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Abstract
Aim of study: To develop an analytical framework for analyzing and assessing the land-use changes and conflicts, 

based on low requirements of information and useful in developing countries. Additionally, to generate future trend and 
alternative scenarios to estimate the likely impacts of each use.

Area of study: The analytical framework was tested in the Pixquiac sub-basin, Veracruz, Mexico. 
Materials and methods: We used satellite imagery for the characterization of the study area, map algebra to determine 

changes in use over time and conflicts with potential uses, as well as Markov chains and cellular automata for the gen-
eration of trend scenarios. 

Main results: Our framework tested to be reliable. We detected a loss of forest cover of 653.12 ha from 2002 to 2018, 
and 5,299 ha of land use conflict. If the trend continues, an additional 279 ha of forest cover will be lost by 2042. 

Research highlights: We proposed a framework to analyze the dynamic of land use change in small watersheds where 
the urban use is the driving for changes to other land uses. Our method allowed capturing the transition between land uses 
and conflicts with the potentialities of the territory. In addition, given that most of developing countries lacks high-resolution 
spatial information our method would be useful for other regions of the world with similar conditions. Finally, various trend 
and alternative scenarios to evaluate the impact of the policies applied to the territory on land-use changes were obtained.
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Introduction

Land-use change is the process that has had the greatest 
negative impact on ecosystems globally (IPBES, 2019), 
especially due to dispersed and disorderly population 
growth (Luján et al., 2021). This change directly affects 
ecosystems through the process of aggregation, where 
small, dispersed families or communities become larger 

contiguous towns and cities (Gonzalez, 2000). There are 
also changes due to the expansion of agricultural activities 
resulting from increased demand for resources (Ruiz et al., 
2017). Direct impacts include habitat loss, soil erosion and 
forest fragmentation (Sulieman, 2018). Indirect impacts 
include decreased ground water recharge, microclimate al-
terations, fragmentation of biological corridors, and fauna 
migration, among others (Trisurat et al., 2016). For this 
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reason, the protection and integrated management of for-
est areas has become one of the greatest challenges facing 
society, especially in places where current land use is in-
tensive and differs from its potential (Froese & Schilling, 
2019; Castellanos & Agudelo, 2020). 

Current land use should consider environmental con-
ditions related to soil, topography, climate and water 
availability, which may be limiting for the development 
of agricultural, livestock or forest activities (Camargo et 
al., 2020). Failure to do so means generating conflicts be-
tween current and potential uses, which have led to various 
problems, including ecosystem degradation (Roodposhti et 
al., 2019), dramatic landscape modification (Dislich et al., 
2018), loss of biodiversity, and changes in the services that 
forest ecosystems provide (Koo et al., 2020). Globally, in 
the last three decades, the area deforested averaged 5.9 
million hectares per year (0.15% of the total forest area). 
In the Americas, for the same period, the area lost was 2.66 
million ha (0.47% of the total) (FAO, 2020) and in Mexico, 
between 2001 and 2018, the annual loss was estimated at 
212,000 ha (0.05% of the total forest area) (CONAFOR, 
2020). The lower Mexican percentage was due to the re-
duction in deforestation and the increase in forest area in 
some zones (FAO, 2020). However, the problem of land-
use change continues to be the trigger for the degradation 
of forest ecosystems.

The dynamics of land-use change vary greatly in spa-
tial and temporal terms. Economic, demographic, techno-
logical, cultural, political and management aspects are the 
drivers of change operating at the local and regional level 
(Meyfroidt et al., 2018). Understanding the phenomenon 

of land-use change in terms of conflicts of use and its trend 
is fundamental in the planning of the territory and in the 
implementation of conservation strategies for forest eco-
systems and their environmental services (ESs) (Galicia et 
al., 2018).

Over time the development of land use change predic-
tion models and their impact on the landscape has been 
restricted by the large amount of information it requires. 
However, over the last few decades, computer systems 
have begun to overcome this limitation. Modeling abilities 
have also been enhanced through the availability of remote 
sensing data and Geographic Information Systems (GIS) 
technology. Fortunately, in many parts of the world a solid 
base of regional ecological, economic, and social research 
allows researchers to examine the interaction between hu-
man communities and the landscape.

Simulation models exist to analyze land-use change 
over time and space (Wang et al., 2018). Dale et al. (1998) 
developed a strategy for assessing land use impacts on nat-
ural resources through integrating spatially explicit envi-
ronmental data and computer models. These models simu-
late the susceptibility of species to ecosystem disturbances 
based on geology, soil, slope, land use/land cover condi-
tions and human activities. The habitat risk map obtained 
can be used in land management planning. 

On the other hand, the Patuxent Landscape Model sim-
ulates ecological processes on watershed scale in interac-
tion with economic factors that influence land use patterns 
(Voinov et al., 2007). In addition, Imhoff et al. (2000) stud-
ied the ecological impacts of a major urban sprawl, while 
Maizel et al. (2000) examined considering various ecolog-

Figure 1. Location map of the study area of Pixquiac River sub-basin (brown line 
polygon), in the Veracruz state (green polygon), Mexico.
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ical factors, the settlement patterns of the United States in 
the last 230 years and their relationship to different land 
uses. In the Baltimore-Washington region, an urban growth 
study was conducted that analyzed the different links be-
tween social, physical and ecological processes that make 
up the ecosystem (Foresman, 2000). In the same way, Levia 
& Page (2000) did a study in the region of Sterling, MA, 
USA focused on the identification of agricultural areas suit-
able for urban use, through cluster analysis considering var-
ious variables such as distance to the city center and main 
roads, slope of the terrain and size of the farm. The Urban 
Simulation Model (UrbanSim) and the California Urban 
and Biodiversity Analysis (CURBA) model represent two 
perspectives on urban growth and its spatial relationship 
with land-use change (Waddell, 2002). In addition, Gonza-
lez (2000) developed an analytical framework based upon 
the CURBA model which simulates and assesses the influ-
ence of future human population growth on land use change 
based on biophysical, economic, and social variables at dif-
ferent scales and under several scenarios (Gomben et al., 
2012). Finally, the comparative classification of changes 
detected in the field (Dislich et al., 2018) and the analysis 
of documentary information (Giri et al., 2019) are method-
ologies used to assess dynamically changes in land cover. 
However, they do not consider socioeconomic variables 
(Wu Z et al., 2019) meanwhile the multi-temporal analysis 
and the generation of future scenarios do take into account 
environmental and socioeconomic variables.

Modeling through cellular automata is one of the most 
used methods to generate alternative and trend scenarios 
(Gomes et al., 2021). This mathematical and computation-
al model allows describing a dynamic system composed 
of a set of data that acquire different states or values (Wu 
H et al., 2019). Among its applications, it evaluates the 
dynamics of land-use change and its impacts through al-
ternative scenarios that contrast different management pol-
icies. However, it is not enough to know the dynamics of 

changes in land use on a temporary scale, it is necessary to 
determine the conflicts between current and potential uses 
to have a comprehensive vision of land use in the region.

The mountainous area of the central region of Veracruz, 
Mexico, in addition to having diverse environmental values, 
is of great hydrological importance at the local level since 
it supplies drinking water to the city of Xalapa, Veracruz. 
However, land-use change on forested land has not been 
halted. As a result, there has been a decrease in the water 
supply, leading municipal authorities to ration the supply by 
distributing it by turns during the dry season. Consequently, 
it is fundamental to develop planning tools that permit local 
land managers, developers, stakeholders, and other parties 
to predict possible patterns of future land use to anticipate 
potential conflicts between various use and environmental 
factors within the sub-basin. 

