of Rising
Farmland Costs

Here, fertilizer use efficiency refers to the ratio of the actual amount of fertilizer
input to the potential minimum amount of fertilizer input that can be achieved under a
condition where the output and other input production factors remain constant [48]. To
reveal further the changing characteristics of fertilizer use efficiency from the perspective
of rising farmland costs, it is assumed that (i) only land and fertilizer are considered as
input agricultural factors of production; (ii) to maximize profits, producers achieve cost
minimization under equal yields by adjusting the combination relationship between these
two elements; and (iii) point A is the optimal point of fertilizer application, where the
marginal output of fertilizer is equal to the marginal cost of fertilizer.

(1) Moderate increase scenario

As shown in Figure 1b, when land prices change, the equal cost line between fertilizer
and land shifts for producers to realize their original expected returns. Specifically, when
the farmland price is low, producers tend to invest in more land. At this time, the iso-cost
line C1 is tangent to the iso-return curve S at point b. However, owing to the excessive input
of farmland area, the amount of fertilizer input is insufficient, resulting in low fertilizer use
efficiency. As the farmland price rises moderately, the producer realizes the expected return
by increasingly substituting fertilizer for land, and the equal-cost line moves from C1 to
C0. At this time, the equal cost line C0 is tangent to the equal return curve S at point b. The
structure of production factors is optimized, and the amount of fertilizer input is gradually
matched with the farmland area. As shown in Figure 1c, the equilibrium point moves from
point b to point a as the iso-cost line C1 shifts to C0, at which time the marginal output of
fertilizer equals the marginal cost of fertilizer, and the efficiency of fertilizer use reaches
its peak.

Additionally, the specialization of producers and the scale of agricultural production
change the constraints of family agricultural production technology, causing a shift in the
marginal output curve of fertilizers. As shown in Figure 1d, MP shifts upward to MP’,
facilitated by the farmland mobility effect. At this point, the fertilizer marginal output
curve intersects with the marginal cost curve at point a’; the fertilizer use efficiency reaches
the maximum, and the optimal input quantity of fertilizer expands to F0’. Therefore, when
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the amount of fertilizer input resulting from the increase in farmland price is lower than F0’,
the cost of farmland and fertilizer use efficiency show a positive relationship (Figure 1e).

(2) Excessive rise scenario

As shown in Figure 1b, as the farmland prices rise further, the equal cost line moves
from C0 to C2, and the equilibrium point moves from point a to point c. At this point, the
amount of fertilizer input is excessive and exceeds the degree of matching with the other
factors of production. As shown in Figure 1c, the marginal output of fertilizers at point c
is smaller than the marginal cost of fertilizers, and the amount of fertilizer input at this
point exceeds the optimal amount of fertilizer input. Additionally, because of the excessive
increase in farmland prices, the specialization of producers and the scale of agricultural
production are inhibited, and the decrease in fertilizer use efficiency intensifies. Therefore,
when the amount of fertilizer input resulting from the increase in farmland prices is greater
than F0’, the cost of farmland and the efficiency of fertilizer use show a negative relationship
(Figure 1e).

In summary, we propose the following hypothesis: the rising farmland cost—through
the substitution effect of production factors, specialization of producers, and scale of
agricultural production generated by the farmland mobility effect—leads the fertilizer use
efficiency to exhibit an inverted U-shaped change with the rising farmland cost; in particular,
the excessive rise in farmland cost hinders the improvement of fertilizer use efficiency.

3. Materials and Methods

3.1. Study Area

China is vast and varies greatly by region. We chose Gansu Province in northwestern
China and Jiangsu Province in eastern China as the study areas to obtain representative
results considering different farmland resource endowments, farmland prices, and fertilizer
application rates (Figure 2), as explained in the following. First, Gansu is a typical inland
mountainous region, where farmland resources are relatively poor; by contrast, Jiangsu
is a flatter coastal province with high-quality farmland resources. Second, as the market
development in Gansu Province is slow, the farmland transfer rent is relatively low—
only 485 RMB/mu, while the farmland market in Jiangsu Province is well developed,
and the farmland transfer rent is high—up to 920 RMB/mu. Moreover, in Gansu, where
the fertilizer reduction policy is well implemented, fertilizer application is relatively low
at approximately 800,000 tons. In Jiangsu Province, one of the major grain-producing
provinces in China, the pollution is rather serious [40], and the fertilizer application is
highly excessive from a nationwide perspective—up to 2.8 million tons. These facts are
essential for determining the relationship between farmland cost and the fertilizer use
efficiency in these regions.

3.2. Data Processing

Data were obtained from a survey of grain-growing farmers in the study area con-
ducted in 2020. First, applying random sampling, 16 county-level administrative districts
were selected as sample counties from these 2 provinces. Then, within each county, different
types of towns were randomly selected considering factors such as resource endowment,
geographical location, and economic development level. All villages within each selected
town were divided into high- and low-income groups, with one of each income type being
selected separately. Finally, in each village, no fewer than 10 households of different busi-
ness types were randomly selected (large grain growers refer to households with more than
3.33 hectares of arable land; family farms refer to farmers identified and registered by the
government as “family farms”, and all others are ordinary farmers). Using this sampling
strategy, we surveyed a total of 845 households (64 villages in 32 towns in 16 counties).
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Figure 2. Profile of study areas. Note: Farmland price data were obtained from 41,452 sample sites
surveyed by the Ministry of Natural Resources by letter; fertilizer input data were obtained from the
Compilation of Information on Costs and Benefits of Agricultural Products in China.

For the specific survey of the data, we first trained the surveyors in a uniform manner
and followed the steps of design, pre-survey, and finally revising the questionnaire. Sec-
ondly, in terms of survey content, we made detailed inquiries mainly about the production
information of farmers, including basic data related to farmland transfer, fertilizer use,
household characteristics, farmland characteristics, etc. However, since some farmers did
not transfer their farmland, and some were not willing to disclose their specific agricultural
production and operation information, they were excluded from our study. Finally, for the
sake of data availability, we used 806 samples for this study by excluding samples who did
not meet the needs of the study as well as outliers.

3.3. Methods
3.3.1. Measurement Method of Fertilizer Use Efficiency

Academics usually measure production efficiency or single-factor input efficiency
through data envelopment analysis and stochastic frontier production function analysis
(SFA) [49–51]. Considering that agricultural production is susceptible to stochastic factors
such as weather and natural disasters, we use an SFA method that can effectively distinguish
between stochastic perturbations and technical inefficiencies for estimation. The ratio of
optimal quantity of the potential fertilizer input to the actual fertilizer input can be observed
while keeping the technical efficiency fully effective. The specific steps are described as
follows. First, we determined the formula for measuring fertilizer use efficiency (fe) based
on the definition of fe in the theoretical analysis section. Second, we determined the
production function under the condition of optimal amount of potential fertilizer inputs
versus the production function under the condition of actual fertilizer inputs. We replaced
the calculation of fe using polynomial substitution again. Finally, we substituted the actual
output and input factor data of farmers into Equation (2) and used Stata to find out the
α1 and μi of each farmer, measuring the fe of each farmer in the calculation.
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Specifically, we first characterized the fertilizer utilization efficiency with the following
equation based on the definition:

f ei =
EFIi
AFIi

, (1)

where i denotes farmer; fei, fertilizer use efficiency; AFIi, actual fertilizer input quantity;
and EFIi, optimal quantity of the potential fertilizer input.

Moreover, because we focus on measuring efficiency rather than examining the specific
form of production, a simple C-D function is sufficient to support our study. Therefore, as
with the majority of the literature (Shi et al., 2019), the C-D function is chosen as the specific
form of the frontier production function, such that the efficiency frontier function can be
expressed as follows:

lnyi = α0 + α1lnc fi + α2lnlandi + α3lnlabori + α4lnotheri + v1i − μi, (2)

where yi is the total output; and cfi, landi, labori, and otheri represent fertilizer, land, labor, and
other inputs, respectively. vi is a random error term in the traditional sense, representing the
random factors present in production (e.g., measurement errors and various uncontrollable
random factors like weather and luck), which are assumed to follow a standard normal
distribution. μi is a nonnegative technical efficiency term that reflects the deviation of the
farmer’s production from the frontier and is assumed to follow an exponential distribution
with mean λ. It is also assumed that μi and vi are independent of each other and both are
uncorrelated with the explanatory variables.

In the selection of indicators, fertilizer input (in CNY), land operation area (in mu),
farm labor (by person) and other agricultural production inputs other than fertilizers
(specifically, land cost, labor cost, seedling fee, machine labor fee, etc.) are used to represent
cfi, landi, labori, and otheri. yi is characterized by agricultural production income (in CNY).

After estimating all the parameters of Equation (2) using the maximum likelihood
method, the fertilizer use efficiency (fe) of the ith farmer can be measured by Equation (3):

f ei = exp
(−μi

α1

)
. (3)

3.3.2. Multiple Quadratic Regression Model

Based on the theoretical analysis in part 2, we reasoned that the rising farmland cost has
an inverted U-shaped effect on fertilizer use efficiency. To investigate the structural changes
in the impact of rising farmland costs on fertilizer use efficiency, a multiple quadratic
regression model is designed, and the quantitative relationship between farmland costs
and fertilizer use efficiency for 806 farmers is examined using the following model:

f ei = a × costi + b × costi
2 + ∑n

j=1 ∂jXij + β0 + v2i, (4)

where i denotes farm households; fei is fertilizer use efficiency; costi is farmland cost, and
costi

2 is the squared term of farmland cost. a, b, and β0 are the parameters to be estimated.
v2i is a control for unobservables that vary by individual unit. Xij is the control variable,
and ∂j is the regression coefficient of the control variable.

Specifically, Xij is selected mainly based on the existing literature on the factors influ-
encing fertilizer use efficiency [52,53], and other possible influential factors are controlled
for in three dimensions: household head, household, and region. At the household head
dimension, age and educational attainmentare included. Additionally, an age squared term
is included in the regression of on fe, given the life cycle theory. Among the household
characteristics variables, fertilizer application is a tedious and labor-intensive part of agri-
cultural farming, and the labor supply status affects the efficiency of fertilizer use; thus,
the proportion of off-farm workers is chosen. In addition, the share of nonfarm income
reflects the importance that farmers attach to land. Farmers with a higher share of nonfarm
income have more sloppy production practices, often resulting in less efficient fertilizer use.
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Therefore, the share of nonfarm income in total household income is chosen. Among the
regional control variables, conditions such as economic environment and social develop-
ment among regions also have a large impact on fertilizer use efficiency, and two variables,
county GDP per capita and urbanization rate, are introduced in the model. Table 1 shows
the descriptive analysis of each variable.

Table 1. Descriptive statistics of variables.

Type of Variable Representation Definition Mean Standard Deviation

Dependent variable fe Efficiency of agricultural production scale 0.54 0.24

Variables of fe
measurement

profit Agricultural production income (yuan) 15575.97 30193.28
land Land operation area (mu) 12.48 20.11
labor Farm labor inputs (person) 1.87 0.73

fertilizer Fertilizer inputs (yuan) 2198.94 3543.08

capital Other agricultural production inputs
other than fertilizers (yuan) 9115.15 17778.89

Independent
variable cost Transaction price (yuan) 565.91 239.01

Intermediate
variables area Area of farmland inflow (mu) 11.04 19.66

Peasant variable
age Age (year) 41.28 11.13
age2 Age × age (year) 1827.84 873.76

edu
1 = illiterate, 2 = secondary school,
3 = middle school, 4 = high school,

5 = university and above
2.12 1.23

Family variable revenue Non-farm income/total revenue 0.46 0.22

off-farm Number of non-farm
workers/total number 0.38 0.24

Regional variable pergdp GDP/population (10,000 yuan/person) 129.99 193.46
urban Urban population/total population (%) 55.36 11.59

3.3.3. Intermediary Effect Model

According to the theoretical analysis, both the producer’s specialization and produc-
tion scale-up are based on the farmland transfer. When the area of land transfer is small,
both effects hardly come into play. Therefore, to test whether the farmland cost indirectly
affects the efficiency of fertilizer use through the effect of farmland transfer, we further
introduce the intermediate variable of farmland inflow area to form the following model:

f ei = a1 ∗ costi + ∑n
j=1 ∂2jXij + v3i. (5)

areai = b1 ∗ costi + ∑n
j=1 ∂3jXij + v4i. (6)

f ei = c1 ∗ costi + d1 ∗ areai + ∑n
j=1 ∂4jXij + v5i. (7)

where fei, costi, and Xij are the same as in Equation (4), and area is the inflow area of
farmland. a1, b1, c1, and d1 are the coefficients to be estimated; ∂2j, ∂3j, and ∂4j are the
regression coefficients of each control variable, and ν3i, ν4i, and ν5i are the individual effects.
To enhance the comparability of the effect sizes of each path, the natural logarithms of the
variables cost, pergdp, and area are taken in the mediating effect model.

Additionally, we split the intermediary effect analysis into two sets of multivariate
primary model mediation effects analysis by classifying the sample groups using the inflec-
tion point values of the linear model, allowing us us to satisfy the requirements of existing
mediated effects models while using binary regression and mediation model methods.

3.4. Description of Variables

Table 1 shows the descriptive analysis of each variable.
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Dependent variable. The average fertilizer use efficiency of 806 households was found
to be 0.544 using Equations (1)–(3), which is in general agreement with the current academic
research [48]. Among them, the fertilizer use efficiency of 51% of the farmers was even
lower than the average.

Independent variable. We found that the farmland cost obtained from the survey was
consistent with the price level of samples surveyed by the Ministry of Natural Resources
by letter in Section 3.1. The average of farmland cost obtained from the research was RMB
566/mu/year, of which more than 45% of farmers spend more than RMB 566/mu/year
when transferring farmland.

Intermediate variable. We found that the average size of farmland transferred by
farmers was 0.69 ha, but about 75% of them transferred farmland below the mean level.
This indicates that most of the farmers’ willingness to transfer farmland has yet to be further
stimulated by government policies.

Control variables. At the individual level, we found that the average age of farmers in
the sample group was 41.28 years and that 85.11% of them had not attended high school.
From the household perspective, the average percentage of household non-agricultural
income was 46%, and at least one-third of them were engaged in non-agricultural work. At
the regional level, the economic development level and urbanization level of the districts
and counties where the sample is located were high, including an average GDP per capita
of 1.3 × 106 and an urbanization level of 55.36%.

4. Results

4.1. Fertilizer Use Efficiency in the Study Provinces

According to Equations (1)–(3), the average fertilizer use efficiency (hereinafter, fe)
of the 806 households is 0.544. This indicates that nearly half of the inefficient fertilizer
inputs are used in agricultural production in the study provinces, highlighting the severe
inefficient fertilizer use caused by excessive fertilizer inputs. The maximum reduction
rate of fertilizer input is 45.60% if technical inefficiency can be eliminated while keeping
the quantity of other factor inputs and output levels constant. Furthermore, calculating
the fe by farmer type, we see from the peak of the kernel curve in Figure 3 that the fe
peak for the new agricultural operators is higher than that for ordinary farmers. This
result indicates that under the current level of agricultural production technology and
the market environment of production factors, it is easier for new agricultural operators
to improve fe than it is for ordinary farmers. Moreover, this phenomenon is consistent
with the current theoretical perceptions in academia: new agricultural operators usually
have better agricultural knowledge and management skills and are better able to solve the
technical constraints faced by agricultural green production [7,13].

Figure 3. Kernel density distribution of farmers’ fe.
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4.2. The Effect of Rising Farmland Costs on Fertilizer Use Efficiency

Table 2 shows the regression results of the effect of rising farmland costs on fertilizer
use efficiency. The table shows that both the primary term (cost) and squared term (cost2) of
farmland cost have a significant effect on fertilizer use efficiency (fe). The coefficient of the
squared term is −3.72 × 10−7, and the coefficient of the primary term is 5.27 × 10−3. These
results suggest the existence of a remarkable inflection value of the fitted function of the
model, which indicates a nonlinear relationship between the farmland cost and the fertilizer
use efficiency (Figure 4). Through the extreme value condition of a multivariate quadratic
function in which cost0 = −2a/b, the corresponding inflection point of farmland cost is
calculated as RMB 708/mu. According to the inflection point measured by the model, the
farmland cost is divided into two intervals: cost ≤ CNY 708/mu and cost > CNY 708/mu,
representing two stages of moderate and excessive increases in farmland cost, respectively.

Table 2. Estimation results of multiple quadratic regression model. Note: *** indicates significance at
the levels of 1%.

Variables Coefficient T Statistic

cost 5.27 × 10−3 *** 8.63
cost2 −3.72 × 10−7 *** −4.15
age 0.048 *** 13.20
age2 −0.001 *** −12.80
edu 0.051 *** 10.86

revenue −0.167 *** −6.87
off-farm −0.256 *** −10.89
pergdp 0.001 −0.35
urban 0.002 *** 4.28

constant −0.582 *** −7.87
inflection point 708

R2 0.702
N 806

Figure 4. The inverse “U” shape relationship between cost and fe.

The inverted U-shaped effect of cost on fe is relatively consistent with the change
curve of fertilizer use efficiency theoretically analyzed here, suggesting that the effect of
farmland cost on fertilizer use efficiency changes from promotion to inhibition with the
increase in farmland cost. Specifically, in the phase of moderate increase in farmland costs,
the increase promotes the fertilizer use efficiency. This means that when the farmland
cost is low, producers tend to buy relatively low-priced farmland, resulting in an input
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structure characterized by more farmland and less fertilizer among production factors, and
the fertilizer use efficiency is at a low level owing to the relatively insufficient amount of
fertilizer input. In the phase of moderate increase in farmland cost, producers increase
the amount of fertilizer input and reduce the area of farmland input, as fertilizers act as
a substitute production factor for farmland. Fertilizer use is gradually matched with the
scale of farmland, technology level, and other factors; the input structure of production
factors is optimized, and the efficiency of fertilizer use is continuously improved. In
addition, the moderate rise in the farmland cost encourages market competition, leading
to the gradual elimination of producers with poor operating ability and insufficient factor
endowment from the market. As competent operators and large-scale households become
the main agricultural producers, they improve at solving the technical constraints faced by
agricultural green production, and fertilizer use efficiency is further improved. Therefore,
the overall fertilizer use efficiency shows an increasing trend with the rising farmland cost.

However, as the farmland cost rises further to an excessive level, the impact on
fertilizer use efficiency changes structurally to inhibit fertilizer use efficiency improvements.
That is, when the farmland cost is relatively high, agricultural producers are financially
constrained such that their willingness to purchase farmland and substitute fertilizers
with relatively lower prices is reduced. The limited scale of farmland for production
causes a structural distortion of less farmland and more fertilizer in production factor
inputs, and fertilizer use efficiency is reduced because of excessive fertilizer inputs. In
addition, an overpriced farmland destroys the original supply-and-demand balance in the
market, causing the competitive mechanism of farmland market to fail. The production
incentives for agricultural subjects—capable operators and large-scale households, the
technical spillover of scale effect, and producer specialization—all suffer, further indirectly
causing the reduction of fertilizer use efficiency.

From the regression results of the control variables, we see at the peasant level a
significant inverted U-shaped relationship between age and fe, indicating that peasants
of moderate age have richer management ability and production experience and can
improve the efficiency of fertilizer use by optimizing the allocation structure of production
factors. The significant positive correlation between edu and fe indicates that peasants
who are relatively more educated have better agricultural knowledge and management
skills and are more likely to improve fertilizer use efficiency through knowledge spillover
and technology substitution. At the household level, off-farm significantly suppresses fe,
indicating that off-farm labor leads to a reduction in agricultural labor, and growers tend to
choose the more quantity, less frequency approach in fertilizer application to compensate
for the lack of agricultural labor, which leads to inefficient fertilizer use. In addition, revenue
significantly suppresses fe, suggesting that growers with a higher proportion of off-farm
income have less funds dedicated to agricultural production; agricultural production is
simpler and sloppy, and fertilizer efficiency tends to be lower. At the regional level, pergdp,
urban, and fe are all positively correlated, but only urban passes the significance test. The
results suggest that a higher level of urbanization may facilitate the effective flow of labor
factors between agricultural production and nonagricultural work, resulting in an exit
mechanism for weak business ability and an entry mechanism for strong business ability
in agricultural production. Laborers who stay in rural areas for agricultural production
usually have better agricultural knowledge and management skills and are better able
to solve the technical constraints faced by green agricultural production, thus improving
fertilizer use efficiency.

4.3. Analysis of the Impact Mechanisms: Direct and Indirect Effects

Based on the inflection point value of farmland cost, the sample group was first
divided into moderate (cost ≤ 708) and excessive (cost > 708) groups. Further, the mediating
effect model was used to group the effect mechanism for empirical analysis. The regression
results all indicated (Table 3) that farmland cost directly and, through mediating variables,
indirectly influenced fertilizer use efficiency. To illustrate the mechanism of the effect of
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cost on fe under the excessive farmland cost scenario, we present the following analysis for
the excessive farmland cost group.

Table 3. Estimation results of intermediary effects model. Note: *, **, *** denote reaching 10%, 5%
and 1% significance levels, respectively; T-statistics in parentheses.

Variable Model 1 Model 2 Model 3

lncost −0.522 *
(−9.28)

−1.202 ***
(−3.51)

−0.485 ***
(−8.53)

lnarea – – 0.030 ***
(2.830)

lnage 0.073 **
(2.47)

0.520 ***
(2.90)

0.057 *
(1.93)

edu 0.069 ***
(8.83)

−0.014
(−0.30)

0.069 ***
(9.02)

revenue −0.168 ***
(−3.82)

−0.070 ***
(−0.26)

−0.166 ***
(−3.83)

off-farm −0.157 ***
(−3.81)

0.061
(0.24)

−0.159 ***
(−3.92)

lnpergdp 0.015
(0.11)

0.122
(1.21)

0.012
(0.72)

urban 0.001
(0.11)

−0.003
(−0.31)

0.001
(0.17)

constants 3.576 ***
(8.36)

6.927 ***
(2.42)

3.384 *
(7.93)

R2 0.672 0.162 0.683
Sobel test – – −0.037 ***

N 141 141 141

Indirect effects: As shown in Table 3, cost has a significant and negative coefficient on
fe (Model 1). After adding the mediating variable area (Model 3), cost shows a significant
negative effect on fe, while area also shows a significant positive effect on fe. The Sobel
test results reveal that the mediating effect of area on fe is significant at −0.037 (Model 3).
This indicates that in the high farmland cost scenario, it is impossible for the operators
to effectively address the financial constraints caused by excessive cost increases. The
farmland market is priced but not marketed, which makes it difficult for the operators to
apply green production technology and indirectly inhibits fertilizer use efficiency. In addi-
tion, producers’ willingness to purchase farmland decreases in the context of excessively
rising farmland costs. The insufficient scale of farmland inputs in agricultural production
makes it difficult to take advantage of the technological spillover effect of the scale effect of
agricultural production, which further inhibits fertilizer use efficiency.

Direct effects: After deducting the mediating effect of area from the total effect, the
remaining part then reflects the magnitude of the factor substitution effect. The parameter
estimation results reported in Model 3, Table 3 show that in the excess group, after deduct-
ing the mediating effect of area, the effect of cost on fe remains significant at −0.485. This
suggests that the high cost of farmland further increases the relative price of farmland and
that fertilizers continue to play a substitution role for farmland. However, the limited scale
of farmland inputs leads to the structural distortion of less farmland and more fertilizer,
thus reducing fertilizer use efficiency due to excessive fertilizer inputs.

4.4. Estimations Results between Ordinary Farmers and New Agricultural Operators

After dividing the samples into groups of general farmers and new agricultural
operators, the multiple quadratic regression of farmland cost on fertilizer use efficiency was
rerun. The model estimation results (Table 4) show that both the primary and secondary
terms of farmland cost in the two sample groups significantly affect the fertilizer use
efficiency at the 1% level, and both have great inflection points, which are CNY 638/mu
and CNY 823/mu. According to the two sets of inflection points, the farmland costs in
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the samples were classified into two stages: suitable and excessive. An inverted U-shaped
relationship was found between cost and fe in both the general farmers’ group and the
group of new agricultural operators. This means that with the shift from moderate to
excessive increase in farmland cost, the impact of farmland cost on fertilizer use efficiency
structurally changes from promotion to an inhibition (Figure 5). In particular, the excessive
increase in farmland cost hinders the improvement of fertilizer use efficiency, which further
verifies our theoretical analysis and the empirical results for the full sample.

Table 4. Model estimation results of different growers Note: *** denotes reaching 1% significance levels.

Variables
Model 1 (Ordinary Farmers) Model 2 (New Agricultrul Operators)

Coefficient T Statistic Coefficient T Statistic

cost 8.10×10−3 *** 7.12 5.72×10−3 *** 8.63
cost2 −6.35×10−7 *** −7.00 −3.47×10−7 *** −4.15
age 0.042 *** 11.21 0.066 *** 4.64
age2 −0.001 *** −10.82 −0.001 *** −4.70
edu 0.054 *** 10.24 0.031 *** 3.19
revenue −0.208 *** −7.95 0.013 0.22
off-farm −0.228 *** −9.17 −0.273 *** −4.40
pergdp 0.001 −0.87 0.001 0.98
urban 0.002 *** 4.31 0.001 0.27
constant −0.547 *** −7.24 −0.851 *** −3.03
inflection point value 638 823
R2 0.719 0.599
N 665 141

Figure 5. The scatter plots of cost and fe in ordinary farmers and new agricultural operators.

Notably, the inflection point of the ordinary farmers is smaller than that of the new
agricultural operators. This indicates that the fertilizer use efficiency of ordinary farmers
is more vulnerable to the excessive increase in farmland cost compared with that of new
agricultural operators. The reason for this is that different types of producers have different
factor allocation behaviors and factor endowments. Compared with ordinary farmers,
new agricultural operators, such as large grain farmers and family farms, usually have
better agricultural knowledge and management skills at the same factor input level and
are better able to solve the financial constraints faced by agricultural production. With
rising farmland costs, the new agricultural operators can maintain their profit margin
in agricultural production in various ways such as technological substitution and factor
structure optimization, which are more tolerant of the rising farmland costs. Therefore,
fertilizer use efficiency is less affected by the farmland cost.
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5. Discussion

5.1. Innovations and Outlooks for Future Research

High farmland costs have become an important feature of China’s agricultural produc-
tion environment. However, relatively little attention has been paid to the loss of fertilizer
use efficiency caused by rising farmland cost. This study’s contributions are summarized
as follows: (1) We focus on fertilizer use efficiency from the perspective of rising farmland
costs and identify key factors for the poor fertilizer reduction effect of farmland transfer;
(2) the effect of rising farmland costs on fertilizer use efficiency is revealed, and the underly-
ing mechanism and feasible strategies to promote fertilizer efficiency by reducing farmland
costs are clarified; (3) by differentiating between ordinary farmers and new agricultural
operators, this study reveals the differences in production behavior of different operators
in the face of rising farmland costs, and provides a new policy logic for fertilizer reduction.

