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Abstract

In the tropical regions of southeast Mexico, subsistence productive activities, the growth of cities
and the oil industry are occupying original covers of jungle vegetation, hydrophytic vegetation and
bodies of water. The objective of the study was to assess the effect caused by the growth of primary
and oil extraction activities on natural covers by modeling the change of land use in the Samaria
oil field in the municipalities of Cunduacan and Centro, Tabasco, Mexico. A spatial analysis was
performed with land occupation maps by means of Land Change Modeler and gains, losses,
contributions, net change and transitions of each category were determined. From the beginning of
oil extraction in 1965 until 2019, in the SOF, with an area of 8 052 ha, 647 ha of wetlands and 436
ha of arboreal vegetation disappeared, as a result of the expansion of primary activities and the oil
industry, which occupied 1 287 ha of agricultural use, 1 598 ha of livestock use, 269 ha of oil
infrastructure and 775 ha of urban area. It is concluded that the application of Land Change Modeler
was novel for the evaluation of the degradation of ecosystems and the estimation of the distribution
of the change of natural covers and artificial uses in the Santamaria oil field, state of Tabasco.
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Introduction

Due to the growing demand for goods such as food, housing, drinking water and other services,
anthropogenic activities generate constant pressure on natural resources at wide geographical
scales, which affects their structure, functioning and distribution (Vitousek et al., 1997; Challenger
and Dirzo, 2009). These activities cause land use change that transforms the original vegetation
cover to other uses and degrades the quality of vegetation, which modifies the density and
composition of plant species. Among the most important consequences of land use change is the
loss of biodiversity and environmental services (Balvanera, 2012).

Land use change, in its broadest sense, refers to the different ways in which a land is used and its
vegetation or aquatic cover (Trucios-Caciano et al., 2013). Use change because of agricultural
activities induces loss of biodiversity by fragmenting and destroying the different habitats,
decreases the capacity for water purification, soil regeneration, nutrient recycling (Zavala-Cruz and
Castillo-Acosta, 2007) and generates greenhouse gas emissions that represent a quarter of current
global emissions (Tubiello et al., 2015).

The conversion of tropical forests to agricultural and livestock areas stands out among the
major sources of deforestation and environmental degradation (Davidson et al., 2012). In
Mexico, in addition to agricultural use, urban growth has led to the depredation of natural
resources (Sanchez and Batres, 2006), the loss of tropical and temperate forests, desert
vegetation and wetlands (Torres-Vera et al., 2009; Zepeda-Gomez et al., 2012), with a negative
annual change rate (-0.08% to -0.41%) for forests, jungles, shrublands and mesquite forests
(Rosete-Verges et al., 2014).

These indicators are consistent with the deforestation rate of 0.3% of temperate and tropical
forests between 1990-2015 in Mexico (FAO, 2015). Wetlands face environmental deterioration
due to the desiccation for the expansion of urban, agricultural, aquaculture, livestock areas
(Brena, 2016) and the increase in oil extraction infrastructure (Tudela, 1992; Tubiello et al.,
2015). One of the biggest impacts of land use change has been the degradation of 45% of
Mexico’s soils (Ortiz-Solorio et al., 2011). In the Southeast of Mexico, Tabasco became the
largest producer of hydrocarbons in the country in the seventies (Capdepont-Ballina and Marin-
Oléan, 2014), which generated a social and economic boost that had an impact on the growth of
cities, mostly Villahermosa (Bazant, 2010).

In 1978, three quarters of the state’s GDP came from hydrocarbon production, but the agricultural
sector decreased by more than half (Lezama, 1987). The oil boom accelerated the growth of urban
areas and increased the environmental deterioration of adjacent ecosystems by locating on lagoons
fillings and flood zones (Sanchez-Munguia, 2005). In this context is the SOF that produces,
together with the Luna field, 127 thousand barrels of oil day, being the most productive in the
terrestrial zone of Mexico (PEMEX, 2016).

1430



Rev. Mex. Cienc. Agric. vol.12 num.8 November 12 - December 31, 2021

The analysis of changes in urbanized, rural and natural territories requires the modeling of land
use change to predict environmental and socioeconomic scenarios and establish territorial
planning policies considering the interaction of socioeconomic and biophysical factors in a
geographical space (Paegelow et al., 2003; Pineda-Jaimes et al., 2009). The application of one
or more models of land use change allows understanding its scope, causal factors and
consequences, this information contributes to generating proposals for territorial planning
(Jiménez-Moreno et al., 2011).

In that sense, Land Change Modeler (LCM) is an innovative system that supports land planning
decision-making, with an automated and easy-to-use workflow, simplifies the complexities of
change analysis, allows the quick analysis of land cover change, empirically modeling
relationships with explanatory variables and simulating future land change scenarios (Eastman,
2012).