The main objective of this study was to develop an an-
alytical approach that could be applied to evaluate forest 
areas and their use changes in areas that have conservation 
or development support but have limited geospatial infor-
mation. An additional objective was to use the analytical 
framework to generate alternative future scenarios of land 
use change in a small pilot watershed, Pixquiac sub-basin, 
and estimate the likely impacts of such uses. The first step 
was to develop an analytical framework, through satellite 
imagery, a multi-temporal analysis of land-use conflicts 
during the period 2002-2018. With this information, we 
constructed a spatial model that simulates changes in use 
based on socioeconomic and environmental variables. The 
inclusion of environmental and socioeconomic variables 
in the spatial model permitted us to obtain a more realistic 
interpretation of the results. Our analytical approach also 
allowed us to consider future scenarios, namely, Tenden-
tial, Conservation and Development. The research hypoth-
esizes that the proposed framework is sensitive enough to 
detect land use change dynamics over time so that it allows 
the building of future land-use scenarios. 

Figure 2. The analytical framework used in the Pixquiac sub-basin
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Material and methods

Study area
The Pixquiac River sub-basin is in central region of Ve-

racruz, Mexico, within the La Antigua River watershed, 
and includes part of the municipalities of Perote, Las Vi-
gas, Acajete, Tlalnehuayocan and Coatepec in the state 
of Veracruz (Fig. 1). It covers 10,660.23 ha and is 30.27 
km long. It is located on the windward slope of the Cofre 
de Perote, an inactive volcano whose altitudinal variation 
ranges between 1,040 and 3,760 m (García et al., 2008). 
Average annual precipitation is 1,800 mm, which is dis-
tributed in the months of May to October. It is a mountain 
sub-basin with a dense drainage network (Maldonado et 
al., 2017). The predominant vegetation includes cloud for-
ests, pine-oak forests, shade coffee plantations and grass-
lands (García et al., 2008). In the middle and upper part, 
there are isolated localities with a high degree of margin-
alization (López et al., 2020). 

Analytical framework

The analytical framework was developed in three phas-
es (Fig. 2): 

— Land-use changes and conflicts through spatiotemporal 
analysis 

Land uses were determined for the years 2002 and 2018 
through a supervised classification of satellite images from 
Landsat 5, 7 and 8 sensors, and Sentinel 2 images. Car-
tographic information on land use and vegetation at a scale 
of 1:250,000 from INEGI Series III and VI maps (INEGI, 
2003, 2017a) was used as reference information. The car-
tographic analysis was carried out with ArcGIS® (ESRI, 
2011).

The cartographic information generated was classified 
into four main uses: agricultural, forest, livestock, and ur-
ban. The minimum size area for a polygon was 0.25 km2; 
land use polygons with a smaller area were incorporated 
into the neighboring category with the largest contact area. 
A 56-points field verification was performed with a ran-
dom sampling of the resulting land-use classes.

The land-use layers were transformed into raster format 
and map algebra was used to analyze the spatiotemporal 
dynamics of land-use change between 2002 and 2018.

Current and potential land uses were compared to iden-
tify areas with correct current use and those that differ 
from their potential productive use, for example, an area 
of current agricultural use with suitability for forest use. 
Potential land use was determined based on the E14-3 
thematic chart at a scale of 1:250,000 (INEGI, 2017b). 
Through the comparison of current (2018 land-use) and 
potential land uses and statistical analysis, the conflict ma-
trices were developed. 

— Probability of changes in current land use
The probabilities of change in current land use were es-

timated through a first-order Markov chain model, taking 
as a basis the change between 2002 and 2018. This first-or-
der model provides various events in a system that initially 
is in state i and over time passes to state j, making it quite 
useful for analyzing future land-use change projections 
(López et al., 2001).

Markov chain models have several assumptions, the first 
of which is to consider that land-use change is a stochas-
tic process and that it is found in different categories of the 
states of a chain. In turn, a chain is defined as a stochastic 
process whose property includes the value of the process at 
time t, where Xt depends only on its value at time t-1, Xt-1, 
and not on the sequence of values Xt-2, Xt-3,…, Xt-n, expressed 
in the equation [Eq. 1] (Mohamed & Worku, 2020): 

P{Xt=ɑj X0=ɑ0,X1=ɑ1,X2=ɑ2,....,Xt-1=ɑ1} = P{Xt=ɑj Xt-1=ai}    [1] 

where: P= transition probability; X= system analyzed; t= 
time; ai = initial state; and aj = final state.

This model considers the transition states as a process 
that is only conditioned by the initial state, and is expressed 
in matrix form as [Eq. 2]:

                                    nt+1= Pnt                               [2]

where: nt= vector of the fraction of the land area in each of 
the different land uses at time t; nt+1= vector of the frac-
tion of the land area for the same land uses at t+1; and P= 
matrix m*m in which the probability that a site that is in 
state i, over time t, can transition to state t+1 is expressed. 
This matrix is standardized, so the sum of the transition 
probabilities of any state is always equal to one (López et 
al., 2001). 

— Construction of the spatial model stimulating land-use 
changes

We integrated spatial information from previous phas-
es through the MOLUSCE (Methods of Land Use Change 
Evaluation) plugin in QGIS 2.18 software (QGIS.org, 
2022; MOLUSCE, 2017). The application of the Markov 
chain was evaluated to determine the probability of change 
for each use. The model’s seasonality, convergence and 
stability were obtained by performing 1,000 iterations at 
discrete time. Dynamic variables were integrated to inter-
act with existing changes in land use such as Euclidean dis-
tance from roads and localities, elevation through a digital 
model, and terrain slope (Al-Juaidi et al., 2018; Doelman 
et al., 2018). The degree of dependence between dynamic 
variables was evaluated through the Pearson correlation.

For the validation of the spatial model, 2010 land uses 
were determined following the methodology applied in 
the first phase. This intermediate land use determination 
was combined with the information generated in 2002, 
to obtain the land use projection for 2018 through the 
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MOLUSCE module. A value of 1,000 iterations was set 
for the neural network learning curve within the module. 
Validation consisted of comparing the projection obtained 
from the model with that obtained in the supervised clas-
sification for the years 2002-2018. The degree of accuracy 
of the simulation was determined with the Kappa index.

Alternative future scenarios 

Once the model was constructed and validated, three 
alternative future scenarios were generated with a projec-
tion period of 24 years, from 2018 to 2042. Future land-use 
change scenarios were constructed considering variables 
that have shown an effect on the dynamics of change within 
the study area. For example, conservation-oriented policies 
(Rodríguez & Merino, 2017) focused on maintaining forest 
cover, or policies aimed at increasing agricultural produc-
tivity (Lawrence et al., 2019) seeking to increase available 
food resources, livestock production (Vargas, 2018) whose 
driver is society’s demand for meat and population growth 
in the region (Fiuza et al., 2022), among others.

Trend scenario. This scenario was obtained, through 
cellular automata, by taking the land-use changes detect-
ed from 2002 to 2018 and then projecting them to 2042, 
maintaining a constant trend. 

Development scenario. The development scenario as-
sumes a 50% increase in the area from forest to agricul-
tural use. This increase was focused on the agricultural 
frontiers through buffer zones in the study area. 