However, this study has its limitations. First, as revealed in previous studies, differ-
ences in crop type can lead to large variations in fertilizer use [19], and more fertilizers tend
to be used in nongrain crops [7]. Moreover, another study suggested that rising farmland
costs drive producers to prefer nongrain crops [54]. This suggests that fertilizer use effi-
ciency and planted crop types may vary with the extent of rising farmland costs. Therefore,
in the context of rising farmland costs in China, especially in the current environment of
increasing cash crop acreage in China, there is an urgent need to further analyze the impact
of rising farmland costs on fertilizer use efficiency from the perspective of changes in
planted crop types in the future. Second, because of issues on the availability of microdata
on farmers, some potential explanatory variables, such as soil conditions and degree of
farmland use, were omitted in this study, and only cross-sectional microdata for 2019 were
used. Additionally, there may be a mutual causal relationship between farmland cost and
fertilizer use efficiency. As plots with higher fertilizer use efficiency tend to have higher
output values that can further counteract farmland prices, this phenomenon should be
further investigated. In future work, these issues can be adjusted and expanded through
a combination of long time series and multiple cross-sectional data to provide a compre-
hensive understanding of farmland costs and fertilizer use efficiency. In addition, China is
a large country with obvious geographical differences, and the selection of local cities in
Gansu and Jiangsu may not provide sufficient evidence to reveal the whole picture and
draw general conclusions. In future work, this study can be further improved by integrating
more cities with different natural endowments and social development characteristics.

5.2. Policy Implications

This study shows that the high rise in farmland cost has become the main obstacle to
sustainable agricultural production in China. Achieving the green development of Chinese
agriculture requires both organic integration with the current farmland transfer market
and the improvement of China’s current fertilizer reduction policies.

First, the standardized management of the farmland transfer market should be
strengthened, for example, through the development of land transfer information plat-
forms, contract management, price evaluation, and other services to prevent excessive
increases in farmland costs. The government should increase subsidies for the producers
who use farmland, and especially for fertilizer reduction, establish a fertilizer reduction
compensation system based on market price compensation, supplemented by government
ecological compensation. In addition, a monitoring mechanism for farmland prices should
be established, and fixed sample points should be selected nationwide to monitor farmland
prices regularly.

Second, against the backdrop of the high farmland costs in China, the Chinese gov-
ernment should recognize the necessity of various forms of moderate-scale operations.
Integrating smallholder production into the modern agricultural development track with
the help of agricultural production services not only helps prevent the risk of high land costs
but also ensures the sustainable development of agricultural scale operations. For example,
the scale of agricultural services can realize contiguous scale economy by facilitating the
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mechanization of fertilizer application behavior to compensate for the indistinguishability
of fertilizers.

Third, because new agricultural operators are more efficient in fertilizer use and
less affected by excessive increases in farmland costs, the Chinese government should
vigorously cultivate new agricultural operators in the future. For new agricultural business
entities, the establishment of awards in lieu of subsidies can further encourage them to
make long-term investments that are conducive to fertilizing the land and promote models
and experiences of chemical fertilizer reduction technologies. Meanwhile, the government
should encourage ordinary farmers to transform into new agricultural operators, for
example, by increasing compensation for fertilizer reduction and actively guiding them to
adopt new technologies (such as soil inspection and fertilizer application).

6. Conclusions

To identify the key factors that constrain farmland transfer in China and influence
fertilizer reduction, in the context of high farmland costs in China, this study theoretically
analyzed the mechanism and effect of rising farmland costs on fertilizer use efficiency.
Accordingly, a multiple quadratic regression model and a mediating effects model were
used to test empirically a microsample of 806 famers in Gansu and Jiangsu provinces of
China and provide empirical support for the theoretical analysis in two dimensions: full
samples and grower heterogeneity. We draw the following conclusions.

The lack of fertilizer use efficiency due to excessive fertilizer input is a serious problem
in China, and we calculated the average fertilizer use efficiency of growers in Gansu
Province and Jiangsu Province in China to be 0.544. The multiple quadratic regres-
sion model further revealed an inverted U-shaped relationship between farmland costs
and fe, and the U-shaped curve showed a remarkable inflection point at the farmland
cost of 708 Yuan/mu. The influence of rising farmland costs on fe showed a structural
change from promotion to inhibition. Specifically, when the farmland costs were excessive
(cost > 708 yuan/mu), the increase in farmland costs inhibited the fe. Then, we inves-
tigated the impact mechanism under the scenario of an excessive rise in the farmland
costs (cost > USD 708/mu). We found that farmland costs directly suppressed fe (−0.485)
by distorting the fertilizer factor substitution effect and indirectly suppressed fe (−0.037)
by impeding the technology spillover effect of production specialization and production
scale-up. In addition, we found heterogeneity between ordinary farmers and new agri-
cultural operators (e.g., large grain farmers, family farmers, etc.), with the peak kernel
density function of fe of new agricultural operators (0.85) being much higher than that of
ordinary farmers (0.30). Moreover, the multiple quadratic regression between the general
farmers and new agricultural operators revealed that the inflection point value of the
ordinary farmers (638 yuan/mu) was lower than that of the new agricultural operators
(823 yuan/mu), indicating that the fe of ordinary farmers is more likely to be inhibited by
the excessive rise in farmland costs. The reasons for this are that new agricultural operators
usually have better agricultural knowledge and management skills, and they are better
able to address the technical constraints faced by green agricultural production. In the face
of rising farmland costs, they maintain profit margins in multiple ways such as through
technological substitution and factor structure optimization. Therefore, new agricultural
operators are more tolerant of the rising cost of farmland, and their fertilizer use efficiency
is less affected by the cost of farmland.
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Abstract: The U.K. food system exhibits strong unsustainability indicators across multiple dimensions,
both in terms of food and nutritional insecurity and in terms of adverse climate change, biodiversity,
and physical resource impacts. These indices of an unsustainable and inequitable social metabolism
are the result of capitalist agriculture and society in general and, more specifically, of neoliberal and
austerity policies adopted with vigour since the global financial crisis. The causal, capitalistic, and,
latterly, more neoliberal bases of the U.K. food system are delineated in the first section of the paper.
These bases are then detailed in terms of their impacts in exacerbating climate change, biodiversity
(and resource) decline and loss, and food and nutritional insecurity. The political narratives and
policy frameworks available to dissemble, mitigate, or, more rarely, to address (resolve) these impacts
are then delineated. It is argued that the only policy framework available that strongly integrates food
security (social equity) with ecological sustainability is political agroecology and an accompanying
degrowth strategy. The final section of the paper details what political agroecology and degrowth
might entail for the U.K. food system.
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1. Introduction

A recent and authoritative assessment of the U.K. food system [1] concluded that it
currently fails the test of sustainability on multiple criteria—food security, dietary quality
and equality, greenhouse gas (GHG) emissions, biodiversity and soil conservation, and
so on. The author (Lang) makes an incontrovertible case for the inherent and growing
fragility of the U.K. food system across these dimensions, especially, perhaps, in relation to
the historical and current reliance of the system upon the U.K.’s ability to buy ‘food from
nowhere’ according to the principle of ‘cheapness’, without asking necessary questions
concerning the ecological and social sustainability of the food so produced. Lang’s detailing
of this fragility is comprehensive; his analysis and critique are undertaken from what he
terms a ‘multi-criteria’ or what might be called a ‘systems-theoretical’, perspective. This
has the advantage, in contrast to neoclassical economic (‘hegemonic’) theory, of bringing
into play all dimensions of the food system, placing on an equal footing the ‘economic’,
‘political’, ‘socio-cultural’, and ‘ecological’ variables involved. While this approach is essen-
tial as a starting point, it becomes less convincing the more questions are asked concerning
causality underlying the dynamics of the system. In other words, the question of ‘structural
causality’, or the principal causal driver(s), underpinning and propelling the system seems
to be lacking. This is unfortunate because structural causality, following the principles of
critical realism, enables us to make sense of the way in which the above variables interact
in a causal hierarchy. Thus, critical realism synthesises multiple determinations, identifies
the underlying real mechanisms, and connects them to actual and empirical aspects of the
explanandum, the phenomenon to be explained [2–4]. This missed opportunity on Lang’s
part to drill down analytically into structural causality has an important impact on his
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normative proposals for rendering the U.K. system more food-secure and resilient. Notably
absent amongst these is a critique of capitalism, surely the primum mobile of a system that is
predicated on market hegemony, exponential growth and consumption, social inequality,
and the externalisation of ecological and social costs—all features central to the contradic-
tions of the capitalist U.K. food system. Lang, however, appears to assert that the search for
a more food secure U.K. should be deployed as a test of the strength of British capitalism [1],
as if the two aims were somehow entirely compatible and natural bedfellows.

This paper, while covering territory similar to Lang’s book [1], develops a rather
different line of analysis, with concomitantly rather different normative conclusions. This
is not to suggest that the two analyses and their respective normative recommendations
are incompatible but rather to aver that the political and ecological transformation of the
U.K. food system required to render it sustainable is likely to be rather deeper and more
comprehensive than Lang allows. Given the deep ecological and social contradictions
of the U.K. food system that we will delineate in this paper (contradictions integral to
the unsustainability of the U.K. capitalist economy as a whole), it appears appropriate,
therefore, to build on the more radical analyses and normative proposals for transformative
change set out in a series of recent publications addressing political ecology, agroecology,
food sovereignty, and degrowth [4–7]. In line with these radical analyses, a recent paper by
Guerrero Lara et al. [8] identifies and synthesises a useful research agenda for critical agrar-
ian studies in relation to the degrowth problematic, and we propose, in the present paper,
to engage with this agenda in relation to the U.K. food system (while noting that significant
elements of this agenda have in fact been parsed in the aforementioned publications, albeit
not necessarily in relation specifically to ‘degrowth’). These authors identify four areas in
need of further research and development in relation to agri-food studies and degrowth:
degrowth conceptualisations, theorisation of transformations towards sustainability, the
political economy of degrowth agri-food systems, and rurality and degrowth.

Concerning the first area, degrowth conceptualisations, Guerrero Lara et al. point
to the relative analytical neglect of the ecological conditions and the energy/material
throughput of proposed alternative agri-food systems by comparison to the more common
focus on the social principles of degrowth. Research that identifies and quantifies possible
changes in social metabolism and nutrition, they suggest, can serve as a ‘reality check’ in
relation to assertions regarding the potential of alternative agri-food models to reduce ener-
getic/material throughput (ecological sustainability) whilst sustaining or enhancing human
nutritional standards and social well-being/equity (social sustainability). More specifically,
they ask, ‘what is the social metabolic space of possibilities for the reduction of material and
energy throughput in agri-food initiatives from food production to consumption to make
them “thermodynamically efficient” rather than striving for more economically efficient
modes of consumption and production’ (p. 1583). It is also necessary, of course, to gauge
the biophysical indices of the current (capitalistic) social metabolism in order to assess their
degree of (un)sustainability and, therefore, the level of transformation required to render
the social metabolism ‘thermodynamically efficient’. Building on previously published
work [4,9,10], these tasks we undertake in the present paper in sections addressing the
climate change, overseas land footprint, and biodiversity impacts of the U.K. food system
and the outlining of a policy framework for agroecology, food sovereignty, and degrowth.

Within this first area (degrowth conceptualisations), Guerrero Lara et al. also point
to the need for degrowth research in agri-food systems to engage more with literature
addressing policy and social movements. They suggest that few studies have investigated
the role of policies such as those governing trade and agriculture as factors influencing the
degrowth transformation of agri-food systems. While this unfortunately neglects significant
studies that have addressed the constraints on transformations to sustainable food systems
(implying or specifying degrowth) imposed by varying configurations of capitalism [11–15],
the role of policy and its relationship to social movements (that is, the relationship between
‘systemic’ and ‘anti-systemic’ agents) in the dynamics of transformative change are dis-
cussed, in varying degrees, in all sections of the present paper. Work specifically addressing
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the relationship between ‘systemic’ (‘hegemonic’ and ‘sub-hegemonic’) and ‘anti-systemic’
(‘alter-hegemonic’ and ‘counter-hegemonic’) agency in relation to agri-food systems has
also been presented in detail elsewhere [4,10,15,16].

In respect of the second area identified by Guerrero Lara et al., the theorisation of
transformations towards sustainability, these authors assert, correctly, that research has
commonly lacked a consideration of capitalism, has usually related to ‘Western’ countries,
and, by the same token, has been of limited applicability to ‘non-Western’ societies. While
this criticism is certainly well-founded as a generality, it is important to note work that has
attempted to address these lacunae [4,10,12,15–18] since this forms an essential backdrop to
the current paper. Guerrero Lara et al. highlight three themes within this area that would,
they maintain, benefit from greater research focus: learning from critical perspectives
within sustainability transformation scholarship, investigating the multiplicity of change
agents beyond grassroots initiatives, and bringing in the more-than-human dimension.

Inter alia, they suggest the following:

• Research addressing peasant/indigenous movements and decoloniality should move
centre stage—here, the following publications should be noted [4,9,10,15,16,18,19],
and the present paper will build on this work by specifying the ‘ecological imperialism’
of the U.K. food system;

• Research should ask what role multiple agents of change might play in a de-
growth transformation and how their political agendas might intersect or conflict—
here, complementing prior work addressing political (class) positionalities and
discourses [4,10–12,15,16], the present paper will delineate these positionalities
and discourses and argue that dominant class interests in the U.K., in upholding
capitalism in various forms, impose strong constraints on a degrowth agenda;

• More research is needed to identify, critique, and theorise the roles that state and
non-state and systemic or anti-systemic actors may have in promoting or inhibiting
degrowth transformation of agri-food systems—here, again, Guerrero Lara et al.
appear to have overlooked work in precisely this area [4,10,15–17], and in the present
paper, we build on this theorisation of the state in relation to systemic and anti-systemic
class interests to explore the dynamics of the U.K. food system;

• Finally, in bringing in the more-than-human dimension, this paper will continue the
theme developed elsewhere [4,9,10,15,20] that ecological sustainability should be a
fundamental desideratum of an enduring and stable social metabolism. Moreover,
the paper will address explicitly the relationship between the U.K. food system and
biodiversity conservation.

Turning to the third area highlighted by Guerrero Lara et al., the political economy
of degrowth in agri-food systems by recentring capitalism, these authors rightly argue
that the transformation to a degrowth society cannot be envisaged without conflict in a
growth-dependent capitalist system. Inter alia, the authors point importantly to the need
for more exploration of how the mechanisms of capitalist institutions impede the success
of degrowth agri-food initiatives, how they may be contested, and what alternatives to
capitalism may be sought. For instance, farmers confront structural constraints imposed
by a capitalist regime of private landownership (absolute property rights), pushing them
to cultivate in a productivist manner and largely prohibiting agroecological initiatives
towards degrowth through lack of access to land. The authors ask, crucially, ‘in a society
predicated on private property ownership, what elements need to be unmade as part of a
degrowth transformation to ensure the decommodification of land and prioritise the use
value of land over its exchange value? How can the degrowth movement pursue large-scale
land decommodification?’ (p. 1588). In raising the issue of structural politico-economic
constraints, the authors point to the need to situate agri-food degrowth initiatives within the
wider context of capitalist food regimes and within the context of close intersectoral linkages
within a state-defined economy as a whole. The present paper addresses these concerns
throughout but especially in sections addressing the dynamics of the U.K. food system,
contested policy discourses, and a policy framework for agroecology, food sovereignty,
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and degrowth. Again, these sections represent an outgrowth of work published elsewhere
addressing these themes [4,10,12,15,17,19].

The last area highlighted as requiring further research by Guerrero Lara et al. is that of
rurality and degrowth. They point out that most agri-food degrowth research in the global
North is concentrated in urban and peri-urban areas—this is due to the concentration
here of the greatest economic precarity and consequently of oppositional movements.
The countryside in the global North has largely lost its peasantry and is the home of
relatively prosperous, conservative, and property-owning farmers, constituting a rather
uncongenial environment for oppositional movements [4,10,15,16,19,21]. As Guerrero Lara
et al. ask, ‘how can degrowth speak to large-scale [or indeed to any market-dependent
family] farmers who have been formed and shaped by the capitalist economy’s ruthless
paradigm of continuous growth?’ (p. 1589). Despite widespread antipathy amongst the
family farm constituency to ideas associated with agri-food degrowth, many smaller
market-dependent farms appear unlikely to survive as economically viable entities beyond
the short term, especially in more neoliberally inclined economies such as the U.K. Given
that such rising threats to family-farm livelihoods, arising especially from neoliberalisation,
appear currently to be resulting in the political embrace of right-wing populism amongst
this constituency, it is important to ask, ‘how might degrowth help to effectively fight rural
marginalisation and decline?’ (p. 1589). In the present paper, we attempt to answer this
question in the section describing a policy framework for agroecology, food sovereignty, and
degrowth whilst acknowledging, in the previous section on contested agrarian discourses,
the scale of the material and ideological task in securing alignment to such a politico-
ecological transformation.

The present paper is structured as follows. We begin, in the first section of the paper,
by delineating the causal, capitalistic, and, latterly, more neoliberal bases of the U.K. food
system. In the next three sections, we then detail the empirical indices of unsustainability
demonstrated by the U.K. food system, focusing on their impacts in exacerbating climate
change and overseas land footprint, biodiversity (and natural resource) decline and loss,
and food and nutritional insecurity. We argue that these indices are the result of capitalist
agriculture and society in general and, more specifically, of neoliberal and austerity poli-
cies adopted enthusiastically by U.K. governments since the global financial crisis and,
especially, since 2010. In the fifth section, the principal political narratives and policy frame-
works being articulated either to obstruct action, to mitigate, or, more rarely, to address
(resolve) these impacts are then delineated. These are defined as ‘hegemonic’ (neolib-
eral), ‘quasi-hegemonic’ (environmental neoliberal), ‘sub-hegemonic’ (‘state–capitalism’),
‘alter-hegemonic’ (ecocentric), and ‘counter-hegemonic’ (agroecology-food sovereignty).
It is argued that the only political narrative and policy framework available with the ca-
pacity to strongly integrate food security (social equity) with ecological sustainability is
political agroecology as food sovereignty as part of a programme of degrowth. The final
section of the paper outlines what political agroecology and degrowth might entail for U.K.
food system.

2. The U.K. Food System and Causal Basis of Agrarian Growth and Unsustainability:
From National Developmentalism, through ‘Embedded’ Neoliberalism,
to ‘Radical’ Neoliberalism

2.1. National Developmentalism

The current fossil-fuel, agrochemical-based, and fully capitalist1 configuration of
British agriculture broadly achieved its current form during the post-Second World War
period. This was a period characterised by Fordism and the development of sectoral
articulation between agriculture and industry and social articulation between a fully prole-
tarianized workforce in its role as both producer and consumer, in which Britain, following
the severe food insecurity of the war and disruptions to food imports, sought to become
self-sufficient in the production of principal food staples. This brought home to Britain
the ecological contradictions of productivist agriculture, albeit now intensified through
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greater dependence of fossil fuels and agrochemicals, that had previously been externalised
onto the spaces of export agriculture abroad during the period that Tilzey [4,17] denotes
as the ‘Second or Imperial’ food regime. A massive acceleration in labour productivity
and yields due to fossil fuel-powered mechanisation and agro-chemicalisation, with eco-
logical costs in terms of GHG emissions, soil degradation, water pollution, and severe
biodiversity loss effectively externalised [20], was structurally tied to a particular phase of
capitalist development that we may term ‘national developmentalism’ [19,22]. As applied
to the agriculture sector, we may refer to this as the ‘Third or Political Productivist’ food
regime [17,20], a state-managed policy framework to which an acceleration of the processes
of ‘appropriationism’ and substitutionism’2 were pivotal. ‘Political productivism’, thus
embodied in U.K. post-war policy and subsequently in the Common Agricultural Policy
(CAP) of the European Union (EU) (to which the U.K. acceded in 1972, only to leave again,
as part of ‘Brexit’, in 2021), was implemented by deploying the instruments of guaranteed
prices, investment grants, input subsidies, state regulation of major commodity markets,
and their insulation from overseas competition [9,20].

The result was to ‘hothouse’ agrarian capitalism through a policy framework in which
higher net farm income could be secured only by means of productivity and yield increases.
This acted as a massive incentive to cut costs through the substitution of machinery for
labour, enlarging holdings, and borrowing money for land purchase and capital projects,
all dependent centrally on increased fossil fuel and agrochemical consumption. This, in
turn, created indebtedness, further reinforcing the imperative to cut costs and increase
output [24], enabled by the ‘cheap’ ‘ecological surplus’ afforded by fossil carbon extracted
primarily (before North Sea oil) from the global South under the aegis of imperially installed
autocratic regimes. The appropriation of such ‘ecological surplus’ (principally through
Surplus Extraction 2 (see below)), enabled the fossil-fuel based capitalisation of agriculture,
the final elimination of peasant-based production, and the ‘secure’ employment, as a ‘labour
aristocracy’, of the resulting really subsumed proletariat in urban industry (facilitated also
by the racialised super-exploitation of immigrant labour from the periphery as Surplus
Extraction 1 (see below))—the result was the full instantiation, under Fordism, of the
‘imperial mode of living’ [12,25]3.

2.2. Embedded Neoliberalism

From the 1980s, however, the regime of ‘political productivism’ conceded gradually
to a more neoliberal (or ‘market productivist’) regime of accumulation within the CAP,
with commodity support measures giving way to direct payments supplemented by discre-
tionary budgets for agri-environmental measures designed to mitigate the more egregious
impacts of productivism on the ecosystems of rural areas [9,20]. Tilzey [4,17,26] nominates
this new regime the ‘Fourth or Neoliberal’ food regime, since, like Bonanno and Wolf [27]
and Otero [28], he considers the term ‘neoliberal’ to capture explicitly the central role of
the state in re-regulating for and undergirding the strategies of certain fractions of capital,
especially those with a transnational orientation. This trend towards neoliberalism, artic-
ulated by the EU and supported strongly by the U.K. as a then member state, reflected
in no small part the greatly increased influence of transnational and neoliberally inclined
class interests in defining and promoting a more globally and market-oriented agricul-
tural policy [11–13]. ‘Hegemonic’ neoliberalism gradually gained ascendancy vis-à-vis
those ‘sub-hegemonic’ (neo-mercantilist and social protectionist) class constituencies that
had formed the bedrock of national developmentalist Fordism [11,12]. This neoliberal
strategy was designed to stimulate the further expansion of productivism, now of a more
market-oriented kind, and its increased integration into global agri-food circuits of cap-
ital. The progressive elimination of ‘market distorting’ commodity support in favour of
(WTO-compatible) direct payments (Pillar 1 of the CAP) was complemented by the creation
of Pillar 2 (rural development and agri-environmental monies), designed to afford some
measure of continuing support to farmers marginalised in the neoliberalisation process,
to provide countryside consumption spaces for the urban populace (while conserving a
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residual biodiversity and landscape resource), and to supply the new ‘health conscious’ and
‘environmentally aware’ middle-class, a ‘reflexive’ consumer with organic and/or locally
produced food commodities. An (asymmetrical) bipolarity in policy became increasingly
evident during the 1990s and the new millennium, therefore, between globalising norms of
governance for market productivism on the one hand and regionalised or ‘re-territorialised’
norms of governance for ‘post-productivist’ and ‘multifunctional’ agri-rural activities on the
other. These latter ‘ecologised’ and ‘localised’ constituencies we nominate ‘alter-hegemonic’
interest groups [4,15].

Thus, while changes to Pillar 1 were designed to facilitate the progressive penetra-
tion of globalising market relations and international market dependency into EU and
British agriculture, Pillar 2 budgets (far smaller than those allocated to Pillar 1), simultane-
ously, came to be disbursed on a competitive and selective basis and were (and remain)
heavily constrained in their ability to counteract the overarching processes of neoliberal
restructuring. Budgets for agri-environmental management likewise came to be defined
and defended increasingly according to neoclassical ‘public goods’ criteria (see below),
entailing more restrictive forms of subvention in line with WTO ‘green box’ disciplines
and the accompanying requirement to minimise ‘market distortion’ [4,12,13]. Despite
these clear shifts towards neoliberal governance norms, the EU insisted on the retention
of significant direct supports for farmers within Pillar 1 of the CAP, the function of which
was and remains to act as a WTO-compatible ‘hidden subsidy’ to Europe’s farmers for
reasons of political legitimacy, the continuation of which, in the face of global Southern op-
position, comprised an important factor in the breakdown of the WTO Doha Development
Round of free trade negotiations in 2008 [4]. Such continuing and generous direct subsidy
within Pillar 1, together with the very existence of Pillar 2, indicate that the CAP cannot be
described as unambiguously neoliberal. Rather, the Polanyian-derived term ‘embedded
neoliberalism’ seems more apposite [12] since, however attenuated the ‘agricultural welfare
state’ [29] might now appear by comparison to its Fordist heyday, the CAP continues to
fulfil both the accumulation and legitimacy functions of the ‘state’.