This system is aimed at evaluating problems of accelerated land conversion and contributes to
solving the analytical needs of biodiversity conservation, also integrates data analysis, the
notion of land use changes and scenario prediction (Camacho-Olmedo et al., 2010; Eastman,
2012). The objective of the study was to analyze the change of land use on wetland ecosystems
and arboreal vegetation because of oil, agricultural and urban activities in the SOF, state of
Tabasco.

Materials and methods

Study area

The Samaria oil field (SOF) is located in the center-south of Tabasco, on an area of 8 052 ha, in
the municipalities of Cunduacan and Centro (Figure 1). It has a hot humid climate with abundant
rainfall in summer, average annual temperature of 25 °C and annual rainfall of 2 000 mm. It is part
of the Gulf Coastal Plain physiographic region and the geomorphological landscape of fluvial plain,
the rivers Samaria to the north and Carrizal to the south have modeled natural dikes, floodplains
and settling basins, on alluvial sediments of the Holocene Quaternary, with heights of 4 to 10 masl.
Uses of grassland, banana, cocoa and corn crops, secondary vegetation, oil infrastructure and
human settlements prevail (Zavala-Cruz et al., 2003).

Preparation of the geographic database

Aerial photographs of 1 965 scale 1:30 000 from INEGI and a Sentinel-2 satellite image of 2019
at a resolution of 10 m provided by the European Space Agency, from the platform
(https://scihub.copernicus.eu/dhus/#/home), were used. These two periods were used because 1965
is when oil activity began in the Samaria field and 2019 because it is somewhat more recent. Land
uses and natural covers were identified by photointerpretation and digitization of vector polygons
at the on-screen observation scale 1:15 000, applying the criteria of tone, shape, size and texture
(Ramos-Reyes et al., 2016).
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Figure 1. Location of the Samaria oil field, Tabasco.

A Datum WGS84-UTM Projection zone 15N was used and the digitization process was carried out
with the Arc GIS 10.5® program. The digitization of the vector of 1965 was corroborated with
historical information from the Samaria field (Zavala-Cruz et al., 2003) and that of the vector of
2019 was supported with field supervision and comparison with cartographic sources of other
studies carried out in Samaria and studies on soils of Tabasco (Zavala-Cruz et al., 2003; Zavala-
Cruz et al., 2007) and the location of sites with GPS equipment.

It is essential to note that to ensure that the crossing of the categories of land use and covers with
the images in Land Change Modeler and the crossing of tables with CrossTab was equivalent, it
was decided to unify the classification methodology with a reclassification with the Reclassify
command of Arc GIS 10.5%, obtaining: 1) wetlands (rivers, lagoons and marshes); 2) arboreal
(medium rainforest and riparian vegetation); 3) agricultural (crops); 4) livestock (grasslands with
different levels of management and in association with shrublands and brambles subject to
temporary flooding); and 5) oil infrastructure.

The reclassified vectors (1965 and 2019) were transformed to raster format with a pixel size of 20
meters including 370 columns and 252 rows with the Polygon to Raster command of ArcToolbox,
within the Arc Gis 10.5® program, this reduction of pixels facilitates that the models of spatial
analysis of the IDRISI TerrSet® program can be executed more quickly without affecting the spatial
values obtained in the digitization of vectors in Arc Gis. Subsequently, the two raster files (1965
and 2019) were exported to TIF format to facilitate the export of the two files to the IDRISI
TerrSet® program using the GeoTIFF/Tiff to Idrisi command and later be used for the crossing of
images with Land Change Modeler and for the crossing of tables with CrossTab.
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Land use change modelling 1965-2019 (LCM)

The analysis of land use change was carried out with Land Change Modeler (LCM) from IDRISI
Selva®. This module is based on the analysis of two dates by means of a cross-tabulation matrix
consisting of a table with symmetrical arrangements (CrossTab Command) (Table 1), which allows
finding for each category of land use and cover, the gains and losses, the net change and
contributions between categories experienced between two temporal moments (Table 1).

Table 1. Cross-tabulation matrix for two maps of different dates (Pontius et al., 2004).