Currently, the Mexican government follows a policy to 
promote the agricultural sector through various programs 
such as Sembrando vida (Sowing life), Producción para 
bienestar (Production for well-being), Programa de fomen-
to a la agricultura, ganadería, pesca y acuicultura (Pro-
gram to promote agriculture, livestock farming, fishing and 
aquaculture) and Precios de garantía (Guaranteed prices). 
They consist of providing subsidies to small and medi-
um-scale producers to implement agroforestry systems and 
increase grain and livestock productivity (SADER, 2021). 
These programs could stimulate and increase the conver-
sion of conservation land use to agricultural uses. 

Conservation scenario. This scenario included a 50% 
increase in the forest use area based on the conversion of 
agricultural and livestock uses, following the same logic as 
the Development scenario, but applied to forest use. 

The foundation of this scenario was based on the im-
plementation of programs, such as the payment for envi-
ronmental services (PES) scheme, that promote the care, 
conservation and increase of forest use areas. One example 
is the Fideicomiso Coatepecano para la Conservación del 
Bosque y el Agua (FIDECOAGUA; Coatepecano Trust 
for Forest and Water Conservation) whose objective is 
focused on the conservation of forests through economic 
compensation by incorporating them into a PES program 
(Nava et al., 2018). 

Figure 3. Maps of land-use changes during 2002-2018 (a), 
and land-use conflicts (b) in the Pixquiac sub-basin.

Finally, the alternative scenarios were submitted to the 
scrutiny of local stakeholders and decision makers who 
validated and determined the feasibility of their implemen-
tation and results. This validation was carried out through 
meetings with FIDECOAGUA, which is the integral water 
management agency of the Municipality of Coatepec and 
operates a PES mechanism in the region. As well as with 
Consejo Municipal de Agua y Saneamiento Xalapa, which 
oversees the water management that comes from the Pix-
quiac sub-basin and provides resources for the conserva-
tion of the areas. The information was also presented and 
approved by the ejidal authorities of the agrarian nuclei 
of San Andrés Tlalnehuayocan, San Pedro Buenavista and 
Agua de los Pescados. 

Results
When applying the analytical framework to the study 

area, we find that during the 2002-2018 period, 86.53% 
(9,224.33 ha) of the Pixquiac sub-basin remained un-
changed, while 13.47% (1,345.90 ha) of the area under-
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went changes in land use. The main changes were located 
in the middle and lower part of the watershed (Fig. 3a).

Table 1 presents the land-use transition matrix. The 
main loss of forest (733 ha) and agricultural (485 ha) area 
occurred due to livestock use. However, some livestock 
use areas were converted to forest use (125 ha), especially 
in the upper part of the sub-basin.

In absolute terms, the forest use area was the class 
that had the greatest loss with 653.12 ha, 6.13% of the 
sub-basin area, followed by the agricultural area, which 
decreased by 488.39 ha (4.58%). The area corresponding 
to the livestock class had a significant increase of 1,094.31 
ha (10.97%), making it the class with the greatest increase, 
followed by urbanization, which had an increase of 47.20 
ha (0.44% of the total).

It is important to highlight that the forest class was the 
land use with the largest area in the two time periods analyz-
ed, compared to the others. On the other hand, urban land use 

Figure 4. Scenario maps: trend (a), development (b) 
and conservation (c), projected for the year 2042 in the 
Pixquiac sub-basin.

represented less than 1% of the total watershed area (Fig. 3a), 
but almost doubled its area, going from 50.04 ha to 97.24 ha.

Fig. 3b shows the conflict map of the Pixquiac sub-ba-
sin where 57.87% of the area presented a correct use, 
i.e., current and potential land uses coincided. However, 
42.13% of the area presented a conflict in the potential 
forest use whose current use was agricultural and urban. 
There are also areas with agricultural potential that were 
transformed into urban areas due to population growth. 
Land-use conflict interactions were mostly found in the 
middle and lower areas of the watershed.

The current, potential and conflicting area of each land 
use within the sub-basin is presented in Table 2. Of the 
total current land-use area in the sub-basin (10,660.23 ha), 
forest use accounted for 47.80%, followed by 27.18% for 
agricultural use, 24.11% for livestock use, and 0.91% for 
urban use.

The potential use of the land within the sub-basin 
was predominantly the forest use (59.81%), followed 
by the livestock (33.16%), agricultural (6.67%) and ur-
ban (0.37%) uses. The areas with use conflicts covered 
4,490.44 ha, of which 2,186.94 ha corresponded to agri-
cultural use, 1,280.92 ha to forest use, 964.30 ha to live-
stock use and 58.28 ha to urban use (Table 2). 

For the generation of scenarios, the level of correlation 
between the variables included in the model (elevation, 
slope, Euclidean distance from roads and localities) was 
determined. None of the variables presented a significant 
correlation, that is more or less than 0.08 (Schober et al., 
2018) so they were considered valid. Most of the varia-
bles analyzed showed a positive correlation except for the 
relationship between slope and Euclidean distance to lo-
calities. 

On the other hand, the stabilization of the neural net-
work learning curve was reached around 250 iterations 
with an error rate of 2%, which indicates the optimization 
of the network in the generation of future scenarios. Re-
garding validation, the Kappa index had a value of 0.96, 
which indicates that the fit of the map projected through 
the MOLUSCE module, against the map generated 
through the supervised classification of satellite images, 
was satisfactory (Berg et al., 2004).

Trend scenario

By 2042, in the Pixquiac sub-basin, the probability that 
one hectare of forest use will maintain its use was 76%, 
followed by 23% probability that it will change to live-
stock use, 1% that it will change to agricultural use and 
zero probability of a change to urban use. Livestock use 
had a high probability of maintaining its use (85%) and a 
15% probability of changing to forest use (Table 3). 

The Trend scenario suggests an increase in the change 
dynamics. For example, livestock use will increase by al-
most 300 ha (2.68%) in the upper and middle part of the 
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watershed. The urban area will continue to grow in the 
lower part of the watershed, while the forest area will lose 
280 ha (2.62%) due to changes to other uses. However, it 
did not show a change to urban use.

According to the area of change (Fig. 4a), forest are-
as and some agricultural areas will be mostly transformed 
into grazing or livestock use areas. 

Development scenario

This scenario indicates that, throughout the sub-basin, the 
forest area will be segregated into small patches. There is a 
45% probability that one hectare of forest use will be main-
tained, 29% that it will become agricultural use and 26% 
that it will be transformed into livestock use (Table 4). The 
forest use area has disappeared in the lower and middle parts 
of the watershed (Fig. 4b). The change between land uses, 
with respect to the current scenario, indicates an increase of 
64.74 ha (0.61%) for livestock use and 14.86 ha (0.14%) for 
urban use. However, there is a decrease of 77.99 ha (0.73%) 
for agricultural use and 1.61 ha (0.02%) for forest use.

Conservation scenario

This scenario showed (Fig. 4c) that forest areas could 
present an increase in total area and the consolidation of a 
continuous cover in the study area. The Table 5 has a 100% 
probability that one hectare of forest will maintain its use. 

Livestock use showed an inverse trend to forest use due 
to the decrease and fragmentation of agricultural and live-
stock uses. The forest area had the greatest increase with 
291.20 ha (2.73%), followed by urban use with 156.48 ha 
(1.47%), while livestock use presented a loss of 267.96 ha 
(2.51%) and agricultural use of 179.72 ha (1.69%).

In relative terms, there is a greater change dynamic in 
the Conservation scenario (8.40%) compared to the Trend 
scenario (5.40%) and the Development scenario (1.69%).