2.3. Radical’ Neoliberalism

Indeed, it was the very retention of such legacies of ‘sub-hegemonic’, social democratic
Fordism that incurred the ire of doctrinaire neoliberals (and their right-wing ‘authoritarian
populist’ allies) in the U.K., especially amongst members of the Conservative Party and in
state departments such as the Treasury and DEFRA (the Department of Environment, Food,
and Rural Affairs). Harnessing the growing discontent of the British working classes, espe-
cially with globalisation and austerity following the financial crisis of 2008, and deploying
the EU as a convenient scapegoat for these ills, right-wing ‘authoritarian neoliberals’ of
the Conservative Party contrived to engineer a ‘Brexit’ departure from Europe under the
guise of the national populist slogan ‘taking back control’, thereby disguising its actual
Thatcherite agenda of untrammelled neoliberalism (modified by certain necessary, populist,
but minimal concessions to its new proletarian constituency). The Conservative Party and
DEFRA were able to portray Brexit as an unprecedented opportunity to address the eco-
logical disbenefits of agricultural productivism (including, by implication, climate change
impacts) since, according to neoclassical and neoliberal economic doctrine, these were the
outcome not of capitalism but rather of the continuing market interventionism (statism)
of the of the EU’s CAP. Remove such interventionism, and the ‘free play’ of market forces
would secure that axiom of neoclassical theory, ‘optimal allocation of scarce resources’.
With this in place, any environmental ‘market failures’ could then be made good with state
subvention for ‘public goods’.

The mainstream environmental movement in the U.K. has long held a similar view
of the CAP and has, therefore, tended to be beguiled by neoliberal and neoclassical eco-
nomic arguments for the freer play of ‘market forces’ as putatively the best means, with
the added proviso of ‘public goods’ payments, to assure environmental sustainability
(including climate change mitigation) [9]. The CAP has thus been a relatively easy target
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for the U.K.’s mainstream environmental conservation movements, precisely because such
critiques sit comfortably with the new neoliberal economic agenda of the Conservative U.K.
government and its intention to dismantle the ‘distorting’ influence of ‘sub-hegemonic’
market/direct support structures [9]. This agenda is now being enacted post Brexit with
the phasing out in the U.K. of inherited CAP supports through Pillar 1 over the period
up to 2028 and the intended restriction, thereafter, of state subvention in the agriculture
sector to neoliberally configured and WTO-compatible ‘public goods’ payments. It is this
‘hegemonic’ discourse of neoliberalism and ‘quasi-hegemonic’ environmental neoliberal-
ism (see below), propounded by the Conservative Party and the principal departments
of state (and supported, albeit cautiously, by the main environmental NGOs), that is, in
combination, the main determinant of U.K. climate change mitigation, agri-environmental,
and food security policy. Below, we examine this discourse, together with other ‘sub-
hegemonic’, ‘alter-hegemonic’, and ‘counter-hegemonic’ discourses in relation to agrarian
climate change, biodiversity loss mitigation, and food security policy. Before doing so, we
lay out the current climate change, biodiversity, and food in/security impacts of the U.K.
alimentary system.

3. Current Climate Change Impacts and Overseas Land Footprint of the U.K.
Food System

3.1. U.K. Food System Climate Change Impacts and Land Footprint

In the first study of its kind, Audsley et al. [30] employed a detailed inventory of
emissions developed from the life cycle analysis of a wide range of foods and processes
comprising three parts: primary production to the regional distribution centre (RDC),
from the RDC to consumption (through retail and cooking), and land-use change (LUC).
On this basis, they estimated that the supply of food and drink to the U.K. results in a
direct emission equivalent of 152 MtCO2 (million tonnes of carbon dioxide equivalent, a
figure including other GHGs, notably methane [CH4] and nitrous oxide [N2O]). A further
101 MtCO2e from LUC, mainly overseas, largely due to deforestation and forest degradation
in Latin America and Southeast Asia, is attributable to U.K. food consumption. Total U.K.
economy consumption emissions are estimated to be about 748 MtCO2e (excluding LUC,
which, if added, sums to 849 MtCO2e). This means that direct emissions from the U.K. food
system comprise about twenty percent of the currently estimated consumption emissions
of the U.K. economy, a figure that rises to thirty percent if LUC emissions are added [30,31].

Of direct emissions (excluding LUC), fifty-eight percent arise from animal produc-
tion and products, which, however, account for only thirty percent of consumer energy
intake [30–32]. Overall, about twenty percent of direct U.K. food chain emissions occur
outside the U.K. However, if LUC is taken into account, this figure increases dramatically
to around fifty percent, meaning that about half of total U.K. food system emissions arises
outside the country. Audsley et al. conclude that the direct and indirect (that is, LUC) effect
of the supply of the food to the U.K. as a contributor to global land-use change pressures
is a significant factor in U.K. consumption emissions. Their study also attributes a large
proportion (seventy-five percent) of LUC emissions to ruminant meat production, primarily
through the production of soya feed for beef and dairy, and to lesser extent through direct
beef exports, sourced overwhelmingly from Latin America on areas formerly characterised
by biodiverse, high carbon sequestration biomes.

Primary production, that is, production of food commodities, accounts for fifty-six
percent of direct emissions (excluding LUC), with nearly half comprising N2O from agricul-
tural soils through the application of synthetic fertilisers and CH4 from enteric fermentation
from ruminant livestock (primarily cattle and sheep). The source of the other half or so is
dominated by CO2 emissions from fossil energy used in the manufacture of agricultural
inputs, such as energy use in highly mechanised farming, commodity storage, and some
processing. Beyond primary production, energy use in processing, manufacture, transport,
retail, and food preparation/cooking accounts for thirty-seven percent of all direct emis-
sions. However, if we again factor in LUC, this contributes, as noted, around 100 MtCO2e,
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most of which comprises CO2 emissions through direct destruction or degradation of high
carbon sequestering biomes in the global South. Again, this indicates that LUC, located
primarily in the highly biodiverse and high carbon sequestering biomes of the global South
(Latin America (soya and beef) and Southeast Asia (palm oil)) comprises the single largest
contributor to U.K. food system GHG emissions, with emissions from primary production
and then RDC to consumption (through retail and cooking) representing the second and
third most important sources of U.K. food system GHG emissions [30]. This represents
very considerable ‘carbon leakage’ (the displacement of GHG emissions to states outside
those where product consumption occurs) in the U.K. food system.

3.2. Impacts Increased by Meat- and Dairy-Heavy Diets

GHG emissions in primary production and in LUC are exacerbated by meat- and dairy-
heavy diets characteristic of the ‘imperial diet’ since meat production is energetically less
efficient than producing plant foods directly for human consumption. Moreover, ruminants
produce the potent GHG CH4 as a by-product of digestion. GHG emissions are exacerbated
still further when ruminants are fed grains produced on the basis of fossil energy-dependent
mechanisation and agrochemicals, the latter producing the most potent GHG N2O, some
265 times as virulent as CO2. The worst emissions occur when primary production as
specified above is preceded by LUC that entails the destruction or degradation of high
carbon sequestering and climate stabilising native vegetation (it is known that trees emit
natural aerosols that act as water vapour condensation nuclei, which then both cool the
air within and around forests and increase local rainfall, significantly mitigating climate
change in addition to their role as carbon sequestrators [33]). Sadly, much of the feed grown
in the global South and destined to feed ruminants in the U.K. is produced under the ‘worst
case’ scenario described above. In this regard, de Ruiter et al. [34] endeavoured to detail
the total agricultural land footprint associated with the U.K. food supply, differentiating
between the impacts of feed versus food. Thus, thirty-eight percent, or 22,630 Kt, of the
total U.K. crop supply (that is, domestic production and imports minus exports) in 2010
was used for animal feed. Eighty-seven percent of all barley is destined for animal feed,
while about ninety-three percent of all soya beans (the great bulk from Latin America) is
also used for feed. About fifty-five percent of the total cropland footprint for U.K. feed, or
about 2619 kha, was located overseas in 1987, and this increased to sixty-four percent, or
3293 kha, in 2010.

De Ruiter et al. [34] find that the total cropland footprint of U.K. food supply increased
between 1987 and 2010. Thus, the cropland footprint for both feed and food in 2010
was 8833 kha compared to 8406 kha in 1987. This suggests increased carbon intensity of
production since grassland-fed livestock are less carbon-intensive than grain-fed livestock.
These crops have been sourced increasingly from abroad, both in respect of crops for feed
and for food. Thus, in 1987, the domestic share of the cropland footprint for feed and
food was about forty-five and forty-two percent, respectively, and this share decreased to
thirty-six and thirty-eight percent, respectively, in 2010. Thus, sixty-four percent of feed
crops and sixty-two percent of food crops were imported into the U.K. in 2010, representing
increasing ‘carbon leakage’, especially in the case of feed since this has tended to displace
the more productive sector of grass-grown domestic livestock production in the U.K. In
other words, the main exporters to the U.K. of ruminant feed products have intensified their
production, while the U.K. has seen a commensurate extensification (de-intensification) of
grass-based ruminant production. This suggests that some environmental gains through
extensification of grass-based ruminant production in the U.K. have been secured at the
expense of ‘carbon leakage’ overseas, especially to Latin America, the primary source of
U.K. soya. The U.K. has also witnessed a slight decline in red meat (ruminant) consumption,
but this reduction has been matched by an increase in poultry and pork consumption, both
fed almost exclusively on crop feed. While these livestock types produce less GHGs in
production than ruminant equivalents, they are even more dependent on the importation
of feed crops, especially soya, thus sustaining ‘carbon leakage’ to the global South [34].
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The land required overseas to meet the U.K.’s annual demand for soya between 2016
and 2018 was on average 1.7 Mha, or an area similar to that of Wales [WWF and RSPB
2020]. Sixty-five percent of the soya land footprint was located in Argentina, Brazil, and
Paraguay during this period, all countries classified by the authors as high or very high
risk.4 Fifty-six percent of the U.K.’s soya imports between 2016 and 2018 were in the form
of soymeal, a prime ingredient of animal feed and increasingly associated with high protein
diets. The authors’ data indicate that at least seventy-five percent of all imported soya is
either embedded in imported meat, eggs, and dairy or is used for animal feed [35].

Again, in 2019 [36], U.K. imports of soya amounted to over 2000 Kt, forty-two percent
of which came from Argentina, twenty-seven percent from Brazil, and eight percent from
Paraguay. Some forty percent of this amount (1000 Kt) came without any sourcing require-
ments at all concerning sustainable production in relation to deforestation/conversion
certification criteria. A further twenty-three percent, however, derived from quite dubious
‘book and claim’ certification, whereby production, which may well be unsustainable, is
supposedly ‘offset’ by environmental ‘credits’ purchased elsewhere. Only nine percent of
soya production outside ‘low risk’ countries (such as the USA and Canada, which have his-
torically destroyed their native vegetation) can be unequivocally attributed to sustainable
production on the basis of ‘physical certification’. Thus, some sixty-three percent of the
seventy-seven percent of U.K. soya imports from Latin America is likely to be closely linked
to climate change enhancing LUC through the destruction and degradation of biodiverse
carbon sinks, in addition to the soil-degrading (CO2-releasing) and fossil fuel-dependent
character of the capital-intensive production process itself. To this it is necessary to add the
fossil fuel consumption entailed in transportation and processing of soya.

3.3. Ecological Imperialism

The very considerable ‘carbon leakage’ of the U.K. food system (some fifty percent of
GHG emissions) implies that the U.K. is engaged in a relation of ‘ecological imperialism’
with supplier states. This is because the latter, with the complicity of agro-exporting oli-
garchies in the (semi-) peripheral state–capital nexus, are subordinated to the consumption
demands of this ‘core’ state, entailing the displacement of peasant/indigenous popula-
tions and with them the potential for sustainable agroecological food production [10].
This process of displacement generates ‘ecological surplus’, through ‘appropriation by
dispossession’5, on the basis of the ‘mining’ of socio-natural ‘capital’ nurtured by those
non-capitalist populations in the form of diverse semi-natural biomes and organically
cultivated soils (principally through Surplus Extraction Mechanism 2; see below). It also
entails the externalisation of costs onto the supplier country in the form of compromised
food security and increased precarity for displaced populations, degraded ecosystems and
soils, and the exacerbation of regionalised climate change impacts in the form of droughts,
heat waves, and destructive storms [10]. All these impacts contribute to the global climate
crisis through the destruction of carbon sinks and the displacement of carbon sequestering
agroecosystems by fossil fuel-powered agri-business. Such externalised costs, a measure of
the ‘spatio-temporal fix’ of ecological imperialism, should, of course, be borne by the U.K.
itself or, better, not generated at all, the latter feasible only by recourse to agroecological
production as part of degrowth with equity (see below).

Within the U.K. itself, agriculture, in 2018, produced only fifty-three percent (by
value) of the food consumed in the country, a decline in ‘self-sufficiency’ in relation to the
heyday of ‘political productivism’ and reflecting the trend towards neoliberalisation in the
food system [1]. Land distribution is highly inequitable, with less than one percent of the
population owning half the land in England, for example, with landownership even more
concentrated in Scotland [37–39]. There were 217,000 farm holdings in the U.K. in 2017,
with around twenty percent of these comprising ‘very large’ holdings (over hundred ha
in area) and using the majority of land (seventy-six percent), while forty-eight percent of
farms are ‘small’ (less than twenty ha), farming just four percent of land [40,41]. Production
output is also very unevenly distributed—thus, in England in 2017, a small number of large
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farms (only seven percent) produced fifty-five percent of output by value on only thirty
percent of farmed area [40].

These larger farms are highly capitalised and usually capitalist enterprises (although
commonly centred around family labour), and achieve very high productivity (the ratio
of labour input to output), but only with massive quantities of climate change-inducing
fossil fuel, synthetic fertiliser, and agrochemicals, together with extraordinarily expensive
equipment and infrastructure, again dependent on fossil fuel. Agrochemicals derive, of
course, from oil, while immense amounts of fuel and electricity are required to synthesise
artificial fertilisers from natural gas. Most fertiliser is made from ammonia (NH3), which
is itself produced in factories, whereby nitrogen from the atmosphere is synthesised with
hydrogen atoms extracted from fossil fuels at high temperature and under high pressure.
Being highly soluble, synthetic fertiliser that is not taken up by plants is washed into
surface or groundwaters, causing huge eutrophication problems exacerbated by the loss
of soil structure and organic soil content through the persistent application of artificial
fertilisers themselves (with oxidation of soil organic matter itself being a significant source
of CO2 emissions). The excess synthetic fertiliser that is not leached into water is converted
by bacteria into nitrous oxide (N2O), a GHG that, as noted, is many times more potent
than CO2.

Once the raw ingredients have left the farm, another long chain of energy consumption
begins, comprising processing, packaging, transport, retail, cold storage, cooking in homes
and restaurants, and, lastly, waste disposal [30]. Of these ‘direct emissions’ or supply
chain emissions (primary production to RDC and RDC to consumption but excluding
LUC), primary production generates fifty-six percent, with CH4 and N2O accounting
for more than half of these [31]. CH4 is a more potent GHG than CO2 (although much
shorter-lived) and is produced by ruminant livestock, especially when fed on grains rather
than grass, while manure from these animals also releases CH4 and N2O. The ecological
inefficiencies and destructiveness of raising livestock fed with agro-industrially produced
grains (especially soya, which embodies LUC impacts as documented above) are thus
immense. Overall, sixty percent of the grain grown in the U.K. is fed to animals [41,42],
while some eighty-five percent of agricultural land is devoted directly or indirectly to
livestock production [32,34,43]. As much land overseas is used to support the U.K. grain-
based livestock production system as is used in the U.K. itself [31,34].

3.4. Surplus Extraction Mechanisms

We can translate these highly unsustainable parameters of the U.K. food system into
three Surplus Extraction Mechanisms, all subsumed within the category of ‘imperialist
rent’, that is, the above average or extra profits realised as a result of inequality between
the North and South in the global capitalist system [44]. The three main drivers of the U.K.
economy, namely banking/services (finance capital), mining, and fossil fuel extraction,
are all predicated on ‘imperialist rent’. First, U.K. finance capital has invested in labour-
intensive and polluting industries that have re-located to the global South during the
neoliberal era especially, and here, ‘imperialist rent’ is founded on the super-exploitation of
labour power through Surplus Extraction 1. This is founded on the huge wage differentials
that exist between the global South and global North, despite comparable productivity
levels of labour power between the two. This differential is key to the super-exploitation of
labour power in production in the South and the differential location of high consumption
in the global North, a phenomenon known as ‘labour arbitrage’ [45]. This surplus extraction
mechanism occurs primarily through the export of industrial commodities from the South
to the North. This transfer of surplus value from global South to North helps to support
the levels of affluence in the latter, on which meat- and dairy-rich diets, with their adverse
climate impacts, are predicated.

Second, the key mining and fossil fuel extraction sectors of the U.K. economy realise
‘imperialist rent’ primarily through Surplus Extraction 2. This is undertaken principally
through capital-intensive extractive processes with little use of human labour power, reliant
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on the ‘ecological surplus’ embodied in energy-dense fossil fuels and the ‘socio-ecological
capital’ built up by non-capitalist social systems and extracted through ‘appropriation
by dispossession’ (land grabbing). Imperialist rent is founded, inter alia, on the failure
to enforce in the global South norms of environmental regulation, rehabilitation, and
social compensation that would be required in the North. Super-profits thereby generated
through both Surplus Extraction 1 and 2 afford the transfer of wealth to the U.K. that
enables the ‘imperial mode of living’, the background affluence that undergirds, inter alia,
the adoption of meat- and dairy-heavy diets with their ecological inefficiencies and climate
change impacts. Super-exploitation of global Southern labour power and environments,
or the supply of ‘cheaps’, implies not only more disposable wealth in the U.K. (as in the
North generally) but more consumption since the cheaper the commodity, the more of
it will be consumed, varying ‘elasticities of demand’ notwithstanding. Super-exploited
labour and environments in the global South enable the continued formation of ‘labour
aristocracies’ and specialisation in finance/services and high end manufactures in the U.K.,
with the country, despite increasing wealth differentials, maintaining status as the fifth
or sixth richest state globally, as measured by GDP [31]. The historical and sustained full
agrarian transition of the U.K. population out of agriculture (with only 426,000 people,
or 1.5 percent of the U.K. labour force, remaining in agricultural production [41]) implies
that agriculture is highly capitalised and resource intensive in order to supply the high
consumption demands of its generally wealthy, non-agrarian, population.

The climate change impacts of such high capitalisation and fossil fuel dependency
of U.K. agriculture are exacerbated by grain-fed meat and dairy-oriented diets of the U.K.
population as enumerated above. The ecological inefficiencies and climate change impacts
of these ‘imperial’ diets are, as we have seen, to a considerable extent externalised onto the
global South through ‘carbon leakage’, such that around half of GHG emissions associated
with the U.K. food system are generated overseas. The GHG emissions thus externalised
onto the global South through direct production and through land-use change (LUC),
principally to supply feed for livestock consumption, operate largely through Surplus
Extraction 2.

Additionally, land devoted to livestock grazing in the U.K., especially on poorer
soils in the uplands, could be used to a much greater degree than at present for growing
timber and fuelwood. (These areas are currently dominated by sheep production, but
consumption of sheep meat contributes only minimally to the food security or calorific
value of food consumed in the U.K.) Not only does this compromise potentials for greater
CO2 absorption in the U.K. through woodland expansion, but it also displaces timber and
fuelwood production overseas to areas where it may involve LUC from forest to agriculture.
Thus, the land required overseas to supply the U.K.’s demand for timber has increased
threefold since 2011 (from 2.8 to 8.4 Mha), an area greater than the size of Scotland [35].
Around one-fifth of the U.K.’s overseas land footprint was located between 2016 and 2018
in high risk countries (as defined earlier), including Brazil, China, and Russia. Fuelwood
is used primarily for energy generation, and demand in the U.K. has increased from an
average of twenty-two percent of total imports in 2011 to thirty-two percent in the period
2016–2018. This increase is likely to be linked to policies designed to increase the share of
renewable sources in the U.K.’s energy matrix. Although well intended, these policies fail
sufficiently to assess the carbon impacts of biofuels [35].

Finally, the U.K. food system (like the U.K. economy as a whole) emits far more GHGs
than are sequestered in the U.K. We have suggested that, in total, U.K. GHG emissions
are around 850 MtCO2e [30]. Net emissions in 2017 were 460 MtCO2e [46], implying that
the U.K. emits some 460MtCO2e more GHGs than it sequesters. (This net emissions figure
does not, however, include ‘carbon leakage’ due to overseas GHG emissions associated
with the U.K. economy, while much of the carbon supposedly sequestered by U.K. vege-
tation does not in reality occur because most of this is cancelled out by the oxidation of
degrading peatlands [46]. Consequently, net emissions are likely to be considerably higher
in reality than the above figure suggests.) This indicates, in turn, that the U.K. is reliant
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upon extra-territorial GHG sinks to mitigate the climate change impacts flowing from
its GHG emissions. These it receives in large measure gratis, thus significantly lowering
(externalising) the costs to the U.K. that would be borne were the country to sequester its
own GHG emissions. Since such carbon sinks, in terrestrial terms, are located differentially
in the global South (in the form of differentially intact ecosystems and agroecosystems
sustained by indigenous and peasant production), this represents a further mechanism of
surplus extraction from the South to the U.K. (and the global North more generally) since
the South is bearing the cost of sequestration that should be borne by the U.K. The sad
irony here, of course, is that Surplus Extraction Mechanisms 1 and 2, through destruction
and degradation of these ecosystemic sinks, are actively undermining the capacity of the
global South to continue to sequester GHGs, not only compromising Surplus Extraction 3
for the U.K. (and the North) but, more importantly, posing dire consequences for the future
of the Earth in terms of accelerated climate change.

4. Biodiversity Impacts of the U.K. Food System

4.1. Generic Issues and Structural Causality Underlying Biodiversity Decline

It is important to recall at the outset that a large proportion of the most valued bio-
diversity habitats and landscapes in the U.K., as in Europe as a whole, has arisen from
pre-industrial agrarian management of the, consequently, semi-natural environment over
a very long period [47]. Thus, much of the biodiversity resource of the U.K. depends for
its survival, and a fortiori for its flourishing, upon the continuation or re-adoption of
low-input farming systems and practices. This comprises a co-evolutionary relationship
between pre-industrial farming and the sustainable management of semi-natural habi-
tats within a framework of land sharing rather than land sparing. The latter comprises a
dichotomous framework in which de-naturalised agriculture is given over to productivism,
while the residue of non-farmed landscape is abandoned to de-socialised re-wilding. The
co-evolutionary relationship between farming and the semi-natural environment began
seriously to erode with the rise of capitalism and industrial agricultural techniques, a trend
that, as we have detailed, accelerated out of all recognition following the Second World War.
The post-war period has witnessed steep declines in the area of semi-natural habitat and
in the number and range of characteristic farmland bird, invertebrate, and plant species.
Survival of these habitats and species now occurs (increasingly scarcely) despite rather
than (as before) due to agricultural practices [20]. (We focus in this section on biodiversity
impacts of productivist agriculture in the U.K., while acknowledging, as detailed in the
previous section, the significant adverse impacts of the U.K. food system on biodiversity
overseas, especially in the global South.)

As with climate change impacts, this massive acceleration in the rate of biodiversity
loss and decline may be attributed structurally to the impacts of capitalism as a general ten-
dency and, more specifically, to a particular model of capitalism that we have identified as
‘political productivism’ (and its tendential neoliberal successor ‘market productivism’) [20].
The environmental impacts of productivism can be enumerated as a series of generic issues:

• Loss and fragmentation of semi-natural ‘infield’, traditionally grazed habitats through
agricultural ‘improvement’ (application of synthetic fertilisers and herbicides) or
conversion of these to arable land;

• Overgrazing of semi-natural habitats, primarily in the uplands;
• Loss or mismanagement of ‘interstitial’ habitats, for example, hedgerows, field mar-

gins, ditches, ponds, etc.;
• Drainage or drying out of wetland habitats due to water over-abstraction;
• Pollution and eutrophication of surface and groundwaters leading to loss or degrada-

tion of aquatic ecosystems;
• Loss of crop rotations and arable–pasture mosaics leading to severe reduction in

characteristic farmland species;
• Shift from spring-sown to autumn-sown cereals leading to loss of nesting sites for

characteristic farmland bird species;6
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• Generalised application of pesticides leading to loss of arable weed species, inverte-
brates, and thereby food sources for other wildlife groups;

• Generalised application of synthetic fertiliser leading to the loss of degradation of
semi-natural vegetation, decline in the organic content and structure of soils, and
eutrophication of ground and surface waters [20,47–52].

These generic issues can be linked causally to the essential features of the capitalist and
productivist impulses embodied in ‘appropriationism’ and ‘substitutionism’, a relationship
that we can nominate as structural causality [4].

As a result of these generic or structural impacts of capitalist productivism, semi-
natural ‘infield’ habitats have been pushed to the margins of agrochemically based agri-
culture, subsisting as a residual resource peripheral to most farming systems [20]. Only
in the uplands, where physical constraints have prohibited the widespread application of
synthetic fertilisers and pesticides, do semi-natural habitats still comprise integral elements
of farming systems [48]. In much of the lowlands, however, semi-natural ‘infield’ habitats
survive typically as mere fragments within an otherwise ecologically impoverished farming
landscape. Even ‘common’ species characteristic of more productive farmland (that is,
traditionally farmed ‘artificial’ infield habitats such as arable and grass leys) have exhibited
alarming declines over the course of the productivist era [49]. Freshwater habitats continue
to suffer decline and loss through nutrient pollution and water abstraction from agro-
chemically based farming practices. Rivers in catchments where large-scale chicken/egg
production is located (birds fed principally on imported soya) suffer increasing eutrophi-
cation and ecological degradation through the spreading of manure on land in quantities
that the soil cannot absorb. Surplus nutrients, principally phosphates, are then washed into
adjacent watercourses. In the uplands, habitat deterioration rather than outright loss has
been the norm, the result most frequently of ecological overgrazing by livestock, principally
sheep [50].