Discussion

Land-use conflicts and changes over time

According to the National Forestry Commission (CON-
AFOR, 2020), about 212,000 ha of forest are lost each year 
in Mexico, mainly due to the increase in agricultural fron-
tiers and urban sprawl. In the central region of Veracruz, 
the anthropogenic factors driving land conversion are the 
atomization of land tenure, the growth of urban areas and 
the sale of land for the construction of housing develop-
ments (López et al., 2020). 

Public policy has increased support for agriculture, 
negatively impacting forest conservation. In the Pixquiac 
sub-basin, the different factors driving change such as the 
marginalization of localities in the upper part and the lack 
of employment or government support have adversely af-
fected forest areas and increased other land uses. 

Table 1. Transition matrix covering the period 2002-2018 in the Pixquiac sub-basin (areas in ha).

Use
2018

Agricultural Forest Livestock Urban Total

2002

Agricultural 2,852.94 485.74 47.20 3,385.88

Forest 44.55 4,970.44 733.49 5,748.48

Livestock 124.92 1,350.91 1,475.83

Urban 50.04 50.04

Total 2,897.49 5,095.36 2,570.14 97.24 10,660.23

Table 2. Area of current, potential and conflicting land uses in the Pixquiac sub-basin.

Class
Current use Potential use Conflicting[a]

ha % ha % ha %
Agricultural 2,897.49 27.18 710.55 6.67 -2,186.94 -20.51

Forest 5,095.36 47.80 6,376.28 59.81 1,280.92 12.02

Livestock 2,570.14 24.11 3,534.44 33.16 964.30 9.05

Urban 97.24 0.91 38.96 0.37 -58.28 -0.55

Total 10,660.23 100.00 10,660.23 100.00 4,490.44 42.13
[a]Negative numbers indicate that the current use area exceeds the potential use area.
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The livestock area had the greatest increase with 
10.27%, followed by urban use with an increase of 0.47%. 
However, forest and agricultural use showed a decrease 
in area. At the local level, this can be explained by the 
current increase in government support for stockbreeding 
in the central region of Veracruz (Thiébaut & Velázquez, 
2017), which causes a direct transition from either forest 
or agricultural use to livestock use. On the other hand, 
the expansion of the urban footprint where the city of 
Coatepec is located is causing a change in the uses present 
in the lower part of the sub-basin. This is due to the lack of 
economic-productive alternatives for the local population, 
such as the generation of employment or the development 
of sustainable projects in accordance with the use of the 
land (Benítez et al., 2012).  

The identification of land-use conflicts provided relevant 
information to help understand the situation faced by forest 
areas in the Pixquiac sub-basin. The determination of con-
flicts is a land management tool that allows defining guide-
lines for land-use optimization in an effort to maximize 
the benefit to society both in terms of ES provision and in 
economic terms. Brown et al. (2017) and Kim et al. (2019) 
point out that land-use conflicts are conceived as a growing 
expression of human pressure on the environment. 

In total, 27.42% of the sub-basin presents conflicts with 
the potential forest use, mainly due to agricultural use in 
the upper and middle zone of the sub-basin, which ac-
counts for 14.77% of the area. These conflicts have direct 
repercussions on the provision of hydrological environ-
mental services by the forests, as they are directly related 
to the water shortage problem faced by the city of Xalapa. 
On the other hand, areas that were formerly used for agri-
cultural or livestock purposes have been recovering their 
original vegetation due to abandonment caused by emigra-
tion to nearby urban areas (Velázquez & López, 2021) or 
by orographic conditions (Griffith et al., 2017), especially 
in the upper and middle parts of the sub-basin. 

Land-use potential should be taken into consideration 
in order to design strategies for optimal land-use manage-
ment that seeks greater forest, agricultural and livestock 
productivity. Ayram et al. (2017), Mokondoko et al. (2018) 
and Rosa da Conceicão et al. (2018) agree that a region 
that takes into account the management of land-use con-
flicts in determining the application of support for con-

servation promotion is better focused on areas that can be 
considered priorities.

Land-use planning in the Pixquiac sub-basin, employ-
ing the potential use of the territory as a reference, is essen-
tial to promote measures that regulate agricultural activi-
ties and, in turn, encourage sustainable forest use. There 
are successful cases in other regions of the world, where 
this has allowed an integrated management of the territory, 
obtaining favorable results to balance productive and con-
servation activities (Jiang et al., 2020).

Future land-use change scenarios

The Pixquiac sub-basin supports diverse agricultural, 
forest and residential activities. However, the Trend sce-
nario indicates a decrease in the future due to the dynamics 
of the observed changes. The probability that one hectare 
of forest use will remain in the same use is relatively high 
(76%). This result is consistent with those obtained in oth-
er studies where there is a constant transition to other uses 
(Biswas et al., 2019). The lack of economic support for 
the owners of conservation lands can cause these areas to 
gradually diminish and the negative consequences can be 
reflected in ES production (López et al., 2020).

This study makes it possible to observe and analyze what 
would happen in the event of an increase (conservation 
scenario) or reduction (development scenario) of 50% of 
areas of forest use over a period of 24 years. The projected 
period is considered long and therefore, there may be bias-
es in the results. First, the model used to generate the base-
line scenario is essentially static, while land use change is 
dynamic over time. For example, previously held patterns 
of growth, development, and infrastructure in the region 
may change. This can directly impact the growing trend of 
urban land use. Second, some explanatory variables could 
change during the study period. For example, as popula-
tions increase, new roads are constructed, while existing 
roads may be upgraded in status. These new and upgraded 
roads would likely influence future development in the re-
gion, yet their placement is not known at this time. Finally, 
the longer the projection time, the greater the possibility 
of bias in the constructed scenarios. However, this study 
explores what could happen in the medium term based on 

Table 3. Land-use change probability matrix for the Pixquiac sub-basin (Trend scenario).
Change in use: Trend to the year 2042

Agricultural Forest Livestock Urban Total

Current 
uses in 
2018

Agricultural 0.71 0.01 0.25 0.03 1.00

Forest 0.01 0.76 0.23 0.00 1.00

Livestock 0.00 0.15 0.85 0.00 1.00

Urban 0.00 0.00 0.00 1.00 1.00
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the current trend. Future studies of land use change should 
include analysis at different time scales. However, the pro-
jected decrease in forest cover in the Pixquiac sub-basin is 
not as drastic as in other parts of the world. The percent-
age of loss of forest area reached a rate of 0.40% per year, 
above the global average, which is 0.15% per year for the 
total area of forests (Keenan et al., 2015). 

The results obtained through the Development scenario 
show an increase in agricultural and livestock uses at the 
expense of the decrease in forest areas, so that, if this sce-
nario were to come true, the environmental and territorial 
consequences will be negative.

The Conservation scenario allowed us to estimate the 
effect of integrated land management that strengthens eco-
nomic activities in the forestry sector. This management 
would not only increase the forest area cover but would 
also bring benefits related to ES provision (Shahbazian et 
al., 2019). It should be considered that the productive in-
come that landowners are obtaining under the current use 
(Rahman et al., 2016) could decrease in the medium and 
long term as soil productivity decreases (Lu et al., 2015).

The analysis of the detection of land-use conflicts and 
the generation of alternative future scenarios is an impor-
tant planning tool to improve integrated land management 
in the Pixquiac sub-basin. Local management mechanisms 
can be implemented for the care of the forests, similar to the 
FIDECOAGUA program in the Coatepec region, which is 
a municipal project whose objective is to conserve forests 
with economic resources obtained through a payment for 
environmental services scheme that is channeled to forest 
landowners (Nava et al., 2018). It is necessary to focus the 
resources collected on forest areas with hydrological abil-

ity and that have a greater probability of change of use, or 
to reconvert those whose suitability has been changed due 
to land-use conflicts. 