The current agricultural and environmental policy framework in the U.K. (these
frameworks differ slightly, although are diverging increasingly, between the constituent
countries’ administrations to whom agricultural and environmental policy is devolved) af-
fords a proportion of this residual resource a modicum of legal protection and conservation
management by means of statutory regulation and/or environmental land management
schemes (ELMS). As we shall see below, Brexit U.K. is introducing a new suite of ELMS
following the discontinuation of CAP-derived schemes—these will be configured in a
more purely neoliberal way than hitherto in conformity with the neoclassical economic
theory of ‘market failure’ and the payment of so-called ‘public money for public goods’. We
will summarise the deficiencies of this theory and approach below. For the moment, it
is sufficient to note that while environmental regulation, cross-compliance prescriptions
attached to continuing direct farm payments (Basic Payment Scheme), and existing ELMS
have slowed the decline of biodiversity in the farmed landscape (in other words, decline
would have been worse without these sources of mitigation), alarming declines in the
extent, quality, and numbers of both habitats and species continue to characterise the U.K.
agricultural environment. In 2019, the State of Nature report indicated the following:

A wide range of changes in agricultural management in recent decades has led to greater
food production but these changes have also had a dramatic impact on farmland biodiver-
sity. For example, populations of farmland birds have more than halved on average since
1970, and similar declines have been seen in many other taxonomic groups. Targeted
wildlife-friendly farming, supported by government funded agri-environment schemes,
can help halt and reverse these declines, but to date the only successes have been for rare
and localised species. The area of land receiving effective agri-environment measures may
have helped slow the decline in nature, but it has been insufficient to halt and reverse this
trend. [51]
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The most recent State of Nature report published in 2023 [52] noted the unfortunate con-
tinuation of this general downward trend in the abundance and distribution of biodiversity,
especially of that component not adapted to productivist environments:

. . .the UK’s nature and environment continues, overall, to decline and degrade. . .the size
of response and investment remains far from what is needed given the scale and pace of
the crisis. (p. 3)

The best available information suggests that nature-friendly farming needs to be implemented
at a much wider scale to halt and reverse the decline of farmland nature. (p. 7)

If we are to halt and reverse biodiversity decline we need not only to increase our efforts
towards conservation and restoration, but also to tackle the drivers of biodiversity loss,
especially in relation to our food system. That means making our food more sustainable
and nature-friendly and adjusting our consumption to reduce demand for products that
drive loss of nature. (p. 9)

These declines, again, can be attributed to structural causes arising from capitalist
productivism. In response to these drastic declines in biodiversity, there is an urgent need
to firstly conserve and enhance the remaining resource of semi-natural habitats through
site buffering, linkage, and re-creation and to secondly address the decline in ‘common’
habitats and species in the ‘wider countryside’. We will argue that this can be secured
only through an integrated, land sharing perspective premised on the cessation of capitalist
productivism (privileging the production of exchange value through farm capitalisation
and intensification) and the adoption of the agroecological production of use values through
‘nature-based’ solutions [7,53].

4.2. Neoliberalism and the Land-Sparing Approach to Agri-Environmental Policy

The currently prevailing model of biodiversity conservation in the U.K., one that will
continue and be reinforced with the adoption of neoliberally configured ELMS, is one
in which nature is ‘sequestered’ on special sites/areas and accorded a role subordinate
and opposed to the capitalist productivist impulse to maximise exchange value (growth)
through capitalisation and intensification. In this de facto land sparing approach, biodiver-
sity conservation is undertaken on a site-by-site, species-by-species basis and awarded a
separate (usually paltry) budget for a series of discrete conservation activities that are juxta-
posed to and must match the opportunity cost of the productivist capitalist enterprise [20].
Indeed, payment rates for ELMS are calculated not on the basis of the intrinsic value of
the conservation resource but rather on the basis of ‘profit foregone’, that is, the amount
of money that could be made by the capitalist enterprise were the biodiversity resource
in question to be destroyed through ‘improvement’ (in other words, the ‘opportunity cost’
of foregoing productivist farming practice). The two aspects of this policy framework, a
spatial/sectoral dichotomy between environmental and capitalist farming concerns and the
expectation that biodiversity will be conserved only if the opportunity cost of agricultural
‘improvement’ is met, reflect both the productivist foundation of the state–capital nexus
and, within this, the absolute property rights that farmers have been awarded to enable
them to claim ‘compensation’ for not destroying nature [54].

The bankruptcy of this approach has been exposed over the last few decades by the
continuing and inexorable decline of the U.K.’s biodiversity resource, exacerbated by per-
sistent indirect subsidies to productivism in the form of the Basic Payment Scheme (only
weakly linked to environmental outcomes) on the one hand and austerity-hit budgets of
environmental agencies on the other. This continuing and alarming decline exposes not
only the inadequacy of the land sparing approach to biodiversity conservation (nature can-
not be conserved effectively on an isolated or fragmented basis or in relation to individual
species alone—see [53,55]) but also the impossibility of effective biodiversity conservation
when the structural causes of decline arising from capitalist productivism, whether ‘po-
litical’ or ‘market’ productivist in orientation, remain in place. Rather, change is required
towards environmental (and social) sustainability in the character of that economic activity
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itself [20]. This might be defined as ‘strong sustainability’ [56]. This means that sustainabil-
ity will not be secured through mitigating (in effect ‘buying off’) unsustainable agricultural
practices, an approach embodied in the prevailing model of voluntary environmental
incentive schemes (and to be perpetuated in the new ELMS), but will need to be secured
by addressing (resolving) the structural causes of generic impacts, whether these derive
from ‘political’ or ‘market’ productivism. At base, this means rendering food production
itself agroecological so that there is no longer a dichotomy between food production and
ecological sustainability.

A structural or generic issues analysis, a land sharing or whole countryside approach,
and strong sustainability (a sustainable social metabolism) are mutually defining since
each derives from or implies the other—a holistic and dialectical relationship between
theoretical cause and political praxis. A land sharing and whole countryside approach has as
its objective not only the conservation and enhancement of semi-natural habitats subsisting
at the margins of productivist farming but, additionally, the transformation of its ‘infield’
practices into those of an agroecological orientation. The latter objective seeks to conserve
and enhance not only characteristic biodiversity but also the resources of soil, water, and
atmosphere and to provide nutritious food equitably to all citizens [53,55]. In short, a
land sharing approach involves farming that satisfies the requirement for the joint and
sustainable production of food, biodiversity, and soil/water/atmosphere. This simultaneous
and equal concern for all the dimensions of sustainability is embodied in the principles of
political agroecology and food sovereignty [4,7]. Sadly, agricultural and environmental
policy, especially in England, the home of doctrinaire neoliberalism, is moving in precisely
the opposite direction. The Agriculture Act of 2020 embodies the proposed abandonment
of any pretension towards the joint management and multifunctional delivery of both food
and nature; rather, the former is to be left to the tender mercies of the international ‘law of
comparative advantage’, while state subvention and management is to be confined to the
latter, shoring up the supposed ‘market failure’ of environmental provision through ‘public
goods for public services’ [1]7.

5. Dietary and Food Security Impacts of the U.K. Food System

5.1. Dietary Impacts

If the climate change and adverse biodiversity impacts of the U.K. food system are
highly concerning, so too are the socio-economic inequalities in diet and food access gener-
ated through its operation. Thus, the annual National Diet and Nutrition Survey produced
by Public Health England and the Food Standards Agency demonstrates that adults on low
incomes are more likely to have diets high in sugar and low in fibre, fruits, vegetables, and
oily fish. Children from the least well-off twenty percent of families consume approximately
thirty percent fewer fruits and vegetables, seventy-five percent less oily fish, and seventeen
percent less fibre per day than children from the most affluent twenty percent [57]. These
differences in diet have an important influence on health inequalities that correlate with
socio-economic status. Populations resident in the most deprived decile of neighbourhoods
are almost twice as likely to die from preventable causes by comparison to those in the
wealthiest decile: they are 2.1 times more likely to die from preventable heart disease;
1.7 times more likely to die from preventable cancer; and three times more likely to have
tooth decay at the age of five; children are nearly twice as likely to be overweight or obese
at the age of eleven [58]. Since 2010, after which economic austerity policies began to
be introduced, life expectancy has gone into reverse in the most deprived areas. Thus,
women in the most deprived ten percent of neighbourhoods in England now die 3.6 months
younger than they did in 2010, and their life expectancy is 7.7 years less than that of women
in the wealthiest ten percent. The differential for men is 9.5 years [58,59]. For healthy life
expectancy, there is an even greater disparity of nineteen years between the ten percent of
poorest and richest [58,59].

The modern, industrial food diet of cheap ‘junk’ food (highly or ultra-processed
food) possesses the singular but perverse quality of generating obesity and poor nutrition
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simultaneously. Thus, children in the poorest areas of England are both more overweight
and significantly shorter at age ten–eleven than their peers in the richest areas [60]. The
average five-year old in the U.K. is now shorter than his/her peers in nearly all other high-
income western countries [61], an indication of the adverse health impacts of neoliberal
austerity policies in the U.K. by comparison to more interventionist policies of most states
elsewhere in the global North. Obesity can and does co-exist with outright hunger; the same
households that eat poorly may find themselves unable to eat at all, a phenomenon that has
been increasing with the recent ‘cost-of-living’ crisis in the U.K. caused by the Ukrainian
conflict and commensurate increases in the cost of basic food items through inflationary
pressure on artificial fertilisers (exacerbated by Brexit and exposing the vulnerability of
the ‘globalised’ U.K. food system to external disruption [1]). Thus, data collected by the
Department for Work and Pensions in 2019 found that, even before the COVID-19 pandemic,
four percent of U.K. families experienced disrupted eating patterns or were obliged to cut
back on food due to poverty [62]. Among recipients of Universal Credit (a general welfare
payment), this proportion rose to twenty-six percent [62], a percentage that has increased
still further with COVID-19 and the subsequent ‘cost-of-living’ crisis.

Sadly, poverty reinforces unhealthy food consumption, if and when such food is
affordable and available. Unhealthy food is cheaper per calorie than healthy food and is
more readily available in poorer neighbourhoods. There is a clear correlation between
poverty and the density of fast-food outlets, for example [63]. Over three million people
in the U.K. cannot reach any food stores that sell raw ingredients within fifteen minutes
by public transport (which in the U.K. continues to deteriorate, with cancelled bus routes
and less frequent services), and forty percent of lowest income households lack access to
a car [63]. The lack of easy access to fresh ingredients or, in the case of nearly a million
people, to a fridge in which to keep perishables, together with the increase in the cost of
electricity and gas, compounded by the time and effort required to decide upon a menu
and prepare a meal, act in tandem as strong deterrents to those with fewest resources and
skills to cook ‘from scratch’ [31]. More serious still, access to affordable food of any kind
is now beyond the means of a growing minority of the population—such ‘absolute’ food
poverty is an increasing reality for those on low incomes or social security in the context
of the ‘perfect storm’ of precarious incomes, a reducing welfare state, and inflationary
pressure on food prices. As a result, the U.K. now has some two thousand food banks run
by charities to supply free food to people in need. Nearly fifty percent of families with
three or more children are now living below the poverty line, while the most recent cut in
Universal Credit introduced in 2021 was predicted to drive a further half a million people
into poverty and push the child poverty rate to one-third of all children [62,64].

The Food Foundation monitors moderate or severe hunger and malnutrition in the
U.K. (food insecurity defined as insecure access to adequate amounts of nutritious food).
Moderate or severe food insecurity are defined, more specifically, as the number of people
in the previous month who had smaller meals or skipped meals; had been hungry but
not eaten; or had not eaten for a whole day—each because of lack of access to or inability
to afford food. In June 2023, the Food Foundation found that nine million adults in the
U.K., or seventeen percent of households, experienced moderate or severe food insecurity,
a massive rise from 7.3 percent in June 2021 [65]. Nearly one-quarter of households with
children experienced food insecurity [65]. As suggested above, moderate or severe food
insecurity in the U.K. is associated with obesity, since people who cannot afford or lack
access to healthy and nutritious food eat unhealthily. Far from seeking to help low-income
families to escape these life-debilitating disadvantages, however, the neoliberal policies of
the incumbent U.K. government are simply exacerbating the conditions underlying dietary
inequality and food poverty. In short, the wider social inequalities of neoliberal Britain are
reflected in and exacerbated by inequalities of diet and food poverty.
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5.2. Food Security Impacts

Turning to the issue of self-sufficiency and food security, we may define self-sufficiency
as the ability to feed a nation from its own produce rather than from imports. Food security,
for its part, has been defined as the ability to feed a nation at a reasonable cost, irrespective of
the source of food or the manner of food production, even in the face of future shocks such
as massive harvest failure or a general crisis of agricultural production caused by, for exam-
ple, climate change [31]. Sadly, however, this definition, one operationalised by historical
and contemporary U.K. governments alike, directs virtually no attention to the ecological
costs entailed in supplying food to the nation ‘at reasonable cost’—in other words, ‘at rea-
sonable cost’ usually means ‘at huge cost to the environment’, ‘cheapness’ being predicated
on ecological (and social) cost externalization, both domestically and overseas [1]. Stated
otherwise, it is the ‘hidden’ subsidy afforded by ecological (and social) cost externalisation
that enables food commodities, under the principle of capitalist ‘comparative advantage’,
to be supplied ‘at a reasonable cost’ to consumers [4]. ‘Food security’, as currently con-
figured, therefore generates longer-term food insecurity by undermining the ecological
and biophysical basis of agricultural production [1]. Moreover, a capitalist food system
cannot assure general access to food since this depends on the ability to pay—capitalist
food producers have to balance ‘cheapness’ (affordability) with the imperative to generate
profit. The state–capital nexus attempts to mitigate and balance these contradictions—the
need to ensure the availability of food for consumers ‘at reasonable cost’ and the desire of
capitalist producers to realise a profit—but, as a capitalist state, is ultimately constrained
by capital’s demand to realise surplus value as the ‘bottom line’ [17].

Food sovereignty and political agroecology propose, by contrast, to extricate food
production, distribution, and consumption from capital’s grip and place them in the hands
of democratically controlled governance mechanisms to secure ecological sustainability and
equality of access to wholesome food and to the means of food production [4,7]. National
food self-sufficiency does not guarantee food security; but where food sovereignty and
political agroecology are introduced within any polity, self-sufficiency is the only means of
ensuring, so far as is feasible in relation to ‘indigenous products’, that food is produced,
distributed, and consumed in conformity with the principles of ecological sustainability
and social equity. While it is important to ensure that alternative supply is available in
the event of harvest failure or other local crises, it is vital to repeat that ‘food security’, as
currently defined and enacted by the U.K. government, is achieved only at cost of food
insecurity over the longer-term as the ecological foundations of production are eroded and
climate change accelerates [1].

Indeed, the U.K. state–capital nexus has, since the emergence of industrial capitalism
in the 1840s, sought to deliver ‘food security’ on the basis of international capitalist supply,
premised on the principle of ‘comparative advantage’ or ‘least cost’—a principle that asks
few questions concerning the ecological or social sustainability of food supply (only the two
world wars and the aftermath of the latter have proven exceptions to the doctrinal domi-
nance of comparative advantage) [4]. Consequently, food self-sufficiency in the U.K. fell
progressively following the abolition of the protectionist Corn Laws in 1846 [1,4,18], reach-
ing a nadir of thirty percent self-sufficiency on the eve of the Second World War. Wartime
blockades and concerted efforts to increase domestic production saw self-sufficiency rise to
seventy-five percent by the end of the Second World War (1945) [1]. The post-war period
saw the introduction of ‘political productivist’ policies to boost self-sufficiency as discussed
earlier in this paper. Thus, by the mid-1980s, when CAP subsidies and tariffs were at their
zenith, U.K. self-sufficiency reached a peak of around eighty percent [66]. Subsequently,
the fiscal costs and environmental impacts of ‘political productivism’ led the EU to reduce
commodity support and tariffs; U.K. governments since Margaret Thatcher have been keen
advocates again of freer trade, ‘comparative advantage’, and, consequently, ‘globalisation’
in agriculture, as with most sectors. U.K. domestic self-sufficiency has declined since then,
a decline that has accelerated with Britain’s departure from the EU and, on the basis of
current trends and policies, is set to continue on this trajectory. Indeed, the present U.K.
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government has such confidence in the operation of the capitalist market and the principle
of ‘comparative advantage’ that it no longer sets a target for the amount of food that the
U.K. should grow to feed itself [31]. It relies, rather, on two methods to assess national
‘food security’.

First, it conducts occasional reviews to assess whether the U.K. possesses the means
to restore necessary self-sufficiency in the event of food supplies from other countries
being cut off completely. In 2009, DEFRA conducted a U.K. Food Security Assessment [67],
concluding that the U.K. already grows much more of our own food than was the case
before the Second World War—the U.K. would therefore be better placed than seventy years
previously to restore self-sufficiency if needed (although self-sufficiency has continued to
decline since that assessment was conducted). The 2009 assessment also indicated that
the shortfall in self-sufficiency could be made good by a shift from livestock production
to grains and vegetables. Presciently, from the perspective of this paper and the climate
emergency-inspired need to transition to agroecology, the assessment suggested that the
maximisation of calorie production would require a dramatic reduction in livestock produc-
tion, with all crop production being used where possible for human consumption rather
than for animal feed [67]. DEFRA estimated that, in such a scenario, the U.K. could produce
more than enough calories per person per day (although this would be undertaken using
synthetic fertilisers and fossil fuels of course—see below for discussion of agroecological
transition and abjuring reliance on fossil fuels).

Second, DEFRA also conducts internal monitoring of food security, these reports being
shorter but more wide-ranging than the 2009 Food Security Assessment. They assess the
risk of various disruptions across the food system: how global harvests might change due
to global heating and other stressors, the geographical diversity of U.K. food imports and
the degree of exposure of the U.K. to harvest failure in any one region of the globe, etc.
The 2020 Agriculture Act formalised DEFRA’s food security reviews, creating a statutory
duty to publish such a report at least every three years [31]. As noted earlier, however, the
Act also cemented a commitment to increased reliance on cost-externalising ‘comparative
advantage’, thus structurally reinforcing both the U.K.’s commitment and vulnerability to
market-defined ‘food security’—in effect, food insecurity [1].

In this way, industrial ‘market’ productivist agriculture, exacerbated by ‘globalisation’,
continues to cause climate change, together with the other severe disbenefits enumerated
above, in turn threatening longer-term food supply. Yet, rather than seeking to address this
fundamental cause at home by increasing sustainable food self-sufficiency, the present U.K.
government, in its quest for ‘cheap’ food through ‘comparative advantage’, is bound upon
a course of increasing unsustainable ‘globalisation’ by its commitment to signing FTAs
with countries with lower environmental standards than the U.K.’s. As the National Food
Strategy [31] points out, it is fairly pointless trying to build a low-carbon, nature-friendly,
and socially equitable food system in the U.K. if it is then undercut by imported food
produced to lower standards. And yet, this is precisely what the present U.K. government
is in the process of doing.

In the next section, we examine in more detail the policy discourses of the major
politico-economic constituencies that are attempting, variously, to obfuscate, mitigate
(symptom manage), or resolve the contradictions of the U.K. food system delineated above.
This examination will serve to paint a picture of the current politico-economic context
dominated by various shades of capitalism, which any transition to agroecology and
degrowth in the U.K. must unavoidably confront.

6. Contested Policy Discourses Surrounding Agrarian Climate Change, Biodiversity
Loss Mitigation, and Food Security Strategies

6.1. Net Zero: ‘Societal Project’ or ‘Flanking Measure’?

Following mounting international pressure from the IPCC, and specific recommenda-
tions from the advisory U.K. Climate Change Committee (CCC) to address comprehensively
the incontrovertible causes and impacts of anthropogenic climate change wrought by GHG

165



Land 2024, 13, 594

emissions, the U.K. government under a Conservative Party administration announced
a target of net zero for such emissions by 2050. The change to legislation came into force
on 27 June 2019 and imposed a legally binding target on U.K. governments to achieve
such a target by the stated date, thereby amending the Climate Change Act of 2008 (which
had set a target of eighty percent reduction in GHG emissions compared to 1990 levels).
Net zero means that the U.K.’s total GHG emissions will, by 2050, need to be equal to,
or less than, the emissions the U.K. removes from the environment. It is proposed that
this can be achieved by a combination of emission reduction and emission removal. GHG
emissions can be removed by the natural environment (natural sinks/sequestration) or
by using, the U.K. government asserts, technologies like carbon capture (usage) and stor-
age (CC(U)S) [46], even though these are as yet unproven technologies in terms both of
feasibility and safety.

Given that this legislation has been passed by a Conservative administration whose
neoliberal or ‘hegemonic’ policies hold out little actual hope of meeting this emission
reduction target (as is intimated above and further substantiated below), it is reasonable to
surmise that the real purpose of the commitment is to construct a legitimating ‘flanking
measure’ [15] to neutralise potential oppositional discourses, especially from influential
environmental civil society groups, and to persuade doubters that something meaningful
is being undertaken to avert climate crisis [68]. The adoption of a legally binding and
very concrete target certainly sends a clear legitimating message of belief that current
and proposed market dependent policies and techno-optimistic imaginaries will deliver
on the emissions reduction objective if only ‘rational’ price signals can be liberated from
the dead-hand of the state—and here ‘liberation’ from the ‘sub-hegemonic’ and ‘state-
interventionist’ instincts of the EU is construed as a clear opportunity for neoliberals to
demonstrate the putative efficiency of free markets in securing the ‘optimal allocation of
resources’ in relation, inter alia, to climate change mitigation and biodiversity conservation.

This combination of immovable target and techno-market optimism appears designed,
then, to deflect competing discourses entailing greater levels of market constraint and state
interventionism such as are characteristic of the ‘sub-hegemonic’ narrative, for example. It
is certainly true that there are many amongst the Conservative Party, the civil service, and
neoclassically trained economists in environmental organisations who genuinely believe
in the beneficence of the market (see, for example, [69]) and in its capacity, with the
proviso of ‘public money for public goods’ and certain regulatory safeguards, to secure
the required ‘net-zero’ emissions and improvement in the status of biodiversity. Currently,
then, a combination of neoliberal and ‘quasi-neoliberal’ (that is market-optimist and market-
oriented climate emergency discourses as defined earlier and discussed below) may be
said to have entrenched hegemonic status in the U.K. Parliament, in state departments,
in agri-food capital, amongst larger farmers, and amongst mainstream environmental
pressure groups. To the extent that this ‘combined’ neoliberal discourse coheres and appears
unassailable, it may indeed be considered to act as a ‘societal project’ or ‘semantic fix’ [68,70].
However, as post-Brexit optimism wains, and dissension again raises its disruptive head,
it is perhaps more helpful to speak of the net-zero target as a ‘flanking measure’ [15],
since this term suggests continuing underlying tension beneath this provisional hegemony.
Booth [57] suggests the following:

Attributing the “post-political” [that is, uncontested hegemony] label to a field wherein
even relatively aligned institutions are in tension is overly simplistic. The unfolding of
these tensions in the coming decades must be attended to in a way that does not reify a
monolithic state-capital nexus, but instead acknowledges the dynamism and lived nature
of institutions and the class interests they represent, modulate, and materialise. These
fissures are currently predominantly discursive in nature [due to provisional hegemony],
but as the British countryside is reshaped in various forms by impending socio-ecological
change, they will become socio-material gulfs.

Booth [68] also notes that the U.K.’s net-zero by 2050 ambition has stimulated food sys-
tem actors, additional to those pursuing a neoliberal course, to propose various ‘imagined
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pathways to net-zero agriculture’, pathways that may be variously seen as complementary
to neoliberal discourse (‘post-productivism’ and ‘alter-hegemony’), in tension with it (‘sub-
hegemony’ or ‘neo-mercantilism’), or diametrically opposed to it (‘counter-hegemony’ or
‘radical’ food sovereignty). We now examine the discursive content of these pathways, the
class or interest group complexion of their proponents, and their policy proposals for the
agri-food sector to secure net-zero by 2050 as well as ancillary objectives for biodiversity
conservation and implications for food security.

6.2. Hegemonic and Quasi-Hegemonic Discourse

The first and ‘hegemonic’ discourse is that of neoliberalism, conforming to the ‘cor-
porate driven, technological (optimist)’ narrative identified by Borras et al. [71]. This is
represented most fulsomely by many members of the Conservative Party, by state depart-
ments such as the Treasury and DEFRA, by many upstream and downstream fractions of
agri-food capital, and by larger farms confident of their continued ‘comparative advantage’
without state subvention. However, we here combine this discourse with a ‘climate emer-
gency’ narrative [71] characteristic of the U.K. CCC and certain statutory and non-statutory
environmental bodies, for example. We do so because, although these bodies adopt rigorous
natural scientific criteria to define the necessary parameters as the basis for policy action
to mitigate climate change, together with biodiversity and natural resource decline, the
recommended policy actions themselves are largely defined by neoclassical and neoliberal
economic theory. Thus, while Booth [68] suggests that the U.K. CCC deploys a ‘sub-
hegemonic’ discourse to differentiate it from the more doctrinaire neoliberalism of DEFRA,
for example, we prefer to nominate the CCC as embodying a ‘quasi-hegemonic’ narrative.

DEFRA may be taken as an exemplar of ‘hegemonic’ neoliberalism [11,12,68]. The
overall pathway to net-zero that emerges from its departmental literature and statements is
one reliant on ‘faith in markets to solve complex socio-ecological problems’ [68]. DEFRA
accords great responsibility to individual farmers to attain net-zero through the prospect of
innovation and the ‘rationality’ of the market. This basic competitive dynamo of supposedly
beneficial change is to be supplemented by a measure of grant-based investment in both
on-farm capacity and innovation as a means to bolster productivity improvements (the
ratio of labour input to output) still further [72–74]. This stance is reiterated in an update of
the Agricultural Transition Plan (January 2024) [75]. However, despite this optimism in the
market, productivity improvements, and technological innovation on the part of individual
farming entrepreneurs, DEFRA in actuality places central reliance on the new publicly funded
Environmental Land Management Schemes (ELMS) to secure its net-zero vision, together
with and through the mitigation of biodiversity and natural resource decline. While ELMS
are legitimated according to the neoclassical doctrine of ‘public goods’ payments in the
event of ‘market failure’ [13], and while disbursements are intended to be strictly delimited
and competitive (with the possible exception of the Sustainable Farming Incentive (see
below)), it is nonetheless the case that, in the absence of such public subvention and market
intervention, there is virtually no prospect of achieving net-zero in the agri-food sector
(see below).

The CCC, an exemplar of what we term ‘quasi-hegemonic’ discourse, is an indepen-
dent, non-departmental body tasked with producing publicly available and independent
expert advice on the government’s efforts to meet its climate change targets [68]. Like
reports from statutory environmental agencies such as Natural England, its published
outputs in this area, notably Land Use: Policies for a Net Zero UK [41], are more technical and
intended as objective analyses of potential pathways forward to ensure the government’s
environmental targets are secured. Further, the CCC’s strategy of publishing various
emissions reduction scenarios broadens its capacity to make proposals for more drastic
change [41,68]. Given its formal independence, the CCC is able to recommend policy
action further removed from norms of political conformity than a state department such as
DEFRA. Consequently, CCC is able to deploy more of a ‘climate emergency’ discourse than
would be feasible for DEFRA, for example, and this is indeed reflected in its unequivocal
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statements indicating the need for urgent and serious change in land use to meet net-zero:
‘The UK’s net-zero target will not be met without changes in how we use our land. . .Current
policy measures will not deliver the required ambition. . .Throughout the UK there is an
urgent need for a new approach: the legislative opportunities for real change are available
and should progress immediately.’ [41].

Despite this invocation of expeditious and meaningful policy action to curb climate
change, however, ‘the CCC. . .operates within the conjunctural orthodoxy and does little to
challenge existing political “common sense” around the efficacy, rationality, and desirability
of markets. . .’ [68]. Like DEFRA, the CCC places huge faith in the market and techno-
logical innovation to render production and productivity improvements that will enable
food to be produced with fewer GHG emissions and land to be released for designated
carbon sequestration projects (afforestation, peatland creation, etc.) [41]. Consequently,
we consider the CCC to remain in thrall to neoclassical and neoliberal doctrine despite its
acknowledgement of the biophysical causes and impacts of climate change—hence our
nomination of this discourse as ‘quasi-hegemonic’. This thraldom in relation to neoclassical
theory is exemplified by the following definitive statement of market optimism: ‘Many of
the environmental goods and services that land provides do not have a private market;
their positive impacts are not priced and are under-supplied by the market. This has led
to historic and ongoing degradation of land, soils, and water courses and loss of biodiver-
sity.’ [41]. Thus, according to neoclassical theory and the CCC, it is not capitalism and the
capitalist market that generate environmental harm as a necessary part of their operation;
it is in fact their very absence. The solution is not the abolition or restraining of capitalism,
therefore, but rather the further privatisation and commodification of land and nature
where these are ‘excludable’—where exclusion (enclosure) is not feasible, as is supposedly
the case with ‘public goods’ provision, then ‘market failure’ ensues. Such ‘market failure’
is then to be addressed through the provision of public subvention for ‘public goods’, in
this case the new ELMS schemes. Like DEFRA, then, the CCC places central reliance on
these schemes to deliver net-zero by 2050. Below, we examine the likely efficacy of ELMS in
achieving this target and other biodiversity and natural resource benefits that are claimed
by the Conservative government to flow from them.

These two discourses, ‘hegemonic’ and ‘quasi-hegemonic’ neoliberalism, comprise
socio-technical imaginaries of net-zero futures through central reliance on an ‘open future’
of market and technological optimism born of a genuine (‘quasi-hegemonic’) or a rather
more Machiavellian and class-centric (‘hegemonic’) belief in the ‘truth’ of neoclassical
economic theory. Booth [68] suggests ‘that this contemporary mode of discourse-oriented
target governance does not in reality attempt to “make futures”. . . but only facilitate[s]
the construction of future markets and market futures’. Again, there are certainly those,
especially professionally trained neoclassical economists in the civil service, who appear
genuinely to believe in the ‘Promethean’ qualities of capitalist rationality in the face of
all challenges, climate change included (‘quasi-hegemonic’ discourse). It is nonetheless
clear that the predominant and more ‘Machiavellian’, ‘neoliberal’ discourse of partisan
class agents in parliament and agri-food capital is concerned primarily not to deliver the
social change necessary drastically to reduce GHG emissions but rather, and as a ‘flanking
measure’ [15], to create the illusion of government effort whilst simultaneously facilitating
the ‘permanence’ [76] of current and increasingly ‘disembedded’ capitalist social–property
relationships [12,68].

This lack of substantive effort to move meaningfully towards the net-zero by 2050
target is borne out by the woeful inadequacy of U.K. Nationally Determined Contributions
(NDCs), which are intended to identify concrete rather than aspirational achievements
and targets for GHG reduction by 2030. These NDCs currently fall far short, in terms of
substantive policy actions, of the trajectory of GHG reductions that would be required
to meet the 2050 aspiration, however. The NDC document (2020) identifies an ambitious
target of sixty-eight percent reduction in GHG emissions by 2030 compared to 1990 levels,
while a further target of seventy-eight percent reduction by 2035 compared to 1990 levels
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was announced in 2021 following recommendation from the CCC [77]. The NDC, however,
provides virtually no substantive policy detail as to how this target might be secured. The
section of the document entitled Food Security and Policy [78], for example, contains no
detail other than to refer to the U.K.’s Agriculture Act 2020—this Act, however, simply
embodies the empty techno-market optimism and heavy reliance on ELMS delineated
above. Produced in conjunction with the NDC is the Adaptation Communication [79],
designed to indicate how the U.K. will adapt and build resilience to current and future
climate change. This document affords a little more policy detail than the NDC but does
so simply by reiterating the heavy reliance on ELMS in agricultural policy to secure GHG
emission reductions in the sector: ‘A cornerstone feature of future agricultural policy,
the new Environmental Land Management scheme, will provide a powerful vehicle for
achieving the goals of the 25 Year Environment Plan and the commitment to net-zero
emissions by 2050, while supporting our rural economy. Climate change adaptation and
mitigation are core aims of the Environmental Land Management scheme.’ [79].

Given this centrality of ELMS in the current U.K. government’s neoliberal (‘hegemonic’
and ‘quasi-hegemonic’) discursive aspiration to secure in the agriculture sector the legally-
binding reduction targets it has set, including for the mitigation of biodiversity and natural
resource decline, we now turn to examine the likelihood of this eventuality. The U.K.
Conservative government wishes to replace, through phased withdrawal, the inherited
(‘sub-hegemonic’) support structures of the CAP with a neoliberal system that affords no
direct support to farmers since ‘production and trade-related’ subvention is considered
anathema to the ‘free play’ of market forces beloved of neoclassical theory [9,12]. Public
subvention, as indicated, is thus to be confined to so-called ‘public goods’ payments since
these are the supposed result of ‘market failure’ and therefore receive the imprimatur of
neoclassical orthodoxy. In this way, it is proposed to restrict public subvention to ELMS, of
which there will be three main components. Originally, these were proposed to comprise
The Sustainable Farming Initiative (to support ‘environmentally sustainable farming’ across
the landscape), Local Nature and Recovery (to support local environmental priorities
and recovery), and Landscape Recovery (to support local environmental priorities and
recovery, including ‘rewilding’) [80,81]. The first two schemes have now transmuted into
the Sustainable Farming Incentive and Countryside Stewardship, while the third retains its
original name [75]. All are supposed to contribute to meeting the net-zero target through
actions and practices intended to reduce and sequester GHG emissions through and
together with measures to mitigate biodiversity and natural resource decline.

These are to be ‘supported’ by a set of regulatory standards, the configuration of
which remains as yet unclear [9]. ELMS are to be configured in a way that conforms to
what Tilzey [12] refers to as ‘radical neoliberal’ discourse, compatible with WTO ‘green
box’ stipulations and as decoupled from agricultural production decisions as is feasible.
As such, subvention will be voluntary and discretionary (competitive), meaning that, in
contrast to current Pillar 1 direct payments, no ‘automatic’ entitlement to funding will
be implied [81]. While the Sustainable Farming Incentive does appear to have features
not wholly dissimilar to direct payments derived from CAP Pillar 1 (being a ‘”universal
scheme”, available to all farmers’ [82]), thus representing something of a rowing back of
radical neoliberalism under pressure from the likes of the NFU, the latter has nonetheless
criticised the scheme as providing inadequate financial support and funding environmental
actions at the expense of food production. In a response to the government’s January
2024 changes to ELMS, the NFU indicated: ‘With a minimum of 50% reduction in direct
payments due in 2024, the tapering of payments to 2027 continues to be very concerning. . .
It is imperative that the Sustainable Farming Incentive has sustainable food production at
its core, with enough options that sit around productive farming. For this to happen it is
absolutely vital that there’s a better balance between policies that focus on enhancing food
production as well as the environment’ [83]. This statement clearly expresses the different
emphases of ‘hegemonic’ neoliberal discourse—supporting the ‘environment’ through
‘public good’ payments whilst leaving food production (and food security/sustainability) to
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be determined by ‘market forces’—and ‘sub-hegemonic’ market interventionist discourse—
supporting the ‘sustainable intensification’ of productivist farming to secure national food
security whilst subordinating environmental actions to this overriding objective. As such,
both discourses a predicated on a ‘land sparing’ rather than a ‘land sharing’ approach.

Absent the financial ‘cushion’ afforded by current direct payments, and given the
prevalently selective and competitive character of ELMS together with their focus on
‘environment’ rather than supporting ‘food production’, British farmers will find themselves
competing against adverse pressures flowing from ‘market productivism’ embodied in the
free trade agreements (FTAs) that the U.K. government is now committed to concluding
with countries that often have significantly lower environmental and social standards
than the U.K., and that will, therefore, exert greater downward pressure on prices, forcing
farmers to further externalise ecological and social costs [9,20]. The FTA with Australia that
came into force in 2023 is symptomatic of this trend, where adverse LUC (land clearance, soil
degradation, and erosion) associated with ‘cheap’ sheep and cattle production represents
considerable ‘carbon leakage’ [14,84]. Even more alarming are prospective FTAs with states
such as Brazil, from which the U.K. already imports five percent of its beef, with huge
implications for adverse LUC and, consequently, ‘carbon leakage’ [34].

Under the U.K. government’s post-Brexit ‘global Britain’ scenario, therefore, enhanced
competitive pressures will oblige farmers to accelerate ‘market productivism’ in an attempt
to compensate for increased downward pressure on prices generated by cost externalising
imports predicated on ‘carbon leakage’. Indeed, the U.K. is already considering ‘waivers’
in relation to its climate change legislation to be written into FTAs. In the resulting com-
petitive ‘race to the bottom’, the high opportunity costs of diverting land, investment, and
management to GHG emission reductions and sequestration embodied in conservation
farming or agroecology imply that the agri-environmental ‘policy reach’ of ELMS will be
limited [9,14]. This will be the case particularly in respect of those farms described by
DEFRA as ‘very large’ (the top twenty-five percent of farms) and those in the ‘general crop-
ping’ (cereals and horticulture) and dairy sectors in which agricultural business activities
are currently profitable and enterprises are not predominantly reliant on state subsidy in
the form primarily if direct payments [85–87].

The new ELMS, unless endowed with very generous budgets, will, consequently,
struggle to meet such opportunity costs on the approximately fifty percent of farmed area
occupied by these farm categories. Throughout much of this area, therefore, in which
farmers will be preoccupied with attaining further economies of scale in the face of the
discontinuation of direct payments and enhanced exposure to overseas competition, the
only means by which to secure compliance with environmental objectives and GHG emis-
sions reduction targets will be through tighter regulation. For this very reason, however,
such prospective regulations are currently the subject of intense contestation [9]. Under
such downward price pressures, the motivation to rely increasingly on cost-externalising
imports as ‘cheaps’ through Surplus Extraction 2, especially, will grow, and this will be
particularly significant in the dairy, poultry, and pork production sectors heavily reliant
on (LUC implicated) Latin American soya imports to secure profit margins. These same
pressures will also induce further farm amalgamation and the perpetuation of production
capitalisation, as machinery, including new robotics, and agrochemicals are substituted
for human labour. While farmers will strive to reduce energy costs and consumption
where feasible through ‘ecological modernisation’ and ‘sustainable intensification’, the
underlying fossil fuel intensity of production due to high capitalisation and reliance on
cost-externalising imports will thwart substantive progress towards GHG reduction targets
in agriculture.

Alternatively, in those zones dominated by farms described by DEFRA [85–87] as
‘mixed’, ‘lowland grazing livestock’, and ‘grazing livestock LFA’ (less-favoured areas, gen-
erally indicating upland landscapes), predominantly located in the west and north of the
U.K. and characterised by the majority of ‘small’ and ‘medium’ farms, businesses will
struggle to survive the withdrawal of direct payments [31]. The commercial activities

170



Land 2024, 13, 594

of farms in these categories (primarily sheep and beef cattle producers) are, on average,
currently loss-making, and they remain solvent only thanks to state subsidy in the form
of ‘sub-hegemonic’ direct payments and agri-environmental schemes [85–87]. Direct pay-
ments comprise the bulk of these payments, contributing up to one hundred percent of
income in the case of many LFA farms, and their eventual withdrawal after 2028 spells the
demise of many of these farms unless new ELMS subvention can make good the shortfall,
an outcome that currently appears very unlikely [9] (despite the supposed ‘universality’ of
the Sustainable Farm Incentive). This is so in part because ELMS payments are, in accor-
dance with neoliberal and neoclassical dictates, calibrated to secure specific environmental
outcomes that are deliberately decoupled from farm income considerations in order to
minimise production and trade ‘distortion’ [81], predicated on the flawed notion that it
is possible to dichotomise agricultural production from its negative or positive ecological
impacts [9,12]. With future state disbursements via ELMS no longer designed to assist
farm solvency, the pressures for smaller farms to sell up and for larger farms or other
enterprises to absorb them will be compelling. Consequently, it seems unlikely that many
of these farms will still be in existence to put into practice the Conservative government’s
much-vaunted ELMS. Farms in this pastoral sector have been characterised by the gradual
process of extensification noted earlier [34], and their demise will lead, additionally, to the
‘carbon leakage’ of ruminant production to locations overseas, notably Australia and Brazil,
where the GHG emission intensity of production, largely through ecologically devastating
LUC, is much higher than in the U.K.

The result, overall, will be a dichotomous countryside, with agriculturally competitive
(arable, general cropping, dairy, pig, and poultry) farms in the lowlands dominated by
‘de-natured’ market productivism and the (sheep, beef cattle) pastoral zones of the west
and north reverting to ‘de-socialised’ ‘wilderness’ [56], converting to managed ‘re-wilding’,
or pursuing ‘ranching-style’ scale-economies. The former will intensify their dependence
on the importation feed and inputs from overseas under increased competitive pressure
facilitated by the FTAs currently scheduled for conclusion or negotiation with states, such
as Brazil, happy to export agricultural commodities at huge ecological cost. The ‘carbon
leakage’ of these enterprises is therefore likely to increase further. The solvency of these
highly capitalised farm businesses will be thus ever more dependent on Surplus Extraction
Mechanism 2, while their high GHG emissions intensity will rely, with the increasing loss
of sequestration capacity in the U.K.’s intensively farmed landscapes, on the diminishing
capacity degrading ecosystems overseas to continue to sequester carbon as the basis of
Surplus Extraction Mechanism 3.

As for the pastoral zone of the west and north, potential gains in GHG sequestration
through ‘rewilding’ programmes are likely to be seriously compromised by ‘carbon leakage’
overseas with the migration of beef and sheep production to high carbon emission locations
such as Australia (sheep and beef) and Brazil (beef). ‘Cheaper’ beef and lamb for British
consumers will be secured through the outsourcing of increased GHG emissions, with
accumulation for the industry secured through Surplus Extraction Mechanism 2. In addition
to failing to meet targets for GHG emission reductions in the agriculture sector, the current
U.K. government’s neoliberal land-use policies will, for the same reasons, also fail to meet
its stated ambition for the restoration of farmland biodiversity and for the rehabilitation
of soils degraded by decades of agrochemical applications. Moreover, the imperative of
meeting food security needs consistent with these other objectives is wholly neglected.
Consequently, questions concerning the co-production of food and biodiversity without
recourse to fossil fuels whilst building sequestration capacity, together with the supply
of and access to locally grown and nutritious food for all, are wholly antithetical to this
radical neoliberal scenario espoused by the current U.K. government [1,9].

6.3. Alter-Hegemonic Discourse

Second, proponents of ‘alter-hegemonic’ discourse, which perhaps may be seen in
some respects to be part of the ‘climate justice’ narrative, advocate the putatively opposi-
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tional paradigm of ‘post-productivism’. This asserts that the market power of ‘corporate’
food interests (and here their discourse typically constructs binary between overweening
corporate power and the generalised interests of ‘ordinary’ citizens) can be countered by
exploiting the turn by consumers away from industrial food provisioning in favour of qual-
ity, organic, local, and ‘re-territorialised’ food production [4,14]. While ‘alter-hegemonic’
advocates do emphasise important facets of production that are key to ecologically and
climate stabilising agriculture, their paradigm, with its reliance on ‘reflexive consumerism’,
does little to confront market dependence, capitalist relationships of production, or the
imperial mode of living. Thus, the turn to so-called ‘economies of scope’ and niche markets
and therefore to dependency on middle-class consumption as the principal revenue stream
for ‘post-productivist’ farmers is likely to afford only temporary respite from competitive
pressures as more producers enter the field of quality production with the loss of direct sub-
sidies [4,14]. Downward pressure on prices and capital concentration are likely outcomes
of this process, while pivotal dependence on higher end income for consumption of quality
produce, sustained by the imperial mode of living through the main drivers of the U.K.
economy premised on Surplus Extraction 1, cast considerable doubt on both the longer-term
viability and the environmental/social justice claims of this ‘alternative’ paradigm.

This means both that producers of ‘quality food’ remain highly market-dependent
and subject to the pressures of capitalist competition and that, where there is a significant
shift to ‘post-productivism’ while demand for cheaper wage foods remains undiminished,
productivism, as the source of those wage foods, must be undergoing extra-territorial
leakage [4,14]. Such leakage, as we have seen, is typically to the periphery either in the
form of finished products (for example, beef and sheep) or in the form of feed and food
ingredients for further productivist elaboration in the U.K. In other words, so long as
it remains subject to capitalist relations of production, ‘post-productivism’ implies the
existence of a ‘spatio-temporal’ fix that externalises the costs of productivism onto the
periphery. This entails ‘carbon leakage’, the loss of biodiversity through damaging LUC,
and the thwarting of food self-sufficiency in those peripheries subject to such ecological
imperialism through Surplus Extraction 2. Such ‘alter-hegemony’ is thus a concomitant of
continued reliance on globalised food supply [14]. As such, it fails to ask the key question
posed by political agroecology and food sovereignty: How can the supply of food staples
for general consumption rather than merely the supply of niche markets for higher income
groups be undertaken primarily within the U.K. on an ecologically sustainable, climate
stabilising, and socially equitable basis? By failing to pose this question, ‘alter-hegemonic’
‘post-productivism’ remains parasitic upon an extractive frontier of market productivism
in the periphery by token of its reluctance to problematise the wider imperial mode of
living, of which it comprises a key legitimating element [4]. It is a legitimating element
because, rather than challenging hegemonic neoliberalism, it complements it as a form of
environmental neoliberalism through its reliance on market dependence and its advocacy of
neoliberally configured ELMS.

6.4. Sub-Hegemonic Discourse

Third, advocates of ‘sub-hegemonic’ or ‘political productivist’ discourse [19,20,22,39,68]
comprise those farming constituencies which are likely to struggle to survive with the
cessation of direct payments and/or currently commercially viable enterprises that stand
to suffer attenuated profit margins with increased overseas competition arising from the
conclusion of new FTAs. These constituencies are represented principally by the National
Farmers Union (England and Wales) and NFUS (Scotland). Both bodies adopt an ‘assured
income’ and ‘neo-mercantilist’ imaginary of the future of British farming and food, harking
back to the heyday of post-war national developmentalism 11,15,19], and this permeates
their discursive efforts to map a ‘pathway’ to net-zero by 2040 [68], a more ambitious target
than that set by the U.K. government. The approach of both organisations emphasises the
bolstering and ‘greening’ of national production by means of state-backed programmes,
subsidies, and high standards that, in theory, prevent ‘carbon leakage’ to competitors

172



Land 2024, 13, 594

overseas [68,88]. This discourse differs clearly from the neoliberal, ‘hegemonic’ vision of a
transition to net-zero founded on the market rationality of individual farming entrepreneurs
and sits more squarely within the ‘climate justice’ narrative of a technologically-driven but
state-funded, ‘green new deal’ imaginary of the opposition Labour Party (and the Scottish
National Party in Scotland).

For the NFU and NFUS (like DEFRA and the CCC), the solution to securing net-zero
emissions in agriculture (and more land for biodiversity conservation) is the production of
more food on less land by deploying improved yet ‘sustainable’ farming methods—in other
words, ‘sustainable intensification’ or ‘ecological modernisation’. This then permits more
marginal land to be ‘spared’ for carbon sequestration through afforestation or biofuel crops
or for biodiversity enhancement through ‘re-wilding’ [68,88]. This discourse, then, as with
DEFRA and the CCC, embodies a ‘land sparing’ rather than a ‘land sharing’ approach. But
it is a state-assisted, intensified, expansionist, and technologically driven vision designed to
feed the nation through capital-intensive though family-farm-based domestic production.
The NFU and NFUS are confident, in their techno-optimism, that research will support the
transition to low-carbon farming methods within an unchanged productivist configuration,
with biotechnologies such as gene editing [89] being part of the innovation repertoire
necessary to secure net-zero. Another facet of this, as with DEFRA’s and the CCC’s techno-
optimism, is faith in the capacity of carbon capture and storage (CCS), with the NFU
suggesting that, within its projected pathway to net-zero, the production of crops for
bioenergy, carbon capture, and storage (BECCS) will be especially important, representing
over half of predicted annual emissions reductions [88]. There is little hint here, however,
of the considerable technical and environmental challenges and uncertainties surrounding
the various forms of BECCS technologies [68]. Thus, rather than challenging productivism,
it is techno-fix ‘solutions’ in the form, for example, of selective breeding programmes, crop
genetic improvement, engineered feed additives, and slurry acidification (to reduce CH4
and N2O emissions) that will facilitate the transition to net-zero. Like DEFRA and the CCC,
but this time with faith not in ‘markets’ but rather in state-supported investment, the NFU
and the NFUS assert their confidence ‘in the linear onward march of technological progress
and the continued evolution of the agricultural metabolization of nature through science
and innovation’ [68].

Tilzey [4] has, elsewhere, referred to this ‘sub-hegemonic’ discourse as ‘neo-productivism’,
a form of agrarian capitalism whose rationale is the need reliably to supply mass food con-
sumption demand in the imperium at affordable prices and supported by government in-
terventions to foster domestic production and efficient food supply systems but with the
additional safeguard of neo-imperialist actions to secure the continuing flow of ‘cheap’ feed,
‘flex-crop’ ingredients, and energy from the global South. So, while there is a greater empha-
sis than with neoliberalism on the production of ‘finished’ food goods in the imperium and
commensurate state support for a wider constituency of the domestic farming community,
‘neo-productivism’ is still reliant centrally on the importation of cheap feed and food ingre-
dients from the periphery to undergird the national production of ‘affordable’ food items
for the global Northern consumer. Despite the much-vaunted claims of ‘ecological moderni-
sation’ described above, neo-productivism is likely to retain much of its GHG emissions
intensity at home and will, with certainty, involve considerable ‘carbon leakage’ through
its reliance, by means of Surplus Extraction 2, on the importation of feed/food ingredients
and energy ‘cheaps’ from the periphery. As Tilzey [4] suggests, ‘neo-productivism may
partially address the first contradiction of capital as under-consumption crisis in the global
North, but it cannot, in the new, ecologically constrained, conjuncture, do this without
encountering the second contradiction, the impacts of which will be felt differentially in
the South through the new wave of extractivism’.

All three discourses described above, namely neoliberal ‘hegemonic’ (and ‘quasi-
hegemonic’ environmental neoliberalism), ‘alter-hegemonic’ ‘post-productivism’, and
‘sub-hegemonic’ neo-productivism, thus replicate, directly or indirectly, the imperial
mode of living by continued reliance on ‘cheaps’ extracted from the periphery (Surplus
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Extraction 1 and 2), consequent carbon leakage to these zones of super-exploitation, and
differential dependence on peripheral sinks to absorb GHG emissions not sequestered in
the U.K. (Surplus Extraction 3).

6.5. Counter-Hegemonic Discourse

Finally, we may identify what Borras et al. [71] define as ‘structural transformation’
narratives. We suggest that these comprise ‘counter-hegemonic’ responses, such as ‘rad-
ical’ food sovereignty [4], espousing political agroecology as a means to secure multiple
ecological and social objectives in synergy in the form of national food self-sufficiency, with
equity, climate change stabilisation, biodiversity enhancement, and soil conservation being
integral components of this strategy. Proponents of ‘radical’ food sovereignty or political
agroecology recognise the need to address the structural foundations of capitalism in order
to address the climate crisis as an integral element of the ecological precarity and social
inequity wrought by capitalist food systems, whether these are articulated by ‘hegemonic’,
‘sub-hegemonic’, or indeed ‘alter-hegemonic’ discourses. Agroecological production can
meet humanity’s food needs while ‘cooling the planet’, they argue, so long as production
is designed to meet socially determined and fundamental use value needs rather than
the capitalist imperative of surplus value realisation through exchange value [4,39,89].
As noted earlier, the concept of ‘market dependency’ is pivotal here [4,9,15,39,90]. This
concept not only considers the commodification of agricultural inputs to be essential to
capitalist or market-dependent agriculture but also the compulsion to sell outputs into
competitive markets in order to secure the economic reproduction of the producer. Market
dependency focuses on what is produced by farmers, asserting that when producers rely on
the sale of outputs into competitive markets, even when local and ‘re-territorialised’ as per
‘alter-hegemonic’ advocacy, exchange value imperatives determine not only the methods of
production but also the choice of food (or indeed non-food) commodities produced and
who has access to them [39]. Such market imperatives impel a preoccupation with exchange
value realisation rather than the satisfaction of social needs and ecological sustainability as
determined through substantive and deliberative food democracy [9,17].