Assessment of the impacts of future land-use 
change scenarios 

The future land-use change scenarios examined here 
provide only an idea of the wide range of possible futures 
for the study area. Each alternative scenario would result 
in different impacts on the landscape and ground water re-
charge. Therefore, the scenarios can be evaluated against 
various socioeconomic and environmental criteria (Cunha 
et al., 2021). For example, assumed land-use change levels 
are incorporated into each scenario. Political constraints 
could alter these parameters or restrict land-use changes to 
areas conducive to ground water recharge, where there is 
high water catchment suitability and ecological values are 
high (Pineda et al., 2016). 

The analytical approach presented here can be used to 
generate a myriad of alternative future scenarios. Alterna-
tive scenarios could explore what would happen if land-use 
changes increased or decreased with respect to those in the 
Trend scenario, or if the changes occurred in a compact or 
disaggregated manner. Each of these scenarios could be eval-
uated based on a set of ecological and socioeconomic criteria 
to determine the possible impacts on water supply, biodiver-
sity and habitat, taxes, water consumption, and so on.

Finally, another advantage of the analytical framework 
applied in the present study is that it considers the appli-
cation of the parameterization of the methodology, which 

Table 4. Land-use change probability matrix for the Pixquiac sub-basin (Development scenario).
Change in use: Developed scenario to the year 2042

Agricultural Forest Livestock Urban Total

Current 
uses in 
2018

Agricultural 0.97 0.00 0.01 0.02 1.00

Forest 0.29 0.45 0.00 0.26 1.00

Livestock 0.04 0.08 0.88 0.00 1.00

Urban 0.00 0.00 0.00 1.00 1.00

Table 5. Land-use change probability matrix for the Pixquiac sub-basin (Conservation scenario).
Change in use: Conservation scenario to the year 2042

Agricultural Forest Livestock Urban Total

Current 
uses in 
2018

Agricultural 0.60 0.36 0.03 0.01 1.00

Forest 0.00 1.00 0.00 0.00 1.00

Livestock 0.01 0.60 0.39 0.00 1.00

Urban 0.00 0.00 0.00 1.00 1.00
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can be applied on any spatial and temporal scale with basic 
geospatial data. The model can be improved by consider-
ing weighted values for the measurement of variables, as 
well as the inclusion of more variables such as land value 
or access to services (Gonzalez, 2000). Thus, future stud-
ies of conflicts and land use change should include these 
considerations.

Conclusions
The analytical framework in this study lies in an anal-

ysis of the evolution of the study area over time and the 
analysis of the conflicts of use, however, it is also notewor-
thy the methodology used, which can be applied to simi-
lar regions. This study serves as a precedent to perform a 
multitemporal analysis in a particular area, especially in 
countries with limited spatial and temporal information. 

The development of a model based on multi-temporal 
analysis, by means of GIS, can evaluate the present and fu-
ture dynamics of land-use changes in a defined time inter-
val, also generating information that serves as a basis for 
decision making in the implementation of public policies 
within the study area. 

The modeling processes used are valid for the gener-
ation of multiple scenarios, whether trend or alternative 
ones; likewise, the use of neural networks together with 
transition matrices is a methodology that can be useful as 
a planning tool to develop future scenarios, based on bio-
physical variables that influence the development of hu-
man activities.

Conflicts in forest use caused by agricultural, livestock 
and urban activities occurred in about 50% of the sub-ba-
sin area. The fact that forest areas are close to rural com-
munities led to a decrease in forest cover and a transition 
to livestock use, which in turn caused a decrease in the en-
vironmental services provided by forests, such as ground 
water recharge.

Credit author statement 

Conceptualization: G. Chablé-Rodríguez, M.J. González-
Guillén, T.M. González-Martínez.

Methodology: G. Chablé-Rodríguez, M.J. González-
Guillén, T.M. González-Martínez, A. Gómez-Guerrero, 
D.S. Fernández-Reynoso.

Formal analysis: G. Chablé-Rodríguez.
Investigation: G. Chablé-Rodríguez.
Resources: G. Chablé -Rodríguez, M.J. González-Guillén, 

T.M. González-Martínez, A. Gómez-Guerrero, D. S. 
Fernández-Reynoso.

Writing – Original Draft: G. Chablé-Rodríguez.
Writing – Review & Editing: G. Chablé-Rodríguez, M.J. 

González-Guillén, T.M. González-Martínez.
Visualization: G. Chablé-Rodríguez, M.J. González-

Guillén, T.M. González-Martínez, A. Gómez-Guerrero, 
D.S. Fernández-Reynoso.

Project administration: M.J. González-Guillén

References
Al-Juaidi A, Nassar A, Al-Juaidi O, 2018. Evaluation of 

flood susceptibility mapping using logistic regression 
and GIS conditioning factors. Arab J Geosci 11(24): 
1-10. https://doi.org/10.1007/s12517-018-4095-0

Ayram CAC, Mendoza ME, Etter A, Salicrup DRP, 2017. 
Potential distribution of mountain cloud forest in Micho-
acán, Mexico: prioritization for conservation in the con-
text of landscape connectivity. Environ Manage 60(1): 
86-103. https://doi.org/10.1007/s00267-017-0871-y

Benítez G, Pérez A, Nava M, Equihua M, Álvarez J, 2012. 
Urban expansion and the environmental effects of infor-
mal settlements on the outskirts of Xalapa city, Verac-
ruz, Mexico. Environ Urban 24(1): 149-166. https://doi.
org/10.1177/0956247812437520

Berg Å, Gärdenfors U, von Proschwitz T, 2004. Logistic 
regression models for predicting occurrence of ter-
restrial molluscs in southern Sweden - Importance 
of environmental data quality and model complexity. 
Ecography 27(1): 83-93. https://doi.org/10.1111/j.0906-
7590.2004.03553.x

Biswas M, Banerji S, Mitra D, 2019. Land-use-land-cover 
change detection and application of Markov model: A 
case study of eastern part of Kolkata. Environ Dev Sust 
22(5): 4341-4360. https://doi.org/10.1007/s10668-019-
00387-4

Brown G, Kangas K, Juutinen A, Tolvanen A, 2017. Iden-
tifying environmental and natural resource management 
conflict potential using participatory mapping. Soc Nat 
Res 30(12): 1458-1475. https://doi.org/10.1080/089419
20.2017.1347977

Camargo C, Calderón A, Lobo J, Ovalles Y, 2020. Identifi-
cación de conflictos y propuesta de asignación de usos 
de la tierra en la subcuenca quebrada Mejías, municipio 
Antonio Pinto Salinas, estado Mérida, Venezuela. Rev 
Topogr Azimut 11: 46-65.

Castellanos ML, Agudelo HW, 2020. Spatial scenarios of 
land-use/cover change for the management and conser-
vation of paramos and Andean forests in Boyacá, Colom-
bia. Environ Sci Proc 3(1): 87. https://doi.org/10.3390/
IECF2020-08023

CONAFOR, 2020. El sector forestal mexicano en cifras 
2020. https://www.gob.mx/conafor/documentos/el-sec-
tor-forestal-mexicano-en-cifras-2020. [14 Dec. 2020].

Cunha E, Santos C, Silva R, Bacani V, Pott A, 2021. Fu-
ture scenarios based on a CA-Markov land use and land 
cover simulation model for a tropical humid basin in 
the Cerrado/Atlantic forest ecotone of Brazil. Land Use 
Policy 101: 105141. https://doi.org/10.1016/j.landuse-
pol.2020.105141

https://doi.org/10.1007/s12517-018-4095-0
https://doi.org/10.1007/s00267-017-0871-y
https://doi.org/10.1177/0956247812437520
https://doi.org/10.1177/0956247812437520
https://doi.org/10.1111/j.0906-7590.2004.03553.x
https://doi.org/10.1111/j.0906-7590.2004.03553.x
https://doi.org/10.1007/s10668-019-00387-4
https://doi.org/10.1007/s10668-019-00387-4
https://doi.org/10.1080/08941920.2017.1347977
https://doi.org/10.1080/08941920.2017.1347977
https://doi.org/10.3390/IECF2020-08023
https://doi.org/10.3390/IECF2020-08023
https://www.gob.mx/conafor/documentos/el-sector-forestal-mexicano-en-cifras-2020
https://www.gob.mx/conafor/documentos/el-sector-forestal-mexicano-en-cifras-2020
https://doi.org/10.1016/j.landusepol.2020.105141
https://doi.org/10.1016/j.landusepol.2020.105141


Forest Systems December 2022 ● Volume 31 ● Issue 3 ● e018

11Conflicts and future scenarios of land use in central Mexico

Dale VH, King AW, Mann LK, Washington-Allen RA, 
McCord RA, 1998. Assessing land-use impacts on 
natural resources. Environ Manage 22: 203-211. https://
doi.org/10.1007/s002679900097

Dislich C, Hettig E, Salecker J, Heinonen J, Lay J, Meyer 
K, Tarigan S, 2018. Land-use change in oil palm 
dominated tropical landscapes-An agent-based model 
to explore ecological and socio-economic trade-offs. 
PloS One 13(1): e0190506. https://doi.org/10.1371/
journal.pone.0190506

Doelman JC, Stehfest E, Tabeau A, van Meijl H, Lassaletta 
L, Gernaat DEHJ, et al., 2018. Exploring SSP land-use 
dynamics using the IMAGE model: Regional and grid-
ded scenarios of land-use change and land-based climate 
change mitigation. Global Environ Change 48: 119-
135. https://doi.org/10.1016/j.gloenvcha.2017.11.014

ESRI, 2011. ArcGIS Desktop Release 10. Redlands, CA 
Environmental Systems Research Institute.

FAO, 2020. Evaluación de los recursos forestales mundi-
ales 2020 Informe Principal. Roma. 190 pp.

Fiuza M, Dallmeier F, Gregory T, Martinez V, Saldivar S, 
Benitez M, Sanchez A, 2022. Balancing multi-species 
connectivity and socio-economic factors to connect 
protected areas in the Paraguayan Atlantic Forest. Land-
scape Urban Plan 222: 11-17. https://doi.org/10.1016/j.
landurbplan.2022.104400

Foresman TW, 2000. The Baltimore-Washington regional 
collaboratory land-use history research program. http://
biology.usgs.gov/luhna/chap5.html

Froese R, Schilling J, 2019. The nexus of climate change, 
land use, and conflicts. Current Climate Change Re-
ports 5: 24-35. https://doi.org/10.1007/s40641-019-
00122-1

Galicia L, Chávez B, Kolb M, Jasso R, Rodríguez L, Solís 
L, Villanueva A, 2018. Perspectivas del enfoque socio 
ecológico en la conservación, el aprovechamiento y 
pago de servicios ambientales de los bosques templa-
dos de México. Madera y Bosques 24(2): 1. https://doi.
org/10.21829/myb.2018.2421443

García I, Martínez A, Vidriales G, 2008. Balance hidrológi-
co de la cuenca del río Pixquiac, Informe técnico del 
proyecto fondo mixto. Gobierno del Estado de Verac-
ruz. SENDAS A.C. Documento Inédito. http://www2.
inecc.gob.mx/publicaciones2/libros/664/cap3.pdf [16 
Dec 2020].

Giri S, Arbab N, Lathrop R, 2019. Assessing the potential 
impacts of climate and land use change on water flux-
es and sediment transport in a loosely coupled system. 
J Hydrol 577: 123955. https://doi.org/10.1016/j.jhy-
drol.2019.123955

González MJ, 2000. Future scenarios of land use in the Cal-
ifornia Mojave Desert. Dissertation. Forest Resources 
Department, Utah State Univ, Logan, UT, USA. 163 p.

Gomben P, Lilieholm R, Gonzalez-Guillen M, 2012. Im-
pact of demographic trends on future development pat-
terns and the loss of open space in the California Mo-

jave Desert. Environ Manage 49: 305-324. https://doi.
org/10.1007/s00267-011-9749-6

Gomes E, Inácio M, Bogdzevič K, Kalinauskas M, Kar-
nauskaitė D, Pereira P, 2021. Future land use chang-
es and its impacts on terrestrial ecosystem services: 
A review. Sci Total Environ 781: 146716. https://doi.
org/10.1016/j.scitotenv.2021.146716

Griffith D, Zamudio P, Cortés R, Cabrera J, 2017. Losing 
labor: Coffee, migration, and economic change in Ve-
racruz, Mexico. Cult Agr Food Environ 39(1): 35-42. 
https://doi.org/10.1111/cuag.12086

Imhoff ML, Lawrence WT, Stutzer D, Elvidge C, 2000. 
Assessing the impact of urban sprawl on soil resources 
in the United Sates using nightime «city lights» satellite 
images and digital soils maps. http:/biology.usgs.gov/
luhna/chap3.html

INEGI, 2003. Conjunto de datos vectoriales de la carta de 
uso de suelo y vegetación escala 1:250,000 Serie III. 
https://www.inegi.org.mx/temas/usosuelo/#Descargas 
[02 Dec 2020].

INEGI, 2017a. Conjunto de datos vectoriales de la carta 
de uso de suelo y vegetación escala 1:250,000 Serie VI. 
https://www.inegi.org.mx/temas/usosuelo/#Descargas 
[19 Dec 2020].

INEGI, 2017b. Carta de usos potencial de suelo. Veracruz 
E14-3 escala 1:250,000. https://www.inegi.org.mx/app/
mapas/ [09 Sept 2020].

IPBES, 2019, Global assessment report of the Intergov-
ernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services; Brondízio ES, Settele J, Díaz S, 
Ngo HT (eds). IPBES Secretariat, Bonn, Germany. 1144 
pp.