7. Outlining a Policy Framework for Agroecology, Food Sovereignty, and Degrowth in
the U.K.

7.1. Transforming the Agri-Food System through Political Agroecology, ’Radical’ Food Sovereignty,
and Degrowth

‘Radical’ food sovereignty advocates identify an urgent need in the U.K. for a policy
framework that strongly integrates, coordinates, and synergises farming, food, environment
(including climate stabilisation), health, and social equity. This represents a key element of
a programme of degrowth where this is defined as ‘an equitable downscaling of production
and consumption that will reduce societies’ throughput of energy and raw materials. . .
Degrowth signifies a society with a smaller metabolism, but more importantly, a society
with a metabolism which has a different structure and serves new functions’ [91] (p. 3).
Here, this different structure is envisaged to be necessarily non-capitalist, abjuring market-
dependency, imperial reliance on surplus extraction from overseas, and reversing primitive
accumulation to re-connect people equitably with the fundamental means of production,
most importantly land [10]. The new functions are democratic and equitable control of
essential productive resources for the satisfaction of fundamental human needs in alignment
with those of more-than-human nature. A sustainable social metabolism and ecological
sustainability imply that social equity and human development, as measured by the
Human Development Index (HDI) of the UNDP, need to be fulfilled at far lower levels of
resource consumption than are currently characteristic of the U.K. and the global North in
general. This need to fulfil HDI criteria (in other words, fundamental human needs) whilst
keeping resource consumption and waste deposition to a minimum has been defined by the
WWF [92]. In its Living Planet Report, the WWF indicates that the progress of states towards
‘sustainable development’ (or a sustainable social metabolism) can be assessed by using the
UNDP’s HDI as an indicator of human wellbeing and the ecological footprint of states as a
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measure of demand on the biosphere. The HDI is calculated from life expectancy, literacy
and education, and per capita GDP. The UNDP considers an HDI value of more than 0.8 to
be ‘high human development’. Meanwhile, an ecological footprint lower than 1.8 global
hectares per person, the average biocapacity available per person on the planet, could
denote sustainability at the global level [92] (p. 19). Successful ‘sustainable development’
(sustainable social metabolism) requires that the world, on average, meets at a minimum
these two criteria. Unfortunately, the global North achieves its generally high HDI only
by imposing disproportionately large ecological footprint (10 global hectares in the case
of the USA, only slightly less in the case of the EU and the U.K.) on the rest of the world,
expressed in the imperial mode of living. A sustainable social metabolism in the U.K., as
for the global North in general, would require, then, a drastic programme of degrowth
through scaling back levels of resource and energy consumption and waste deposition
perhaps by a factor of up to five [92].

Translating these desiderata for a sustainable social metabolism into a transformed
agri-food system in the U.K. will mean, fundamentally, producing sufficient and nutritious
food for all from domestic resources, importing, as a general rule, only ‘non-indigenous’
foods and founding such production on agroecological principles involving the cutting
and, ideally, elimination of net GHG emissions, the sequestration of unavoidable GHG
production by ‘nature-based’ means, and the conservation and enhancement of biodiversity,
soils, and peatlands. The latter could be secured primarily through livestock production
reduction and extensification, especially of sheep (currently numbering fifteen million in
the U.K.), thereby releasing currently lost opportunities for woodland, sylvo-pastoral, and
peatland conservation, expansion, and creation [93]. Concomitantly, production, distribu-
tion, and consumption of food require to be undertaken on a democratically defined basis
that ensures the equitable and secure provision of healthy diets [9].8 The basic parameters
of this climate-friendly food system would comprise the elimination of grain-based meat
production (for example, the cessation in the use of barley and wheat for animal feed),
a proscription on the use of synthetic fertilisers and agrochemicals, the transition away
from fossil fuel-based production, and the termination of imports of ‘indigenous’ produce
and of livestock feed such as soya as part of a focus on food sovereignty through national
self-sufficiency. This would, as we demonstrate below, require a significant shift from
(especially grain-fed) meat diets towards vegetarianism.

7.2. Integrating ELMS and Agroecological Food Production

In this policy framework, ELMS payments would be integrated into support for
agroecological production such that there would be co-production of food and agri-
environmental benefits, including climate change mitigation. This ‘land sharing’ approach
would be starkly different from the dichotomous ‘land sparing’ paradigm underpinning
‘hegemonic’ and ‘sub-hegemonic’ discourses. ELMS would therefore seamlessly align with
support policy for agroecology since the two would be supporting entirely compatible
rather than opposed agri-environmental and food policies. Under ELMS, within this agroe-
cological, food sovereignty policy frame, farm management options would address three
basic situations, from ‘higher’ to ‘lower’ tiers of ecological sensitivity: first, sensitive and
irreplaceable sites, involving the maintenance and enhancement of semi-natural habitats;
second, diversion/reversion involving the expansion and creation of semi-natural habitats;
and third, agroecological production focused on the most fertile land (and least sensitive
from a biodiversity perspective). Again, in stark contrast to the neoliberally configured
ELMS of ‘hegemonic’ discourse, all farms delivering these benefits would, within a ‘counter-
hegemonic’ policy frame, have an entitlement to an area payment, graduated according to
tier, and subject to degressivity in the lowest tier for farms above a certain hectarage [9].
A strong regulatory baseline would prescribe statutory standards of land management
and farming according to agroecological principles, including the proscription of synthetic
fertilisers and agrochemicals.
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In addition to these ELMS area payments, supporting the ecological and climate sta-
bilisation dimensions of agroecology, stimulus to agroecological food production could
be provided by the transformation and expansion of the current Basic Payment Scheme
into a Basic Food Payment Scheme (or, more specifically, an Agroecological Area Payment
Scheme)—all farms, including those under five hectares currently ineligible for BPS, would
now qualify for this new payment, contingent upon an agroecological audit of the farm and
accompanying recommendations for conversion to and optimal production of appropriate
agroecological produce. Again, payment could be degressive for farms above a certain
hectarage, although these proposals should be accompanied by a programme of land
redistribution (see below). At least initially, agroecological production might receive an
additional stimulus through guaranteed prices, with food then purchased by local/regional
public authorities, thereby effectively severing capitalist market dependency and competi-
tion. As part of this new U.K. food policy framework, the social security system should
include the provision of free, healthy, and nutritious food as a basic part of the welfare
package—requiring recipients, where unemployed, to participate in socially and environ-
mentally useful community work and training to facilitate productive participation in the
national ‘green transition’. Such free provision of agroecologically produced food would
also apply to state-sector schools and to the National Health Service (NHS). Elimination of
the food poverty and dietary inequalities detailed earlier in this paper should be part of the
ambition of any responsible government, an ambition that should be part of a comprehen-
sive national plan for a ‘green new deal’, including transition to agroecological production.
Pending the provision of decent and rewarding livelihoods for all citizens as part of this
transition, the alleviation of food poverty, insecurity, and dietary inequalities should be
assisted by means of public food provision.

Given the increased labour and knowledge intensity of agroecological production
and conservation management [93], there will be a need for a policy of voluntary but
incentivised rural re-population, and a concomitant diminution in the size of landholdings
both to encourage new entrants to farming and to reflect the more ‘people-’ and ‘nature-
centred’ character of agroecology. This will necessitate a policy of land reform, proscribing
ownership of land above certain size limits and redistributing the resulting surplus land to
new entrants to farming. As noted, land proprietorship in the U.K. is currently extremely
unequal, largely a legacy of unjust and undemocratic processes of primitive accumulation
implemented by landlords and larger landholders between the sixteenth and nineteenth
centuries [37,97]. For reasons of social justice but, more especially, for reasons of agroecolog-
ical transition through re-peopling of the countryside, this inequality in land distribution
demands redress.

7.3. Detailing a Sustainable Social Metabolism through Agroecological Production

How might agroecological production be configured to secure the real rather than
aspirational elimination of GHG emissions, carbon sequestration, ecological sustainability,
and self-sufficiency in ‘indigenous’ food production in the U.K.? Firstly, we need urgently
to eliminate all grain-based livestock rearing and to confine livestock farming to pasture-
land where crops cannot be grown and that is free of synthetic fertilisers and agrochemicals.
Secondly, neither conventional productivist nor ‘rotational’ organic production systems
can generate the quantity of grain needed to supply U.K. consumption in a secure, climate
stabilising, and ecologically sustainable way. This is true also of agroecological production
where grain production is reliant on animal manures. This means essentially that arable
and pasture must be rotated, implying, inter alia, that the potential for carbon seques-
tration on what would otherwise be permanent and extensive pasture is compromised,
compounded by the adverse impacts of ploughing on soil biota (see [9,93,98] for further
detail). Part of Poux and Schiavo’s solution is to reduce U.K. consumption of cereals by
some forty-five percent, permitting, they claim, some eleven percent of the U.K. to be de-
voted largely to carbon sequestration adequate to meet the U.K.’s GHG emission reduction
commitments. The reduction of human grain consumption by this amount is likely to
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prove very challenging, however. A potential solution is to grow cereals in a way that does
not rely on animal manures as does the modelling of Poux and Schiavo [93]. Grain can
in fact be grown in an agroecologically based way that increases output whilst minimis-
ing or eliminating fossil fuel usage, enhancing biodiversity, and sequestering carbon on a
greater scale than envisaged by Poux and Schiavo. This solution addresses the two main
contradictions of ‘rotational’ organic production—the need for high soil fertility levels,
requiring rotation with livestock systems to achieve these, and the use of modern grain
varieties, particularly wheat, that require these high nutrient levels and have short stems,
needing frequent rotation and tillage to control weeds. These modern wheat varieties,
bred to respond to fossil fuel-based synthetic fertilisers, do not grow well in low-input
agroecological systems [98,99].9

One of the main contradictions of ‘rotational’ organic systems, then, is the need for
ploughing or tillage. However, ‘heavy and frequent tillage negatively affects a soil’s phys-
ical and biological properties and is probably the most important reason for decreases
in soil structural quality. . .Tillage may also decrease soil organic matter, which may be
further reduced by rising temperatures’ [102] (p. 1440). Moreover, ‘minimum tillage can
improve soil structure and stability, resulting in better drainage and water-holding capacity,
as well as enhancing microbial activity. . . These practices also reduce losses of soil organic
matter and thus carbon losses, while improving soil structure and water retention and
enabling more permanent soil cover. There is much potential for reduced tillage to mitigate
GHG emissions. . .’ [102] (p. 1440). Other research has demonstrated how conventional
tillage decreases the abundance and biomass of earthworms, with severe knock-on impli-
cations for soil structure, drainage, the recycling of organic matter into the soil, and crop
production [103,104].

Tillage is thus often needed to control weeds in organic farming. Many of these biotic
problems could be resolved, however, through diversification strategies such as cultivar
and species mixtures to reduce infection and spread of diseases and through plant traits
which confer a high level of crop competitive ability against weeds [102,105]. In addition to
disease, insect, and weed control and consequently reduced or eliminated pesticide inputs,
nutrient conservation, soil fertility building through increased organic matter, and enhanced
yield stability are some of the ecosystem services inherently conjoined to sustainable cereal
production that can be secured by crop diversification. The introduction of crop variation
over time and space stabilises these systems and includes growing heterogeneous varieties
that can adapt to local and changing environments, extending from the landscape to the
field scale (the latter using populations or mixtures of varieties within a field). ‘In systems
with more variable climate and reduced external inputs, crops will need to be able to
cope with spatially and temporally more heterogeneous environmental conditions. Plant
breeding will have to provide varieties that are adapted to these new needs in diversified
agricultural systems, which will need innovative approaches. The requirements for such
varieties are enormous, as they have to combine high yield with high levels of resistance
and tolerance to pests and diseases, competitiveness with weeds, and an improved stand
establishment with efficient use of nutrients, water, and light. As new characteristics are
needed, breeding will have to rely on the intensive use of genetic resources (landraces, exotic, and
wild resources)’ (emphasis added) [99,102,106] (p. 1441).

Many of these required traits are based on a range of genes, that is, polygenic inheritance,
rather than on single genes, that is, monogenic inheritance, and are thus greatly influenced
by the environment, requiring phenotypic selection. In order to produce this required
polygenic inheritance, one strategy has comprised the creation of diversity through the
breeding of selected varieties of modern wheat for the above desired characteristics. This
technique has been pioneered by Martin Wolfe and colleagues [99]. An alternative strategy,
building on the research and recommendations of Wolfe, Ostergard, and colleagues, as
above [99,106], is to use landraces or ‘heritage’ grains, drawing on the multitude of different
wheat and other cereal varieties that, until the recent past, characterised the British and
European landscapes, each adapted to local soil and climatic conditions. This has the large
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advantage of drawing upon existing (or very recently existing) polygenic inheritance, thus
perpetuating or recreating agri-biodiversity, local adaptability, and resilience in the context
of specific soil, biotic, and climatic conditions.

This strategy appears to be the optimum agroecological solution to the contradictions
of both conventional and rotational organic cereal production. Landraces or ‘heritage’
grains have the great advantage of having taller stems to outcompete weeds, have higher
nutritional value, and because of the need to avoid lodging (falling over due to heavy seed
head in modern varieties) have lower nutrient demands than modern varieties [98,107].10

The key here is to grow genetically diverse ‘heritage’ grains in the same fields, continuously,
without animal manure or tillage, following a low-input approach known as continuous
grain cropping (CGC) (also known as ‘natural grain farming’ or ‘restorative continuous
cropping’) (see [98,107]). These cereals can be grown in this way as long as the crops are
genetically diverse, have tall stems to help outcompete weeds, and all the stems are left in
the field post harvest. The nitrogen removed with the grain each year is replaced by nitrogen
fallout from the atmosphere, by the mineralisation of plant tissues above and below ground,
and by the fixation of nitrogen by an under-sown layer of clover. Moreover, these varieties
have much deeper root systems than modern varieties, enabling them to extract moisture
from depth and develop, given zero tillage, complex associations with mycorrhizal fungi,
greatly enhancing nutrient uptake in lower fertility soils [108]. These traits in turn confer
much greater resilience in the face of weather extremes [98,107]. In short, CGC systems
have the potential to greatly reduce or eliminate GHG emissions through zero application
of synthetic fertiliser/agrochemicals, zero tillage, zero requirement for animal manure, and
zero net oxidation of soil carbon while massively increasing sequestration through building
up soil organic carbon with incorporation of cereal stems, clover, and weeds through zero
tillage and through the development of carbon-rich mycorrhizal associations.11

CGC production yields about 2.5–3.0 t/ha even on fairly poor soils [98,107].12 While it
is necessary to note that these results, so far as it is possible to ascertain, have not as yet
been published in a peer-reviewed journal despite their basis in long-term experimentation
and that, therefore, further independent validation is required to confirm the long-term
viability of the CGC system, they do suggest that current national demand could be met
from approximately two million hectares of land (current field crop hectarage in the U.K.,
mostly cereals, is over six million, but a large percentage goes to feed animals and the crop
land also needs to be rotated).13 If diets were to become increasingly vegetarian/vegan, the
area of CGC would need to expand further but would still be less than the current field
crop hectarage. If, on a reasonable assumption, the U.K. could supply increased national
demand, on the basis of increasingly vegetarian diets, from around five million hectares
of land (this area of cropped land would include the agroecological production of the full
range ‘indigenous’ crops, including those such as pulses and tubers, required for a varied
and healthy human diet), this would still leave some twelve million hectares for alternative
production (total farmed area in the U.K. is 17.6 million hectares [31]), including the pro-
duction of extensively and agroecologically reared livestock/poultry, and greatly expanded
provision for carbon sequestration. In this way, the remaining area of non-cultivated land
could be devoted to extensive, grass-based livestock/dairy and other multifunctional uses
involving carbon sequestration through agro-forestry and ‘re-wilding’ [9]. The emphasis on
the latter should be upon increasing the area of native woodland to considerably enhance
carbon sequestration in order to meet the statutory net zero GHG ambition [32]. Under
the proposal presented here, however, this contribution to net zero does not exclude the
considerable contribution to GHG reduction and sequestration performed by areas devoted
primarily to food production, both ‘infield’ through techniques such as CGC and also
‘field edge’, through the contribution of natural features such as hedgerows [9]. This is the
essence of a land sharing approach, seeking to secure sustainability across the landscape,
even if there are differences in emphasis between areas of high soil fertility on the one hand
and areas of agriculturally marginal land more suited to ‘re-wilding’ on the other.
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Such a programme of ‘counter-hegemony’ through ‘radical’ food sovereignty, agroe-
cology, and degrowth would, by securing net-zero GHG emissions, carbon sequestration,
and food self-sufficiency, effectively eliminate, at least in the agriculture sector, the U.K.’s
reliance upon the three surplus extractive mechanisms detailed earlier. It would, in short,
eliminate the U.K.’s parasitic imperial mode of living. This would, then, enable the U.K. to
secure effective self-sufficiency in indigenous food whilst simultaneously securing food
equity, landscape-scale biodiversity, and biophysical resource conservation through agroe-
cological land sharing and the realistic and expeditious rather than merely aspirational
attainment of the net-zero GHG emission target. In short, this would enable the U.K. to
secure a sustainable social metabolism, at least so far as the agri-food system is concerned.

7.4. Politico-Economic and Ideological Constraints Imposed by the ‘Imperial Mode of Living’

Sadly, however, political awareness of, and political commitment to, such a programme
of radical but necessary and feasible (not merely rhetorical) transformation is virtually non-
existent in the U.K. largely, and ironically, due to the operation of the imperial mode of
living itself. Thus, within the U.K. farming community, for example, such a programme
of radical transformation would be likely to find support currently only amongst a very
few interest groups such as the Land Workers’ Alliance, affiliated to La Via Campesina,
membership of which is numbered only in the hundreds. The unfortunate reality appears
to be that the legitimacy and material basis of the imperial mode of living will likely require
to be compromised before such an agroecological transition can occur. In other words,
the necessary agroecological transition would seem to require the prior fracturing or at
least severe attenuation of the imperial mode of living before it receives the necessary
groundswell of political support. Were the contradictions of neoliberalism to continue
to erode the livelihoods of the small and medium farm constituencies, compounded by
the acceleration of the climate emergency, such current supporters of sub-hegemony and
particularly of alter-hegemony could perhaps be persuaded of the merits of a political
agroecological transition, with the proviso that such a transition were adequately funded.
The greatest opposition seems likely to derive from the larger farm constituency and,
given the pervasiveness of ‘propertisation’ [114], especially directed to any notion of land
redistribution. Indeed, if developments in Germany, the Netherlands, and elsewhere are any
guide, threats to absolute property rights, whether such rights are real or ‘phantom’ [114],
appear to be leading to a shift in political affiliation to the right. The popularity of Brexit
amongst the farming community (at least initially until its radical neoliberal intent became
clearer) suggests that this rightward shift is also present in the U.K.

While the mounting impacts of austerity and now climate change are beginning, belat-
edly, to fracture neoliberal hegemony amongst the wider population, especially amongst a
younger demographic, it seems likely that the bulk of popular opposition will be directed
and co-opted into various forms of sub-hegemony, seeking to restore incomes, consumerism,
and growth through a slightly more interventionist form of ‘green’ and ‘redistributive’
capitalism. While this may alleviate a degree of poverty amongst those who have suffered
under austerity and make incipient moves to reduce fossil carbon dependency, it does
very little to set the U.K. on a path of real sustainability, let alone of degrowth. Even
here, the reluctance of the prospective new incumbents of government (The Labour Party)
appear very unwilling to pursue any agenda that could be construed as anything more
than mildly reformist. More likely, for the time being, then, is maintenance of something
approximating the ‘hegemonic’ status quo in the field of agri-food, climate change, and
ecological sustainability—through ‘techno-fix’ programmes of ‘ecological modernisation’,
supplemented by ‘creative carbon accounting’—than the likelihood of meeting the net-zero
target recedes, whereby green-washed ‘spatio-temporal’ fixes are deployed, deferring the
necessary actions and costs that the U.K. needs to take or absorb. For the farmed envi-
ronment, this will likely involve a continued focus on ‘infield’ ‘techno-fix’ programmes,
accompanied by ‘field edge’ or marginal land environmental initiatives supported by
ELMS, perpetuating the dominant land sparing approach in which infield productivism
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is juxtaposed to ‘re-wilding’. This will serve to thwart the imperative for an integrated
land sharing approach, one which synthesises the need to address simultaneously climate
change, ecological sustainability, and food insecurity through a political agroecological and
food sovereign transition.

8. Conclusions

By reference to empirical indices, this paper has laid out at length the essential unsus-
tainability of the U.K. food system along the dimensions of climate change, biodiversity
loss and decline, and food (in)security. It has also identified the causality underlying
these indices of unsustainability, pointing to the prevalence of capitalism and especially
neoliberalism in generating the multiple contradictions of the U.K. food system, including
its adverse impacts on countries overseas through reliance on cost-externalising ‘cheap’
global supply. The paper has also shown how dominant ‘hegemonic’ and ‘sub-hegemonic’
politico-economic interests and their accompanying discourses have both generated these
contradictions and shaped mitigatory responses to them, predominantly as symptom
management. Since both are wedded to productivism and continued economic growth, it
seems improbable, despite attempts—real or rhetorical—to decarbonise continued capital
accumulation, that any real strides will be made in securing integrated solutions to the social
and ecological contradictions of the U.K. food system. Rather, responses will be piecemeal,
mitigatory (symptom management), and reliant on continued cost-externalisation overseas.
Oppositional discourses are available, however. The first, a discourse we have nominated
as ‘alter-hegemony’, strongly advocates a land sharing approach by integrating farming,
biodiversity, carbon sequestration, and localised production-consumption relations at the
territorial level—a form of bioregionalism [1]. As such, however, the problem is seen to be
primarily one of scale rather than an issue of capitalist relations of production—inequalities
and private social–property relationships are as entrenched at the local level as much as
they are nationally and internationally. Failure to address social inequity ‘locally’ will
lead to the persistence of food poverty and dietary inequalities, and ignoring the enduring
presence of capitalist social property relationships will generate unavoidable pressures for
continued growth and competition. It is salutary to recall that capitalism began ‘locally’
within the context of unequal class relationships (see [18]).

Given these shortcomings of ‘alter-hegemony’, we have argued that a second oppo-
sitional discourse, ‘counter-hegemony’, alone offers an integrated approach to simulta-
neously resolving the problems of food (in)security and social inequity on the one hand
and ecological sustainability (subsuming climate change stabilisation) on the other. Such
‘counter-hegemony’, embodied in ‘radical’ food sovereignty, political agroecology, and
degrowth, proposes the abrogation of capitalist social–property relationships. This entails
the supersession of abstract capitalist market dependency (the rule of the market as an
impersonal force) by means of concrete democratically (politically) determined systems of
localised governance, overseeing equality of access to the means of food production and
to the fruits of that production. This requires a rediscovery of political agency, solidarity,
mutuality, and ways of nurturing our humanity by respecting non-human nature.
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Notes

1 By capitalist here we also mean market-dependent family farms, even though these may not employ off-farm labour. The
peasantry (self-subsistent and semi-self-subsistent agrarian producers) had effectively disappeared from Britain by the mid-19th
century (see [4] and [18] for more detail on the rise of agrarian capitalism in Britain).
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2 Appropriationism and substitutionism refer to the undermining of discrete element of the agricultural production process, their
transformation into industrial activities, and their re-incorporation into agriculture as inputs, for example, human labour by
machinery, animal traction by the tractor, manure by synthetic fertilisers, etc. [23].

3 The ‘imperial mode of living’ refers to the normalisation of affluence, growth, and high levels of resource consumption characteristic
of the global North (the imperium), predicated significantly upon the ideologically ‘invisible’ exploitation of the global South.

4 The authors (WWF and RSPB) assigned a risk score to each U.K. sourcing country based on their deforestation/conversion rates,
labour rights, and rule of law indices. Scores varied from 0–12, with 11 or above being ‘very high’ risk and 9–10 being ‘high’ risk.

5 The uncompensated appropriation of land and resources by capital for wealth accumulation, involving the wholesale removal of
the original inhabitants without absorption as labour into the subsequent agro-industrial or mining developments.

6 Key farmland and ground-nesting bird species, such as skylark, lapwing, and stone curlew, require no or very low vegetation
when incubating eggs in order to see and avoid predators—autumn sown cereals are already too high in early spring to enable
these species to incubate safely. Autumn-sown cereals are bred to respond to synthetic fertilisers and put on growth very
quickly; traditional or ‘landrace’ cereals, even when germinating in the autumn, do not produce significant growth until the next
spring, especially when grown in organic and no-till management systems—they may produce less per area than modern cereals
grown with agrochemicals, but they can produce indefinitely and sustainably with no artificial inputs and generate no negative
ecological externalities.

7 Despite the fine words expressed in DEFRA’s Agricultural Transition Plan update of January 2024 and the improved payment
offers and increased coverage/flexibility of the ELM schemes detailed therein, the essential principles of land sparing ‘public
goods’ payments, embodying a dichotomy between productivist farming on the one hand and biodiversity conservation on the
other, remain in place.

8 The characteristics of a diet consistent with public health, climate change stabilisation, and low environmental impact are already
quite clear [94–96]. This is a diet that provides diversity, with a wide variety of foods consumed; achieves balance between energy
intake and energy needs; is centred around minimally processed whole grains, tubers, and legumes, fruits, and vegetables; has
moderate/small amounts of meat, dairy, unsalted seeds and nuts; has small quantities of fish from certified fisheries; has oils and
fats with a beneficial omega 3:6 ratio such as rapeseed and olive oil; and is very limited consumption of foods high in fat, salt,
and sugar and low in micronutrients.

9 A recent paper [100] appears at first sight to contradict this statement. Closer examination, however, shows this not to be the case.
The study on which the paper is based only tests varying levels of agrochemical inputs on modern wheat varieties, with the
‘lowest input’ still at 110 kgNha−1. This, however, is not ‘low input’ from an agroecological perspective, where the expectation is
that no agrochemicals (or, more specifically, synthetic fertilisers) are employed. The modern varieties tested in this study would
certainly not thrive under a zero-agrochemical regime. Moreover, the application of N at the lowest rates in the study would
still prove toxic to most non-target plant species in the field or field edge (the great majority or wild plant species find even
very low levels of N application toxic [101]), and this applies also to the soil biome—agroecology seeks to maximise the
vigour of this soil biome by refraining from agrochemical use to support sustainable, resilient soils and hence sustainable and
resilient cultivar production.

10 Although the work of John Letts as an academic archaeobotanist has been widely published in peer-reviewed journals, his
long-standing experimental work with ‘heritage’ grains and CGC has, so far as it is possible to ascertain, not yet been similarly
published (although it has been published in non-peer reviewed publications as per the ‘Land’ citation in the present paper).
However, the agroecological foundations for his fieldwork and conclusions from it are supported by peer-reviewed research
(see above), and his work has been funded through the EU Horizon 2020 Research and Innovation Programme under Grant
Agreement No. 727848 and is summarised in the following link entitled ‘Low input and organic heritage cereal production
in South East England’: http://cerere2020.eu/wp-content/uploads/2020/03/17_EN.pdf (accessed on 15 December 2023).
Similar experimental fieldwork and findings have been undertaken and generated in the USA by Rogosa (funded by the USDA
Sustainable Agriculture Research and Education Program), where einkorn, emmer, and other landrace wheats outperform
modern wheats under organic conditions (that is, where synthetic fertilisers and pesticides are not applied) [107] (p.4).

11 It may be asked how CGC and agroecology are connected to related (or putatively related) production techniques such as
conservation agriculture (CA) and circular agronomy. Concerning CA, this, according to the FAO’s definition [109], is a farming
system that can prevent losses of arable land while regenerating degraded lands. It promotes the maintenance of a permanent soil
cover, minimum soil disturbance, and diversification of plant species. It enhances biodiversity and natural biological processes
above and below the ground surface that contribute to increased water and nutrient-use efficiency and to improved and sustained
crop production. CA principles are universally applicable to all agricultural landscapes and land uses with locally adapted
practices. Soil interventions such as mechanical soil disturbance are reduced to an absolute minimum or avoided, and external
inputs such as agrochemicals and plant nutrients of mineral or organic origin are applied optimally and in ways and quantities
that do not interfere with or disrupt the biological processes. This definition is virtually identical to CGC and agroecology with
the exception that these avoid agrochemicals altogether since they recognise the damage that agrochemicals cause to soil, soil
biota, and non-target field and field edge plant species, thus compromising the underlying rationale of conservation agriculture
itself.‘Circular agronomy’, for its part, aims to close nutrient cycles in the agri-food chain, aiming to improve the current carbon,
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nitrogen, and phosphorus cycling in agro-ecosystems and related up- and downstream processes within the value chain of
food production [110]. This, however, seems to be part of an ‘ecological modernisation’ agenda tied to capitalist productivism.
Agroecology is based centrally on such circularity, of course, but without recourse to synthetic fertilisers or mineral supplements
that generate major problems for the environment, soil health, and the longer-term sustainability of food production itself.

12 It may appear that these figures are contradicted by the long-term wheat yield trials at Rothamsted Experimental Station in the
U.K. These trials show a yield of about 1 tonne/ha under continuous wheat cropping and 2 tonnes/ha when wheat is grown in
rotation [111]. The results of CGC and Rothamsted are not directly comparable, however. This is because (a) the CGC method is
no till, while the Rothamsted plots are ploughed annually; (b) CGC does rely (in part) on chopped straw and clover to retain
fertility levels, so this is not directly comparable to the continuous cropping without fertiliser undertaken at Rothamsted. In other
words, the 1 tonne/ha yield at Rothamsted is based on continuous cropping of wheat without any fertiliser application, which
is not the same as CGC. A more meaningful comparison with CGC would be the continuous cropping with farmyard manure
(FYM) application trial at Rothamsted, which demonstrates yields between 2 and 3 tonnes/ha for most of the experimental
period (rising up to 6tonnes/ha after 1970 with change in wheat variety). But, as pointed out above, FYM relies on livestock
which means diverting considerable areas of land to livestock production to retain the fertility of cropped areas.

13 In fact, 15 million tonnes of wheat are produced annually in the U.K., but only c. 5 million tonnes are milled to produce flour for
human consumption—two-thirds of wheat produced is fed to animals. Animal feed grains are not suitable for flour milling,
however. As argued above, all cereal production should be directed to human, not to livestock, consumption. However, this
cereal should be produced on an agroecological basis without recourse to agrochemicals, synthetic fertilisers, or to livestock to
provide the FYM for organic rotations. As argued above, this shift to non-rotational agroecological production is both necessary
and feasible. In addition to the multiple disbenefits of conventional wheat production identified above, it also needs to be pointed
out that modern varieties of wheat and conventionally milled wheat flour (through the Chorleywood method), together with
the standard addition of sugar and other additives to bread so manufactured, has important negative health and nutritional
impacts [112,113].
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Abstract: Land use change is a significant contributor to global environmental change. The expansion
of urban areas has increasingly impacted rural ecological environments, in particular the shift from
agro-ecosystems to urban ecosystems, leading to alterations in land use patterns. Rural land use has
led to economic, social, and environmental problems, including poor economic efficiency, emissions
of pollutants, and increased environmental crises. The research of alterations in rural land use and
their consequential environmental ramifications has garnered escalating attention, evolving into an
indispensable subject of inquiry within pertinent academic disciplines. This study aims to obtain
a comprehensive understanding of the ecological impacts of rural land use change. We examined
1237 literature sources through the Web of Science database and conducted a bibliometric analysis
utilizing the Bibliometrix tool. Secondly, based on the results of bibliometric analysis, we conducted
a review study on the impact of rural land use changes on the ecological environment, clarified the
current research status in this field, and looked forward to future research directions. The study’s
findings indicate that there has been a steady rise in publication volume from 1982 to 2023 and a
significant potential for growth. The top three journals by publication volume are Sustainability,
Land Use Policy, and Land. (2) A total of 4768 scholars from 95 countries or regions have contributed
publications in this domain, notably led by researchers and institutions predominantly based in
China. Developed nations, exemplified by the U.S., exhibit a notable citation frequency and robust
research prowess within this field. (3) Land use, urbanization, China, ecosystem services, biodiversity,
and remote sensing emerge as keywords of elevated frequency within the field, indicative of the
scholarly emphasis on these subjects. (4) Studies in this domain are directed towards evaluating
the effects on intrinsic components of the environment, including but not limited to soil quality,
atmospheric conditions, water resources, and biodiversity. The implementation of sustainable rural
land use strategies is essential for the realization of rural development and environmental protection.
In future research efforts, the use of remote sensing technology holds immense potential as a robust
technical tool for investigating both land use change and rural ecology, offering viable strategies for
addressing environmental challenges in specific, localized regions. The results of this study can assist
in comprehending the current state and direction of research in this field.

Keywords: rural land use; land use change; urbanization; ecological environment; bibliometric

1. Introduction

Alterations in land use practices are being recognized as a significant contributor to
broad-scale environmental changes on a global level [1–3]. These shifts in land utilization
carry extensive and enduring consequences for the viability of our planet’s ecosystems [4–6].
The ability of land to support diverse functions is paramount to maintaining ecological bal-
ance [7]. Furthermore, it is critically important for achieving sustainable living conditions
for communities across the globe [8]. Urbanization is reshaping the terrestrial landscape
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at a rapid rate with intricate and multifaceted processes that transform rural areas into
urban centers and repurpose agricultural land for alternative industrial use [9,10]. The
expansion of urban areas is occurring at an unprecedented velocity, encroaching upon
previously agricultural terrains, woodlands, and a range of pristine natural habitats [11,12].
Land management decisions and the policies overseeing our natural resources have the
potential to have a pronounced direct or indirect impact on ecological phenomena and
processes [13]. The interplay between human endeavors and the natural environment
clearly results in outcomes that are often permanent, imprinting lasting changes on our
environmental systems [14].

The phenomenon of urbanization is seen around the world and is widely accepted as a
change that cannot be turned back [15,16]. This movement of people and resources towards
urban areas results in a clustering of human populations, a congregation of social networks
and assets, and intensified industrial and commercial endeavors [17]. Nonetheless, this
same concentration offers up vulnerabilities, making cities and their dense populations
more susceptible to a gamut of risks and potential disasters [18]. The swift pace at which
urban areas have expanded has brought about profound changes to their natural surround-
ings, particularly in regions once dominated by farming and agriculture [19]. What were
previously landscapes sculpted by agricultural needs are now increasingly becoming part
of the urban footprint, transforming into what we know as urban ecosystems [20]. This shift
in how rural land is utilized in the wake of development carries with it a set of complex
difficulties [21]. These difficulties have both tangible and intangible facets manifesting as
lessened economic productivity, particularly in regions transitioning away from agriculture
without adequate investment in new industries. Pollution has soared as well, with the
prevalence of contaminants rising to levels that are not only harmful to the environment but
also to human health [22]. The environmental situation has deteriorated as a result, with
damage ranging from the loss of biodiversity to the depletion of natural resources. This
degradation further complicates the prospects of sustainable development, as ecological
considerations are often sidelined by the pressing need for urban expansion. Overall, the
urbanization trend binds both opportunity and adversity. As population centers grow and
draw in more human and financial capital, the challenges posed—economic, societal, and
environmental—also magnify. These include, but are not limited to, reduced effectiveness
in traditional economic sectors, an upsurge in pollution, and acceleration in the decline of
environmental health [10,23–25], underscoring an urgent need for policy interventions and
sustainable planning.

The study of global change by an increasing number of researchers from various fields
has shifted towards analyzing the relationship between land use and ecosystems [26,27].
This research focuses on the ecological consequences that result from changes in land use
and how they interact with the ecosystem. The analysis of alterations in rural land use and
their ecological repercussions has increasingly gained attention, becoming a crucial topic
of investigation in fields like geography, environmental science, landscape ecology, and
ecological economics [28,29]. Previous research has thoroughly evaluated many aspects
of modifications in rural land use and ecosystems. Laan et al. investigated the ecological
consequences of changes in land use associated with agricultural production in the South
African region, with a focus on specific amelioration measures [30]. Benoit et al. developed
new techniques for assessing the effects of land use on the ecological environment, with
the objective of identifying the degree of interdependence among various components [31].
However, many of these investigations focused on isolated aspects within the field without
providing a comprehensive overview of the current state of development. Additionally,
they did not provide predictions for future trends, thus limiting the progress of the field.

The expanding community of scientists from diverse fields is now concentrating on
how the use of land affects the natural environments we live in and depend upon [26].
These experts are honing in on the intricate ways that our decisions about land develop-
ment, agriculture, and conservation ripple through ecosystems. With each new building,
farm, or protected area, there arise important questions about the balance of nature and
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the foreseeable effects of our footprint on Earth. This body of work has become pivotal,
touching on several disciplines, including geography with its spatial awareness, environ-
mental science with its dedication to holistic health, landscape ecology’s understanding
of spatial patterns, and ecological economics with its fusion of ecology and financial in-
sights [28,29]. Extensive examinations have shed light on many facets of how altering rural
landscapes impacts natural ecosystems. In the South African context, for instance, research
conducted by Laan and colleagues peeled away the layers of complexity to reveal how
shifts in land dedicated to farming activities are influencing the natural order and what
measures could possibly soften these impacts [30]. Similarly, the efforts of Benoit and team
shed light on innovative methodologies to quantify the footprint of human land use on the
environment, aiming to untangle the web of relationships between diverse components of
these ecosystems [31]. Despite the depth of these investigations, many have tunneled into
specific niches without stepping back to consider the broader picture of progression within
this vital area of study. Furthermore, there is an observable gap in the body of research
regarding foresight, as few studies venture to predict where our current path may lead
us in terms of environmental integrity. This shortfall highlights a potential stasis in the
advancement of knowledge around land use and ecosystem dynamics, marking out a clear
path for future research endeavors.

Bibliometric analysis is a method that relies on the adept use of literature data visual-
ization instruments for the purpose of data mining, engaging in thorough network analysis,
and effectively mapping to concisely articulate the breadth of knowledge that spans across
various related subject areas [32]. In contrast to other methodologies, the strength of bib-
liometric analysis lies in its provision of a lens that is objective and systematic, essential
for the in-depth examination of the prevailing hotspots and the emergent trends within
the research field at large [33]. Standing on the cusp of contemporary academic study, the
method has seen significant development and has been widely employed to scrutinize
and identify the prevailing disciplinary tendencies among scholars and researchers alike.
Among the tools commonly harnessed in the pursuit of bibliometric analysis, some stand
out due to their high frequency of use and recognized effectiveness, including but not
limited to CiteSpace, VOSviewer, and Bibliometrix [34,35]. These tools have gained acclaim
and are frequently referenced within academic circles, evidencing their prominent roles in
the pursuit of bibliometric study and analysis.

Bibliometrix, an open-source bibliometric analysis tool, was developed in 2017 by Mas-
simo Aria et al. [36]. Unlike other bibliometric software, Bibliometrix can import and convert
data from various databases, such as the Web of Science and Scopus. Additionally, it offers a
wider range of literature analysis functions and visualization alternatives [36,37]. Currently,
many researchers utilize bibliometric analysis in various fields, such as agriculture, ecology,
and geography. In their study, Xu et al. conducted data extraction and statistical analysis
by searching the Web of Science database for research papers related to land reclamation
published between 2000 and 2020. Their research aims to identify future research directions
in this field [38]. Li et al. conducted a bibliometric analysis to quantitatively examine the
literature on rural settlements in the Web of Science core collection database from 1973 to
2021. Their study identified the current state of research and future trends in the field [39].

There is widespread global interest in rural land use and ecology, but there is still
a lack of relevant review studies. Consequently, this study systematically sifts through
potentially pertinent literature on the subject of rural land use alteration and ecology,
utilizing the Web of Science (WOS) core database. The identified literature is meticulously
organized and scrutinized employing the Bibliometrix R language package. This research
aims to analyze its research dynamics and development trends more objectively, elucidating
the advancements in existing studies and enhancing comprehension of future trends. To
achieve the research objectives of this study, the following questions will be addressed:

(1) What are the trends in the production of relevant literature in this field?
(2) How are academic journals, authors, research countries, and institutions in this field

of research developing?
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(3) How have the research focal points and topics within this field progressed and advanced?
(4) What are the ecological impacts of changing land use in rural areas?
(5) What are the prospects for future directions of research in this field?

2. Data Sources and Methods

2.1. Data Sources

Bibliometrics is an objective technique for efficiently obtaining and analyzing publica-
tion data. The Web of Science is a vast and comprehensive academic database that contains
a wealth of literature. It is a crucial tool for retrieving global scholarly information and
is widely recognized as one of the world’s most valuable resources in this field. The data
used in this study was obtained from the Web of Science Core Collection database, which
is a reliable source for academic research. Literature on the relationship between rural land
use and the ecological environment was retrieved using the search term “topic”. Through
repeated experiments by the authors, the search formula is as follows: (TS = (rural land
use) OR TS = (rural land use change)) AND (TS = (ecological environment)). The data were
collected in November 2023, and the search criteria were limited to articles and reviews
published between 1982 and 2023. Additional search results were obtained by screening
entries to ensure search quality. The outcomes were exported to “complete records and
cited references” and saved in text format. A total of 1237 articles meeting the specified
criteria were retrieved from the search.

2.2. Methods

With reference to the general steps of bibliometric analysis, the steps of bibliometric
analysis conducted in this paper include data collection and cleaning, data analysis and
visualization, and data interpretation (Figure 1). Data collection and cleaning have been
described in Section 2.1.

Figure 1. Research design and workflow.

Data Analysis and Visualization: To ascertain the primary research topics, the current
research landscape, and the developmental trajectory of rural land use and the ecologi-
cal environment, we employed Biblioshiny. Bibliometrix has introduced an online data
analysis tool replete with numerous statistical methodologies and a diverse array of visual-
ization charts. This tool is accessible for users, thereby fulfilling the fundamental needs
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of researchers [36,40]. For the field of rural land use and ecology, this paper will conduct
a quantitative analysis of issuing journals and citations; a quantitative and collaborative
network analysis of researchers, institutions, and countries; keyword analysis; and an
examination of the evolution of research topics. In addition to utilizing the Biblioshiny
software package, this study incorporates Origin software for graphing and charting to
enhance data visualization.

Data Interpretation: While bibliometric software streamlines literature review research,
it still necessitates comprehensive literature reading. To fully leverage the indispensable role
of bibliometric analysis, the literature is meticulously reviewed and analyzed subsequent to
the analysis. Consequently, it can offer a more objective, convenient, and accurate synthesis
of the field’s current state and its intricacies and predict future research directions.

3. Results of the Bibliometric Analysis

3.1. Quantitative Analysis of the Literature

The amount of published research in the fields of rural land use change and ecological
environment can be indicative of the level of research focus and progress in the area.
Figure 2 illustrates a fluctuating upward trend in the quantity of published papers in this
field from 1982 to 2023.

Figure 2. Annual publication trend in the field of rural land use change and ecological environment
from 1982 to 2023.

This paper analyzes the trend of change in relevant studies by dividing them into
three stages: 1982–2007, 2008–2014, and 2015–2023. During the 1982–2007 stage, there
was a slow growth with a limited number of papers published, only amounting to 175,
which represented 14.1% of the total number of publications. Conversely, the 2008–2014
stage witnessed significant growth, accompanied by a remarkable surge in the quantity
of publications compared to the previous stage. Over the period, a total of 252 papers
were produced, which represents 20.4% of the overall number of papers published. On
average, 36 papers were published per year. The period from 2015 to present is the rapid
growth stage, with a significant increase in the number of papers published reaching
810, representing 65.5% of the total number of papers published. The average number of
articles per year in this phase reached 90, and relevant research in this area has entered a
different phase.
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3.2. Analysis of Journals

Based on the collected data, we tallied the number of articles published in each journal
and identified the top ten journals based on the quantity of articles published between 1982
and 2023 (Table 1). According to the statistical information provided by the periodicals, the
journals cover several subject areas, such as environmental sciences, environmental studies,
ecology, and biodiversity conservation, among others. It is worth noting that the majority
of journals publishing articles belong to the field of environmental sciences.

Table 1. Top ten journals with publications about rural land use change and ecological environment
in the time period of 1982 to 2023.

Sources Category Number of Publications H-Index

Sustainability Environmental Sciences 59 12
Land Use Policy Environmental Studies 47 23

Land Environmental Studies 46 11
Ecological Indicators Environmental Sciences 37 22

Science of The Total Environment Environmental Sciences 32 20
Landscape and Urban Planning Ecology 28 21

Journal of Environmental Management Environmental Sciences 24 15
Landscape Ecology Ecology 23 17
Urban Ecosystems Biodiversity Conservation 23 10

International Journal of Environmental
Research and Public Health Environmental Sciences 21 7

The included journals each published 20 or more articles. Sustainability leads with
59 publications, followed by Land Use Policy with 47 papers, and Land with 46. The H-
index, a quantitative measure developed by American physicist Jorge E. Hirsch, evaluates
academic output. A higher H-index implies a more significant impact of the journal in the
field. Among the journals listed, Land Use Policy, Ecological Indicators, Landscape and Urban
Planning, and Science of The Total Environment exhibit a higher H-index, which infers their
greater impact in the research field.

A trend analysis of the top five journals, based on the number of publications, indicates
that Science of The Total Environment has focused the most on the field. It published its first
article in 1991, followed by Ecological Indicators in 2004 and Land Use Policy in 2005 (Figure 3).
Land Use Policy has been the most productive journal between 2009 and 2021 in terms of the
number of publications. Sustainability and Land, on the other hand, began publishing their
first papers in 2014 and 2018, respectively. However, the quantity of published articles has
substantially increased over time. All five publications have consistently shown growth
in the number of articles published from their inception until 2023. As of November 2023,
Sustainability, Land Use Policy, and Land have released 59, 47, and 46 articles, respectively.

Figure 3. Trend in growth of journal sources in the field of rural land use change and ecological
environment from 1982 to 2023.
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3.3. Analysis of Key Researchers, Institutions, and Countries
3.3.1. Analysis of Key Researchers

The researchers in the field of rural land use change and ecological environment
included 4768 participants. There are only nineteen authors who have published five
or more papers. On the other hand, 91.2% of the total number of researchers, a total of
4350 individuals, have only published one paper, according to the study results. The results
show that there are fewer researchers who have been working in this field for a long period
of time.

In accordance with their contributions to the field in terms of publications (Figure 4),
we counted the top ten scholars who had the greatest impact on the field. As of 2021,
Liu Yansui, a researcher at the Institute of Geographic Sciences and Resources of the
Chinese Academy of Sciences, holds the highest number of publications. Four of them
are highly cited. As one of the leading scholars in human-land system science, Liu Yansui
has spent a significant amount of time researching rural geography and land use, with
his main focus on rural geography and land use as his main research focus. His work
has significantly contributed to the academic impact of this field. Following him is Li
Yurui of the Chinese Academy of Sciences Institute of Geographic Sciences and Resources.
As the earliest author of this paper, Long Hualou, an expert in urban-rural development
and land-use transformation at the Institute of Geographic Sciences and Resources of the
Chinese Academy of Sciences, is a leading expert in these topics. In addition to researching
transformational rural development, he is mainly involved in research on land use change
and land-use transformation. Having a high level of academic influence in the field is part
of his expertise.

Figure 4. Authors’ output of articles in the field of rural land use change and ecological environment
over time. Note: The size of each circle indicates the number of publications generated, while the
shade of color reflects the number of citations received.

Five clusters of authors were identified in the field of rural land use change and
ecological environment (Figure 5). Liu Yansui’s research has had a significant impact in
this area, exploring topics such as China’s transition from urban to rural development, new
urbanization, as well as land use and reclamation engineering. Additionally, the research
cluster led by E.C. Ellis at the University of Maryland in the United States is relatively
robust and focuses primarily on global ecosystems, landscape ecology, and sustainable
land management.
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Figure 5. Collaborative network of authors in the fields of rural land use change and ecological envi-
ronment. Note: The colored circles in the figure represent different cooperative network relationships,
and the larger the circle, the more papers published by the scholar.

3.3.2. Analysis of the Main Countries and Institutions

The published papers from different countries enlighten the level of inquiry on rural
land use change and its impact on the environment. The significance of these studies
can be specific to certain regions. Based on the statistical results, 1691 institutions across
95 countries or regions are currently involved in research on rural land-use change and
its ecological consequences. Table 2 presents the top ten publishing countries, with one
Asian country (China) and three North American countries (the United States, Brazil, and
Canada), along with five European countries (the United Kingdom, Germany, Italy, Spain,
and France) and one Oceanian country (Australia).

Table 2. Dissertations published in major countries in the field of rural land use change and ecological
environment from 1982 to 2023.

Country Number of Publications Total Citations Average Article Citations

China 345 6393 18.53
USA 175 9783 55.90

United Kingdom 67 4204 62.75
Germany 56 2476 44.21

Brazil 50 796 15.92
Australia 43 2939 68.35

Italy 42 1392 33.14
Spain 37 1160 31.35
France 35 1427 40.77
Canada 30 998 33.27
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China published the highest number of papers, with a total of 345, and came in second
place after the United States in terms of citations, with 6393. However, the papers had a
low average citation frequency of 18.53 times, suggesting that further improvement could
increase interest. Australia boasts the highest average citation frequency for papers at
68.35 citations, followed by both the United Kingdom and the United States at 62.75 and
55.90 citations, respectively. Furthermore, the United States is ranked at the top of the list
of many countries in terms of total citation frequency, with a staggering 9783 citations.
This result suggests that developed countries possess robust research capabilities in ru-
ral land-use change and ecological environment research, resulting in highly influential
research publications.

Our network analysis of collaborations among the highest yielding countries and
regions indicates that research institutions in most countries cooperate with each other
(Figure 6) and are grouped into four clusters: China and the United States (represented by
red circles), France and Italy (represented by purple circles), Germany and New Zealand
(represented by green circles), and the United Kingdom and Australia (represented by
blue circles). In the context of changes in rural land use and the ecological environment,
China and the United States have a closely intertwined relationship. Additionally, there
are significant cooperative relationships between China and Japan, China and Brazil, and
also between the United Kingdom and Australia. However, the United States has more
extensive cooperative relationships with specific countries.

Figure 6. Network of national cooperation in the field of rural land use change and ecological
environment from 1982 to 2023. Note: The colored circles in the figure represent different cooperative
network relationships, and the larger the circle, the more papers published by the country.
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We compiled the top ten academic institutions in the field of rural land use change
and ecological environment with the highest number of publications (Table 3). Of these, six
institutions are based in China, three in the United States, and one in Brazil. The top four
institutions, based on publication numbers, are located in China. They are the Institute of
Geographic Sciences and Natural Resources Research, the Chinese Academy of Sciences,
Beijing Normal University, and two units of the Chinese Academy of Sciences. Their articles
numbered 59, 41, 28, and 28, respectively.

Table 3. Number of published articles by major research institutions in the field of rural land use
change and ecological environment from 1982 to 2023.

Affiliation
Number of

Publications

Institute of Geographic Sciences and Natural Resources Research, CAS 59
University of Chinese Academy of Sciences 41

Beijing Normal University 28
Chinese Academy of Sciences 28

University of São Paulo 22
Arizona State University 19

Northwest A&F University 19
China University of Geosciences 18

University of Georgia 18
The University of North Carolina at Chapel Hill 16

In the context of cooperation between research institutions (Figure 7), the top four
Chinese institutions maintain close relationships (indicated by red circles). The Institute
of Geographic Sciences and Natural Resources Research, CAS, has the highest degree
of centrality in collaboration, indicating the strongest impact on relationships within the
collaborative network. These institutions exhibit significant publishing frequency and
centrality and have served as the primary research centers in this field. Nanjing Agricultural
University and Nanjing Normal University have established a strong domestic partnership.
Additionally, closer international cooperation is underway between the China University
of Geosciences and the University of North Carolina at Chapel Hill.

Figure 7. Collaborative network of relevant research institutions in the field of rural land use change
and ecological environment from 1982 to 2023. Note: The colored circles in the figure represent
different cooperative network relationships, and the larger the circle, the more papers published by
the research institution.
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3.4. Keyword Analysis
3.4.1. Analysis of High-Frequency Keywords

Keywords can provide an overview of the research topic and content and aid in
identifying the knowledge structure of a field [41]. In this study, a word cloud was used to
visualize the top 50 high-frequency keywords in this area (Figure 8). The top keywords and
their frequency of occurrence in this field are as follows: land use (57), urbanization (49),
China (41), ecosystem services (36), biodiversity (34), remote sensing (31), sustainability
(28), land-use change (24), urban ecology (23), and climate change (22). Scholars in this
field prioritize researching rural land use, urbanization, ecosystem services, biodiversity,
sustainable development, and climate change.

Figure 8. High-frequency keywords in the field of rural land use and ecological environment from
1982 to 2023.

3.4.2. Co-Occurrence Network Analysis of High-Frequency Keywords

A co-occurrence network analysis was conducted on commonly used keywords per-
taining to rural environmental and land use change (Figure 9). This study’s keyword
co-occurrence network illustrates seven clusters that are centered around land use, urban-
ization, climate change, rural areas, biodiversity, urban ecology, and remote sensing as key
nodes. These nodes are also more closely linked to each other.