Jiang S, Meng J, Zhu L, 2020. Spatial and temporal analy-
ses of potential land use conflict under the constraints of 
water resources in the middle reaches of the Heihe river. 
Land Use Policy 97: 104773. https://doi.org/10.1016/j.
landusepol.2020.104773

Keenan R, Reams G, Achard F, Freitas J, Grainer A, Lind-
quist E, 2015. Dynamics of global forest area: Results 
from the FAO Global Forest Resources assessment 2015. 
Forest Ecol Manag 352: 9-20. https://doi.org/10.1016/j.
foreco.2015.06.014

Kim I, Arnhold S, Ahn S, Le Q, Kim S, Park S, Koellner 
T, 2019. Land use change and ecosystem services in 
mountainous watersheds: Predicting the consequences 
of environmental policies with cellular automata and 
hydrological modeling. Environ Model Softw: With En-
viron Data News 122: 103982. https://doi.org/10.1016/j.
envsoft.2017.06.018

Koo H, Kleemann J, Fürst C, 2020. Integrating ecosystem 
services into land-use modeling to assess the effects 
of future land-use strategies in Northern Ghana. Land 
9(10): 379. https://doi.org/10.3390/land9100379

Lawrence T, Morreale S, Stedman R, 2019. Distant polit-
ical-economic forces and global-to-local pathway to 
impacts on forests of Ejido Landscapes across Yucatán 

https://doi.org/10.1007/s002679900097
https://doi.org/10.1007/s002679900097
https://doi.org/10.1371/journal.pone.0190506
https://doi.org/10.1371/journal.pone.0190506
https://doi.org/10.1016/j.gloenvcha.2017.11.014
https://doi.org/10.1016/j.landurbplan.2022.104400
https://doi.org/10.1016/j.landurbplan.2022.104400
http://biology.usgs.gov/luhna/chap5.html
http://biology.usgs.gov/luhna/chap5.html
https://doi.org/10.1007/s40641-019-00122-1
https://doi.org/10.1007/s40641-019-00122-1
https://doi.org/10.21829/myb.2018.2421443
https://doi.org/10.21829/myb.2018.2421443
http://www2.inecc.gob.mx/publicaciones2/libros/664/cap3.pdf
http://www2.inecc.gob.mx/publicaciones2/libros/664/cap3.pdf
https://doi.org/10.1016/j.jhydrol.2019.123955
https://doi.org/10.1016/j.jhydrol.2019.123955
https://doi.org/10.1007/s00267-011-9749-6
https://doi.org/10.1007/s00267-011-9749-6
https://doi.org/10.1016/j.scitotenv.2021.146716
https://doi.org/10.1016/j.scitotenv.2021.146716
https://doi.org/10.1111/cuag.12086
https://revistas.inia.es/biology.usgs.gov/luhna/chap3.html
https://revistas.inia.es/biology.usgs.gov/luhna/chap3.html
https://www.inegi.org.mx/app/mapas/
https://www.inegi.org.mx/app/mapas/
https://doi.org/10.1016/j.landusepol.2020.104773
https://doi.org/10.1016/j.landusepol.2020.104773
https://doi.org/10.1016/j.foreco.2015.06.014
https://doi.org/10.1016/j.foreco.2015.06.014
https://doi.org/10.1016/j.envsoft.2017.06.018
https://doi.org/10.1016/j.envsoft.2017.06.018
https://doi.org/10.3390/land9100379


Forest Systems December 2022 ● Volume 31 ● Issue 3 ● e018

12 Gabriel Chablé-Rodríguez, Manuel J. González-Guillén, Teresa M. González-Martínez, Armando Gómez-Guerrero and Demetrio S. Fernández-Reynoso

México. Land Degr Dev 30(17): 2021-2032. https://doi.
org/10.1002/ldr.3400

Levia Jr DF, Page DR, 2000. The cluster analysis in dis-
tinguishing farmland prone to residential development: 
A case study of Sterling, Massachusetts. Environ Manag 
25(5): 541-548. https://doi.org/10.1007/s002679910042

López E, Bocco G, Mendoza M, Duhau E, 2001. Predict-
ing land-cover and land-use change in the urban fringe: 
A case in Morelia city, Mexico. Landscape Urban 
Plan 55(4): 271-285. https://doi.org/10.1016/S0169-
2046(01)00160-8

López S, Sáenz L, Mayer A, Muñoz L, Asbjornsen H, Berry 
C, et al., 2020. Land use change effects on catchment 
streamflow response in a humid tropical montane cloud 
forest region, central Veracruz, Mexico. Hydrol Proces 
34(16): 3555-3570. https://doi.org/10.1002/hyp.13800

Luján C, Olivas M, Álvarez V, Hernández J, Castruita U, 
2021. Sistema de gestión estratégica forestal partici-
pativa para el desarrollo forestal sustentable. Madera 
y Bosques 27(1): e2712260. https://doi.org/10.21829/
myb.2021.2712260

Lu X, Mao Q, Mo J, Gilliam F, Zhou G, Luo Y, Huang J, 
2015. Divergent responses of soil buffering capacity to 
long-term N deposition in three typical tropical forests 
with different land-use history. Environ Sci Technol 
49(7): 4072-4080. https://doi.org/10.1021/es5047233

Maizel M, White RD, Gage S, Osborne L, Root R, Stitt 
S, Muehlbach G, 2000. Historical interrelationships be-
tween population settlement and farmland in the conter-
minous United States, 1790 to1992. http:/biology.usgs.
gov/luhna/chap2.html

Maldonado González AL, González Gaudiano EJ, Cruz 
Sánchez GE, 2017. Una aproximación a la representac-
ión del cambio climático en habitantes de dos cuencas 
del estado de Veracruz, México. Revista Pueblos y Fron-
teras Digital 12(23): 149-174. https://doi.org/10.22201/
cimsur.18704115e.2017.23.291

Meyfroidt P, Chowdhury R, de Bremond A, Ellis E, Erb 
KH, Filavota T, et al., 2018. Middle-range theories of 
land system change. Global Environ Change 53: 52-67. 
https://doi.org/10.1016/j.gloenvcha.2018.08.006

Mohamed A, Worku H, 2020. Simulating urban land use 
and cover dynamics using cellular automata and Mark-
ov chain approach in Addis Ababa and the surrounding. 
Urban Climate 31: 100545. https://doi.org/10.1016/j.
uclim.2019.100545

Mokondoko P, Manson RH, Ricketts TH, Geissert D, 2018. 
Spatial analysis of ecosystem service relationships to 
improve targeting of payments for hydrological servic-
es. PLoS One 13(2): e0192560. https://doi.org/10.1371/
journal.pone.0192560

MOLUSCE, 2017. Plugin provides a set of algorithms for 
land use change simulations such as ANN, LR, WoE, 
MCE as well as validation using kappa statistics. Mod-
ules for Land Use Change Simulations, developed by 
Asia Air Survey and NextGIS.

Nava M, Selfa T, Cordoba D, Pischke E, Torrez D, Ávi-
la-Foucat S, et al., 2018. Decentralizing payments for 
hydrological services programs in Veracruz, Mexico: 
Challenges and implications for long-term sustainabili-
ty. Soc Nat Resour 31(12): 1389-1399. https://doi.org/1
0.1080/08941920.2018.1463420

Pineda R, Ortiz G, Sánchez L, 2016. Los cafetales y su 
papel en la captura de carbono: Un servicio ambiental 
aún no valorado en Veracruz. Madera y Bosques 11(2): 
3-14. https://doi.org/10.21829/myb.2005.1121253

QGIS.org, 2022. QGIS Geographic Information System. 
QGIS Association.

Rahman S, Sunderland T, Kshatriya M, Roshetko J, Pagel-
la T, Healey J, 2016. Towards productive landscapes: 
Trade-offs in tree-cover and income across a matrix of 
smallholder agricultural land-use systems. Land Use 
Policy 8: 152-164. https://doi.org/10.1016/j.landuse-
pol.2016.07.003

Rodríguez K, Merino L, 2017. Contextualizing context in 
the analysis of payment for ecosystem services. Eco-
syst Serv 23: 259-267. https://doi.org/10.1016/j.ecos-
er.2016.12.006

Roodposhti MS, Aryal J, Bryan BA, 2019. A novel al-
gorithm for calculating transition potential in cellular 
automata models of land-use/cover change. Environ 
Model Softw 112: 70-81. https://doi.org/10.1016/j.en-
vsoft.2018.10.006

Rosa-da Conceição H, Börner J, Wunder S, 2018. REDD+ 
as a public policy dilemma: understanding conflict and 
cooperation in the design of conservation incentives. 
Forests 9(11): 725. https://doi.org/10.3390/f9110725

Ruiz Duran ME, Orozco Hernández ME, Granados 
Ramírez GR, Álvarez Arteaga G, 2017. Cambio de 
uso de suelo e índice de vegetación de diferencia nor-
malizada (NDVI), Subcuenca del río Salado, México. 
Geografía y Sistemas de Información Geográfica 9(9): 
39-50.

SADER, 2021. Programas para el campo. Secretaría de 
Agricultura y Desarrollo Rural. https://www.gob.mx/
agricultura/articulos/ya-estan-aqui-programas-para-el-
campo-2021-260698?idiom=es [05 Jan 2021].

Schober P, Boer C, Schwarte LA, 2018. Correlation co-
efficients: appropriate use and interpretation. Anesth 
Analg 126(5): 1763-1768. https://doi.org/10.1213/
ANE.0000000000002864

Sulieman H, 2018. Exploring drivers of forest degradation 
and fragmentation in Sudan: The case of Erawashda 
forest and its surrounding community. Sci Total En-
viron 621: 895-904. https://doi.org/10.1016/j.scito-
tenv.2017.11.210

Shahbazian Z, Faramarzi M, Rostami N, Mahdizadeh H, 
2019. Integrating logistic regression and cellular au-
tomata-Markov models with the experts› perceptions 
for detecting and simulating land use changes and their 
driving forces. Environ Monit Asses 191(7): 1-17. 
https://doi.org/10.1007/s10661-019-7555-4

https://doi.org/10.1002/ldr.3400
https://doi.org/10.1002/ldr.3400
https://doi.org/10.1007/s002679910042
https://doi.org/10.1016/S0169-2046(01)00160-8
https://doi.org/10.1016/S0169-2046(01)00160-8
https://doi.org/10.1002/hyp.13800
https://doi.org/10.21829/myb.2021.2712260
https://doi.org/10.21829/myb.2021.2712260
https://doi.org/10.1021/es5047233
https://revistas.inia.es/biology.usgs.gov/luhna/chap2.html
https://revistas.inia.es/biology.usgs.gov/luhna/chap2.html
https://doi.org/10.22201/cimsur.18704115e.2017.23.291
https://doi.org/10.22201/cimsur.18704115e.2017.23.291
https://doi.org/10.1016/j.gloenvcha.2018.08.006
https://doi.org/10.1016/j.uclim.2019.100545
https://doi.org/10.1016/j.uclim.2019.100545
https://doi.org/10.1371/journal.pone.0192560
https://doi.org/10.1371/journal.pone.0192560
https://doi.org/10.1080/08941920.2018.1463420
https://doi.org/10.1080/08941920.2018.1463420
https://doi.org/10.21829/myb.2005.1121253
https://doi.org/10.1016/j.landusepol.2016.07.003
https://doi.org/10.1016/j.landusepol.2016.07.003
https://doi.org/10.1016/j.ecoser.2016.12.006
https://doi.org/10.1016/j.ecoser.2016.12.006
https://doi.org/10.1016/j.envsoft.2018.10.006
https://doi.org/10.1016/j.envsoft.2018.10.006
https://doi.org/10.3390/f9110725
https://www.gob.mx/agricultura/articulos/ya-estan-aqui-programas-para-el-campo-2021-260698?idiom=es
https://www.gob.mx/agricultura/articulos/ya-estan-aqui-programas-para-el-campo-2021-260698?idiom=es
https://www.gob.mx/agricultura/articulos/ya-estan-aqui-programas-para-el-campo-2021-260698?idiom=es
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1016/j.scitotenv.2017.11.210
https://doi.org/10.1016/j.scitotenv.2017.11.210
https://doi.org/10.1007/s10661-019-7555-4


Forest Systems December 2022 ● Volume 31 ● Issue 3 ● e018

13Conflicts and future scenarios of land use in central Mexico

Thiébaut V, Velázquez E, 2017. Entre la agricultura y el 
trabajo urbano: dos estudios de caso en la periferia de 
Xalapa, una ciudad media del estado de Veracruz (Méx-
ico). LiminaR Estudios Sociales y Humanísticos 15(1): 
142-162. https://doi.org/10.29043/liminar.v15i1.500

Trisurat Y, Eawpanich P, Kalliola R, 2016. Integrating 
land use and climate change scenarios and models into 
assessment of forested watershed services in south-
ern Thailand. Environ Res 147: 611-620. https://doi.
org/10.1016/j.envres.2016.02.019

Vargas A, 2018. Ganadería en zonas de amortiguamien-
to en Chiapas, México: análisis de los capitales de la 
comunidad. Agricultura, Sociedad y Desarrollo 15(4): 
565-583. https://doi.org/10.22231/asyd.v15i4.907

Velázquez E, López PC, 2021. La propiedad ejidal de la 
tierra en contextos de rururbanización en México: sus 
desafíos y oportunidades en una ciudad media (Xalapa, 
Veracruz). Historia Agraria de América Latina 2(01): 
174-196. https://doi.org/10.53077/haal.v2i01.87

Voinov A, Costanza R, Maxwell T, Vladich H, 2007. 
Patuxent Landscape Model: 4. Model Application. 

Water Resour 34(5): 501-510. https://doi.org/10.1134/
S009780780705003X

Waddell P, 2002. UrbanSim: Modeling urban develop-
ment for land use, transportation, and environmen-
tal planning. Plann Assoc 68(3): 297-314. https://doi.
org/10.1080/01944360208976274

Wang J, Lin Y, Zhai T, He T, Qi Y, Jin Z, Cai Y, 2018. 
The role of human activity in decreasing ecologically 
sound land use in China. Land Degr Dev 29(3): 446-
460. https://doi.org/10.1002/ldr.2874

Wu H, Li Z, Clarke K, Shi W, Fang L, Lin A, Zhou J, 
2019. Examining the sensitivity of spatial scale in 
cellular automata Markov chain simulation of land 
use change. Int J Geograph Inform Sci 33(5): 1040-
1061. https://doi.org/10.1080/13658816.2019.15684
41

Wu Z, Dai E, Wu Z, Lin M, 2019. Future forest dynamics 
under climate change, land use change, and harvest in 
subtropical forests in southern China. Landscape Ecol 
34(4): 843-863. https://doi.org/10.1007/s10980-019-
00809-8

https://doi.org/10.29043/liminar.v15i1.500
https://doi.org/10.1016/j.envres.2016.02.019
https://doi.org/10.1016/j.envres.2016.02.019
https://doi.org/10.22231/asyd.v15i4.907
https://doi.org/10.53077/haal.v2i01.87
https://doi.org/10.1134/S009780780705003X
https://doi.org/10.1134/S009780780705003X
https://doi.org/10.1080/01944360208976274
https://doi.org/10.1080/01944360208976274
https://doi.org/10.1002/ldr.2874
https://doi.org/10.1080/13658816.2019.1568441
https://doi.org/10.1080/13658816.2019.1568441
https://doi.org/10.1007/s10980-019-00809-8
https://doi.org/10.1007/s10980-019-00809-8

	_Hlk80261071
	_Hlk107668748
	_Hlk98705876
	_Hlk107668998
	_Hlk78970935
	_Hlk107669189
	_Hlk107669255
	_Hlk97497822
	_Hlk78980884
	_Hlk78980936
	_Hlk78981032
	_Hlk78981078
	_Hlk78981115
	_GoBack