3.5. Analysis of the Evolution of Research Hotspots

This paper presents the development of research themes in three phases, categorized
by yearly publication frequency trends (Figure 10). The time period from 1982–2007
demonstrated slow growth, and themes emphasized agriculture, conservation, and land use.
The time period from 2008–2014 exhibited steady growth, and research topics continued
to expand, with a primary focus on conservation, biodiversity, and ecological restoration.
Ecological protection, biodiversity, and ecological restoration are increasingly prominent
research topics. The period from 2015 to the present has experienced rapid growth in this
field, focusing on keywords such as land use, urbanization, climate change, and remote
sensing. These keywords suggest that global changes, specifically urbanization and climate
change, have impacted research in this area. Additionally, the utilization of remote sensing
technology has made a substantial contribution to the advancement of this research area
and has provided technical assistance for associated research endeavors.
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Figure 9. Co-occurrence network analysis of high-frequency keywords in the field of rural land use
change and ecological environment from 1982 to 2023. Note: Different colors in the figure represent
different clusters.

Figure 10. Evolution of research themes in the field of rural land use change and ecological environ-
ment from 1982 to 2023.

4. Review of the Ecological Effects of Rural Land Use Changes

Land use change is a core area of global environmental change research. It is of
great significance to understand the impact of rural land use changes on the ecological
environment. Judging from the results of the bibliometric analysis, land use change,
urbanization, climate change, remote sensing technology, biodiversity, ecosystem services,
etc. are all high-frequency keywords in this field and are also the subject headings for
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topic evolution. How rural land use changes affect the ecological environment deserves an
in-depth study. In this section, we will conduct a review study in this field around subject
headings and look forward to future research directions.

4.1. Urbanization and Rural Land Use Change

Urbanization is a significant aspect in bibliometric analyses and a prominent research
theme in current studies. The concept of urbanization first appeared in the eighteenth
century, after the industrial revolution in Europe. With economic development and social
progress, urbanization has become a focus of attention and research for many scholars. Due
to different starting points of research, different scholars have different interpretations of
urbanization. This study considers urbanization from the perspective of territorial space.

4.1.1. Linkages between Urbanization and Rural Land Use Change

Urban development cannot be separated from land, and urbanization is always accom-
panied by the inevitable result of land expropriation and reduction of cultivated land [42].
Urbanization remains a substantial alteration in land use and land cover that is taking
place globally [43]. Urbanization is an inevitable phenomenon and process of economic
and social development [44], a transformation in the direction of “rural–urban”, bringing
about drastic changes in the structure of the rural economy and social relations, and hav-
ing a broad and profound impact on rural society. The linkage between rural land use
change and urbanization is close. In the strong impact of urbanization on rural society,
rural land, as the most basic factor of production in rural areas, has borne the brunt of
the impact, and the structure, pattern, and manner of its utilization have been affected in
a comprehensive manner, which in turn has changed the process of natural, social, and
economic development of the rural areas [45]. As land is converted to human use during
urbanization, the process is frequently irreversible [46]. On the other hand, the changes
in human activities have resulted in positive impacts on land use and the development of
associated policies [47]. However, despite the many benefits of urbanization, the world’s
rapid urbanization faces growing resource scarcity and environmental degradation.

Urbanization refers to the process of changing from a rural society based on agriculture
to an industrialized urban society [48]. This shift is typically achieved via the acquisition of
arable land for urban development or by encouraging farmers to abandon farming in favor
of more lucrative non-agricultural economic opportunities [49]. There are several categories
of rural land use, which can be separated into three primary functions: productive land,
living land, and ecology land [50]. The majority of research pertaining to rural land use
change has concentrated on cropland. Urbanization usually leads to the depletion of
cultivable land. During rapid economic development and urbanization construction, there
has been a significant loss of arable land resources, particularly high-quality arable land
surrounding towns and cities, which has become the primary aspect of arable land changes
in recent years [15,51]. Developing nations are currently experiencing rapid urban growth
compared to developed nations. China, as the biggest developing nation, is prominent in
this area of research. The bibliometric results provide evidence to support this. China’s
urbanization rate increased from 17.9% in 1978 to 56.1% in 2015 [52]. However, studies
indicate that in the first decade of the 21st century, China lost 4.37 million hectares of
cultivated land [49], with over 80% of urbanization occurring on arable land issued by
first-tier cities [53]. As a basic material for agricultural production, cultivated land plays an
important role in natural evolution, human survival, the ecological cycle, resource economy,
and other activities and is most widely and profoundly affected by human beings [54]. The
loss of cultivated land is a product of direct or indirect human interference [55]. On the one
hand, it is the loss of cultivated land use—the transformation of the type of cultivated land
utilization [56]. A large amount of cultivated land has been utilized for non-agricultural
and non-food purposes, and the resources of cultivated land have undergone great changes.
On the other hand, there is the loss of cultivated land reserves—the risk of potential loss
of cultivated land reserves. In rapidly urbanizing areas, high-quality cultivated land is
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rapidly lost with the outward expansion of urban space, and there is less and less land
available for cultivated land reserve resources. Most of the potential cultivated land is
usually of poor quality. In addition, problems such as land erosion, heavy metal pollution,
and land salinization have led to an increasing decline in the quality of cultivated land, and
the contradiction between people and land has become more prominent [57]. The decrease
in arable land is primarily attributed to the growing demand for urban development. In
the process of rapid urbanization, the demand for urban construction land remains high,
while most of the high-quality cultivated land is located in the urban and rural periphery
and near major transportation routes. Along with the increasing contradiction between
economic growth and cultivated land protection, the risk of cultivated land being occupied
has been increasing.

4.1.2. Protection of Cultivated Land in the Process of Urbanization

Urbanization has a strong correlation with economic development and is a process
of agglomeration and integration of factors of production and economic activities. The
process of urbanization is better promoted through the comprehensive benefits brought
about by economic development. Cultivated land, as the basis of agriculture, provides
most of the agricultural products for human beings. However, considering the occupation
of cultivated land in the process of urbanization and the increasingly serious resource and
environmental problems, it is necessary to take certain measures to strengthen the rational
development and utilization of cultivated land. Only in this way can we better promote
stable economic and social development.

First, land resources should be rationally allocated, and land-use efficiency should be
improved. In the current process of urbanization, in order to realize the effective protection
of cultivated land, it is necessary to rationally plan land-use zones, scientifically control
the scale of urbanized land, and improve the efficiency of land use so as to realize the
economical and intensive use of land. Second, it is essential to strengthen the monitoring
of hot spots of arable land loss, especially the long-term time series monitoring method
that can ensure spatial and temporal continuity [58], in order to strictly control the loss
of high-quality arable land. Furthermore, the development of strategies and policies
that effectively guide the pattern of urban expansion [59] is crucial for the protection of
arable land. Policies aimed at protecting arable land by encouraging urban migration may
paradoxically accelerate the occupation of arable land [60]. Therefore, it is important to
rationally plan the development pattern of urbanization at the national level and make
efforts to reform the land system.

4.2. Ecological Impacts of Rural Land Use Change

With the continuous development of the global economy, ecological and environmental
issues have become increasingly important. Therefore, the ecological and environmental
impacts of land use have been extensively studied, focusing on natural elements such as
soil quality, atmospheric quality, water resources, biodiversity, and others [61,62]. With the
application of related theories, techniques, and models in this field, the relevant studies
have been gradually deepened, and the reliability has been greatly improved. At the
beginning of this century, after the Global Land Project (GLP) was proposed, the focus
of land use research gradually shifted to the impact of land use change on the ecological
environment [63]. The evolution of research topics shows that, since 2015, research on the
relationship between land use and ecosystem services has become more comprehensive
and profound.

4.2.1. Impact of Rural Land Use Change on the Soil Environment

As the loose material layer on the earth’s surface, soil serves as a crucial interface, facil-
itating the reciprocal exchange of energy between ecosystems and the external environment.
Different land uses in this process exert diverse effects on the soil [64]. Reasonable land use
can improve soil structure, increase soil resistance to external environmental changes, and
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maintain and improve soil quality [65,66]. The land has been transformed by urbanization
and added to by human activities, and external intruders may enter the soil, thus causing a
certain degree of pollution. For example, when forest lands are converted to agriculture,
the soil often undergoes degradation. The removal of the forest canopy exposes soil to
direct sunlight and rainfall, leading to increased soil erosion. Moreover, the loss of litterfall
and root systems decreases organic matter input and soil cohesion, respectively, further
exacerbating soil erosion and loss of fertility [65]. Irrational land use practices can cause
problems such as soil ecological deterioration. The alterations in rural land use stemming
from urbanization have markedly transformed the physicochemical environment of the
soil, soil ecosystem services, and the communities of soil organisms [67].

With the population explosion and the expansion of the scope and intensity of human
activities, the contradiction between the scarcity of the economic supply of land resources
and the growth of their social demand is becoming increasingly acute [68]. Land use
changes in areas of rapid economic development are dramatic, and important processes
such as urbanization and industrialization threaten the stability and security of agricultural
production. Changes in rural land use have caused many natural phenomena and changes
in ecological processes, such as soil nutrients and soil heavy metal content. It has been
shown that soil heavy metal accumulation is highly related to urbanization, industrializa-
tion, and land use changes, and that soil environmental quality in different areas within the
same city may also have great spatial variability due to differences in land use patterns [65].

Soil microorganisms play a pivotal role in the soil environment, undertaking essential
functions in ecological processes such as nutrient cycling, carbon sequestration, remedia-
tion of contaminated soil, and the decomposition of soil organic matter [69]. Significant
variations have been observed in the composition, diversity, and network structure of soil
bacteria in urban, peri-urban, and rural areas [70]. Urban peripheries, in particular, have
emerged as hotspots of soil microbial diversity due to increased environmental heterogene-
ity resulting from disturbances, while rural soil bacterial communities exhibit intricate and
stable structural networks [70]. The mechanisms influencing soil microbial communities
necessitate further investigation to ensure the sustainability and health of soil ecosystems.

4.2.2. Impact of Rural Land Use Change on the Water Environment

Water resources constitute a fundamental component in sustaining the equilibrium
of our ecological system. Alterations in land utilization, marked by an escalation in agri-
cultural activities and construction, along with a decrease in forested and grassland areas,
have multifaceted impacts on water resources. Such transformations can precipitate in-
creased surface runoff in watershed areas, elevating both the likelihood and intensity of
flooding. This escalation, in turn, augments the water volume within these regions. Modifi-
cations in the use of rural land further influence the discharge and dispersal of pollutants.
Land designated predominantly for agriculture and construction, in conjunction with
suboptimal farming practices, can lead to the substantial erosion of soil, water, nitrogen,
and phosphorus and the introduction of further contaminants [71]. This degradation not
only contaminates our water sources but also undermines aquatic habitats, reduces water
storage capabilities, and elevates the expenses associated with water purification due to
sedimentation. Additionally, the erosion of topsoil precipitates the depletion of nutrients,
which, despite their importance to aquatic ecosystems, can engender excessive nutrient
runoff [72]. Consequently, this may induce eutrophication, a phenomenon that depletes
oxygen in water bodies, leading to the demise of fish and other aquatic organisms. More-
over, eroded soil can convey other detrimental pollutants, such as pesticides and heavy
metals, from agricultural and industrial activities, further compromising water quality and
posing risks to aquatic ecosystems and public health.

4.2.3. Impact of Rural Land Use Change on Biodiversity

The global issue of biological species diversity loss has garnered extensive research
attention, emphasizing the paramount importance of biodiversity. Biodiversity-related
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research is currently a hotspot and focus of ecological research, which directly affects the
stability and sustainability of ecosystems. Land use change affecting biodiversity has
received great attention [73]. Land use change is the most direct manifestation of the impact
of human activities on natural ecosystems on the Earth’s surface, and it is the main process
leading to species fragmentation and the loss of effective habitats, as well as the main driver
threatening biodiversity [74]. The rural environment serves as a pivotal provider of habitats
for diverse biological species [75]. The rapid evolution of rural environments has engen-
dered notable transformations in rural land use, agricultural production, and tourism [76].
Consequently, these environmental shifts pose a potential threat to the survival of primitive
biological species. Alterations in rural land use and heightened activities have profoundly
modified traditional rural environments, resulting in a direct and detrimental impact on
biodiversity. At the same time, environmental pollution, the increase in greenhouse gases,
and the imbalance in carbon balance caused by land-use change have also indirectly af-
fected biodiversity. Biodiversity is the basis for the harmonious development of mankind
and nature, and with the continuous loss of biodiversity and changes in land use, the
search for effective strategies and approaches to biodiversity must rely on in-depth re-
search on the relationship between land-use changes and spatial and temporal variations
in biodiversity [77] and requires the support of biodiversity conservation technologies [78].

4.2.4. Impact of Rural Land Use Change on Climate Change

The impact of rural land use change on climate change is a significant global phe-
nomenon in the environmental field [79]. Climate change serves as the central theme of
research in the current phase of investigation within this field. Changes in land use, such as
forestry and cropland conversion, influence the emission of trace gases due to alterations
in nutrient cycling and the distribution of organic matter [13]. Rural land use activities,
encompassing land reclamation, cultivation, and wetland drainage, exert a substantial
impact on carbon and nitrogen cycling. Moreover, in numerous developing countries,
land reclamation is frequently associated with biomass burning, which releases substantial
amounts of carbon dioxide into the atmosphere, leading to changes in greenhouse gas
fluxes from agricultural lands globally [80]. Addressing climate change involves two pri-
mary objectives: mitigation and adaptation. Estimates indicate that the agriculture and
land use sectors contribute to 30% of total greenhouse gas emissions globally [81]. There
are widespread efforts globally to integrate the goals of mitigation and adaptation into
regional and national policies.

Nature-based solutions (NbS) have become key in tackling the many challenges
brought on by climate change [82]. These solutions bank on the natural abilities of ecosys-
tems to both mitigate and adapt to environmental transformations, offering a sustainable
and efficient way to manage rural land [83]. Preserving forests and extending the periods
between harvests are standout examples of how NbS can boost carbon capture and storage,
which is vital in the fight against climate change [84]. However, deploying NbS is not with-
out its hurdles, such as disputes over land ownership, financial constraints, and the need
for detailed planning and supportive policies. For the successful application of strategies
like forest preservation and prolonged harvesting cycles, it is necessary to have cooper-
ation between governments, NGOs, landowners, and local communities. Additionally,
policies must encourage sustainable land management and the protection of ecosystems,
along with financial support for landowners and communities to adopt these sustainable
methods [85,86].

4.3. Global Innovations in Sustainable Land Use: Benefiting Rural Areas

Through the examination of scholarly research, we investigate novel approaches to
encouraging sustainable practices in rural land use. It underscores four principal domains:
green infrastructure integration, green space management, climate change adaptation, and
agricultural policy. These strategies are pivotal for achieving equilibrium among rural
advancement, environmental conservation, and societal well-being.
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4.3.1. Green Infrastructure Integration

The integration of green infrastructure into the planning and development of rural
landscapes represents a critical strategy for promoting sustainable land use and ameliorat-
ing its environmental repercussions [87]. This strategy adeptly marries the objectives of
developmental growth with conservation principles, embedding sustainability within the
architectural blueprint of transportation planning [88]. Such cohesion facilitates a symbi-
otic relationship between rural development aspirations and environmental preservation
mandates, crucial for protecting natural habitats, reducing pollutants, and elevating the
living standards of rural communities [89]. This holistic methodology is characterized
by the sequential development of eco-friendly roads and pathways, the execution of inte-
grative land use and transportation planning, and the advocacy for sustainable tourism
and recreation pathways, cumulatively contributing to the edification of resilient rural
infrastructure [90,91].

The prioritization of eco-friendly road and pathway designs underscores the need for
thoroughfares that minimize ecological disruption [92]. These designs strive to mitigate
habitat fragmentation, diminish runoff pollution, and integrate wildlife crossings to ensure
animal safety. The deployment of wildlife overpasses and underpasses in Canada’s Banff
National Park serves as a prime example of initiatives aimed at reducing animal-vehicle
collisions and conserving natural migratory paths [93,94]. Moreover, the concept of inte-
grative land use and transportation planning highlights the importance of harmonizing
development efforts with ecological sustainability goals and promoting the use of existing
public and non-motorized transport infrastructures to safeguard open spaces and curb
urban sprawl [95,96]. The urban growth boundary initiative in Portland, Oregon, encapsu-
lates this strategy by constraining urban expansion and enhancing public transit efficacy,
thereby supporting sustainable tourism and recreational endeavors [97,98]. Sustainable
Tourism and Recreation Pathways advocate for the creation of transport infrastructures
that bolster eco-tourism and leisure activities, contributing to both economic development
and environmental preservation [99,100].

4.3.2. Green Space Management

Effective management of green spaces in rural areas necessitates a comprehensive
approach that harmoniously balances agricultural productivity with the principles of
ecological conservation. By adopting strategic measures for the implementation and
stewardship of green spaces, rural communities can significantly augment biodiversity,
enhance the quality of air and water, and contribute positively to the overall vitality of the
ecosystem [101–103]. The three principal modalities through which these objectives can be
realized include conservation agriculture, agroforestry systems, and wetland restoration
and management.

Conservation agriculture, encompassing no-till farming, crop rotation, and cover
crops, aims to minimize soil disturbance, thus preserving soil health, reducing erosion,
and enhancing water retention [104]. The adoption of these practices in Brazil highlights
their efficacy, demonstrating significant soil health improvements, erosion reduction, and
increased crop yields, and underscores the vital role of sustainable practices in agricultural
sustainability [105]. Agroforestry, integrating trees and shrubs into agricultural landscapes,
fosters a beneficial synergy between agriculture and forestry, enriching biodiversity, soil
structure, and carbon sequestration [106]. In Kenya, agroforestry initiatives by smallholder
farmers, involving nitrogen-fixing trees, have notably improved soil fertility, agricultural
productivity, and wildlife habitats, illustrating the environmental gains from effective green
space management [107]. Furthermore, the restoration and judicious management of wet-
lands are crucial for enhancing water quality, supporting wildlife habitats, and providing
natural flood management [108]. These instances highlight an integrated approach to
green space management in rural settings, emphasizing the importance of conservation
agriculture, agroforestry, and wetland restoration as pillars for sustainable land use and
environmental conservation.
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4.3.3. Climate Change Adaptation

Climate change adaptation in rural areas involves the implementation of strategies
that promote sustainable land use and aim to reduce the negative impacts on the ecological
environment [109]. Strategies are designed to enhance the resilience of agricultural systems,
conserve biodiversity, manage water resources efficiently, and safeguard livelihoods against
the challenges posed by a changing climate.

The advancement of climate-resilient crops plays a pivotal role in counteracting food
production deficits caused by climate change by enhancing crop tolerance to extreme
weather conditions, including drought and salinity [110]. This strategy improves the
resilience of agricultural ecosystems by diversifying the portfolio of drought-resistant
crops. For example, in sub-Saharan Africa, the adoption of drought-tolerant maize vari-
eties developed through selective breeding has proven superior under arid conditions,
securing food production and offering a solution to areas prone to unpredictable rainfall
and drought [111]. Furthermore, the integration of agroforestry and sustainable farming
practices boosts soil health, organic matter, and erosion while promoting natural vegetation
recovery and carbon sequestration, essential for climate change mitigation [112]. Specif-
ically, in the Sahel region, such as Niger, farmer-managed natural regeneration (FMNR)
has gained traction. FMNR involves the regeneration and management of trees and shrubs
from existing stumps, roots, and seeds, leading to enhancements in soil fertility, increased
agricultural yields, and landscape restoration, marking it as an effective climate adaptation
and sustainable land use strategy [113]. Additionally, managing rural water resources
strengthens resilience to climate extremes like floods and droughts [114]. In Rajasthan, In-
dia, the resurgence of traditional rainwater harvesting techniques, through the construction
of johads (small earthen check dams), has improved aquifer recharge and water availability
for irrigation and domestic use, thereby securing water resources amidst the growing
unpredictability of monsoon rains due to climate change [115].

4.3.4. Agricultural Policy

Agricultural policies serve an essential function in fostering sustainable land use
within rural domains while concurrently mitigating adverse environmental impacts [116].
These policies are strategically structured to stimulate land use efficiency, conservation of
natural resources, and maintenance of ecological equilibrium.

Offering subsidies and financial incentives encourages farmers to adopt sustainable
practices by making them more affordable. These practices include enhancing soil health,
reducing chemical use, and protecting biodiversity. An example is the European Union’s
Common Agricultural Policy, which supports eco-friendly farming to lower environmental
damage and increase biodiversity [117]. Setting environmental protection standards forces
farmers to follow certain practices, preventing deforestation and overuse of resources.
Brazil’s Forest Code, for instance, requires farmers in the Amazon to keep part of their land
forested to reduce deforestation [118]. Land Use Planning and Zoning helps protect natural
habitats and manage land use by setting restrictions in sensitive areas, like China’s Ecolog-
ical Red Lines Policy, which limits development in crucial ecological zones [119]. These
policies balance economic growth with environmental preservation, ensuring sustainable
land use in rural areas.

4.4. Future Research Directions

In the research on the impact of rural land use change on the ecological environment,
various factors have led to research in this field. The object of the study is mostly focused
on the larger macro-scale regional research, while the small-scale research is less focused,
ignoring its importance in the process of urbanization. Choosing a typical small-scale
area as the object of study is an effective way to analyze rural land use changes in depth,
and it can also provide a basis for comprehensive large-scale research. The process of
urbanization has led to a number of ecological and environmental problems in rural areas
of developing countries. Strategies and measures to deal with these problems have not
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been studied in sufficient depth. For illustration, consider the application of scenario
analysis in examining the ecological consequences of alterations in land use within rural
regions. This methodology allows for the construction of a conceptual framework to
envision potential future scenarios. It serves as an invaluable instrument for policymakers,
urban planners, and researchers, facilitating the prediction and evaluation of ecological
outcomes resulting from various land use and management strategies. The objective is to
enhance our comprehension of potential environmental repercussions. In the preparation of
a scenario analysis, forthcoming studies may investigate alternatives such as the Business-
as-Usual scenario, wherein agricultural and urban expansion proceeds uninhibited, and
the Governmental Intervention scenario, which concentrates on initiatives like sustainable
land management, green infrastructure, reforestation programs, and a shift towards a low-
carbon economy. Each scenario presents a distinct trajectory regarding the utilization of
rural land and its ecological ramifications. The Business-as-Usual scenario underscores the
grave dangers of inaction, highlighting the necessity for policy modifications. Conversely,
the Governmental Intervention scenarios illustrate how targeted policies can facilitate
sustainable land use and mitigate environmental degradation. Through the examination
of these scenarios, we can discern proactive measures that can be adopted to preserve
rural landscapes and ecosystem integrity over the long term, steering us towards more
sustainable practices and investments.

In addition, with the wide application of GIS and remote sensing technologies in
the fields of land use and ecosystems, strong technical support has been provided to the
research in this field. Thus, remote sensing as a research topic in the current research
phase can also show the importance of these technologies in conducting the research work.
Future research should aim to improve the practical implementation of remote sensing and
other technological advances while promoting the integration of different data sets, such as
remote sensing, ecological, environmental, meteorological, and socio-economic data. In
addition, it is imperative to improve our predictive and analytical capabilities and to move
from environmental monitoring to comprehensive capabilities.

4.5. Limitations of the Research

This study has some limitations, which should be recognized. The results of the
bibliometric analysis are highly dependent on the type of database chosen. Only the Web
of Science Core Collection database was used as the data source for this study. The Web of
Science database is one of the most influential databases, but it may not include all relevant
publications in the field. The inclusion of other databases, such as the Scopus database
and the China National Knowledge Infrastructure (CNKI) database, can provide a more
comprehensive global perspective. In a follow-up study, we will explore the inclusion of
other databases to expand the scope of our study based on the current discussion.

After decades of development of bibliometric analysis, both the theoretical system
and the scope of application have been greatly developed and have received extensive
attention from the academic community. However, bibliometric methods also have certain
limitations. First of all, the measurement index of bibliometrics is only limited to the output
of published papers, not the quality of papers. The methodology chosen in the process
of bibliometric analysis may be influenced by the publication method of the journal, such
as open access or subscription. Secondly, there is a lack of a standard for recognizing the
number of published papers, citations, etc. as indicators of quality. This criterion is difficult
to accurately quantify. These problems need to be solved by conducting in-depth research
on relevant theories and methods.

5. Conclusions

Urbanization induces multiple changes in rural areas and agricultural industries,
leading to the emergence of non-agricultural industries and urban sprawls that reshape the
global land surface. Land use change has profound implications for the sustainability of
the global environment. To comprehensively understand the macroscopic impact of rural
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land use change on the ecological environment, this paper uses bibliometric analysis to
systematically organize 1237 papers related to this field in the core database of the Web of
Science. It elucidates the trend in the number of papers and journals published in this field,
analyzes the main researchers, countries, and institutions, and captures the development of
high-frequency keywords and research topics. On the basis of the results of the bibliometric
analysis, we conducted an overview study of the impact of rural land-use change on the
ecological environment and discussed future research directions. The following are the
main conclusions:

During the period 1982–2023, there is a general upward trend in the number of pub-
lications in the field, which can be divided into three phases: a slow growth phase from
1982–2007, a steady growth phase from 2008–2014, and a rapid growth phase from 2015–2023.
Sustainability, Land Use Policy, and Land are the journals with a high number of articles;
Land Use Policy, Ecological Indicators, Landscape and Urban Planning, and Science of The Total
Environment are the journals with a high impact in the field. Moreover, 4768 researchers
from 95 countries and regions have published papers in this field, and the main researchers
and institutions are from China. Developed countries, such as the United States, have a
high citation frequency and strong research strengths in this field. The high-frequency
keywords in this field include land use, urbanization, China, ecosystem services, biodiver-
sity, remote sensing, and so on, reflecting the key issues that scholars focus on. Research
in this field focuses on the impact on natural elements such as soil quality, atmospheric
quality, water resources, and biodiversity. In addition, we reviewed strategies to promote
sustainable rural land use, focusing on four main areas: green infrastructure integration,
green space management, climate change adaptation, and agricultural policy. These strate-
gies are essential for realizing rural development and environmental protection. In future
research, remote sensing technology can provide strong technical support for research
on land use change in typical small-scale areas and strategies for rural ecological and
environmental problems.
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