Time 2

1 2 3 4 5 6 7
1 Time 1 Class 1 Class 2 Classn T 1 sum Losses
2 Class 1 P11 P12 P1n P1+ P 1+ - pjj
3 Class 2 P21 P12 P2n P2+ P 2+ - pjj
4
5 Classn P nl Pn2 Pnn Pn+ Pn+ - pjj
6 Total T2P+1 P+2 P+n P P
7 Gains P+1 - PjjP+2 - Pjj P+n Pjj

Likewise, it facilitates assessing the total change taking as a reference the persistence and thus
evaluating what the transitions from one state of the land surface to another were (Pineda-Jaimes
et al., 2009; Pontius et al., 2012). In this matrix, the rows represent the categories of the map at
time 1 (T1) and the columns the categories of the map at time 2 (T2). Likewise, the main diagonal
shows the persistence between T1 and T2, while the elements outside the main diagonal represent
the transitions that occurred between T1 and T2 for each category.

Row 6 shows the total occupied by each category in T2 (P+j), while column 6 shows the total of
each category in time T1 (Pi+). Row 7 shows the gain that each category had between T1 and T2
and column 7 the loss that each category had between T1 and T2 (Pontius et al., 2004; Pineda-
Jaimes et al., 2009). Once the cross-tabulation matrix was obtained, the following parameters were
calculated for the analysis of land occupation changes (Pontius et al., 2004; Pineda-Jaimes et al.,
2009): the gains, expressed as the difference of the total sum of row 6 and the values of the main
diagonal; i.e., Gij = P+j — Pjj; the losses, expressed as the difference of the total sum of column 6
and the values of the main diagonal; ie., Lij = Pj+ — Pjj.

The net change, expressed as the absolute value of the gain and loss difference of each category
Dj= |Lij - Gij|; transitions, expressed as twice the minimum value of gains or losses; ie., Sj= 2 X
MIN (Pj+ - Pjj, Pj+ - Pjj). With the land change modeler (LCM) module, the cross-tabulation matrix
between the land use and cover maps of 1965 and 2019 was generated (Figure 2). The images of
1965 and 2019 were crossed with the LCM module and Crosstab to obtain a validated change
probability matrix.
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The CrosstaB module generated the probabilities of Cramer’s V= 0.99, and Overall Kappa: 0.99
(Table 2), demonstrating that both images represent an accurate spatiotemporal analysis that is in
accordance with the reality of the territory. The results (1965-2019) include a cartographic, tabular
and graphical summary showing the area of each category, compared to others, in terms of
persistence, gains, losses, contributions and transitions.

Table 2. Cross-tabulation matrix in pixels 1965 vs 2019.

Category Wetlands Arboreal Agricultural Livestock Oil infrastructure  Total
Wetlands 7728 1264 349 2703 13 12 057
Arboreal 599 970 1691 1623 0 4 883
Agricultural 1671 2375 8850 6714 1 19611
Livestock 6219 3430 3618 8240 25 21532

Oil infrastructure 879 194 263 913 53 2 302
Urban 369 294 4154 1663 2 6 482
Total 17 484 8532 18943 21 899 94 93 240

Chi-squared= 465472.2188; df= 25; p-Level= 0; Cramer’s V= 0.9992; Overall Kappa: 0.9988. Note: Rows 2019,
columns 1964.

Land use change rate

The land use change rate identifies the type and magnitude of pressure on natural resources and
indicates as a percentage the annual change in a category of use at the beginning of each year of
analysis (Mas et al., 2002; Palacio-Prieto et al., 2004). The land use and cover maps of 1965 and
2019 were used (Figure 2) and the formula d = [(S2/S1)¥" -1]100 was used for their calculation.
Where: S1 is the area covered by a given land use at the beginning of the period; S2 is the area
covered by a given land use at the end of the period and T is the number of years of the analysis
period (Palacio-Prieto et al., 2004).
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Figure 2. Land use and covers in the Samaria oil field, Tabasco (1965 and 2019).
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Results and discussion
Land use change (1965-2019)

In 1965, 26.1% of the area of the SOF corresponded to wetlands, and 12% was represented by
arboreal vegetation; the agricultural and livestock areas occupied the largest areas (28.3 and 32.7%,
respectively), and the infrastructure for the extraction of oil barely represented 0.1% of the territory
(Figure 2 and Table 2). In 2019, it was detected that wetland and arboreal vegetation covers
occupied 18% and 7.3%, agricultural and livestock areas maintained the largest area (29.3 and
32.2%), oil infrastructure increased its area (3.4%) and urban use appeared (9.7%) (Figure 2 and
Table 2). It should be noted that in the calculation of gains and losses (Table 2) and in the map of
losses, persistence and gains for each of the categories (Figure 3).
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Figure 3. Maps of losses, persistence and gains in the Samaria oil field, Tabasco (1965-2019). Wetlands
and arboreal vegetation.
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The analysis of the contributions between the categories shows that the loss of wetland covers
during the five decades was related to the increase of 158 ha in agricultural area, 480 ha in
livestock area and 104 ha in oil infrastructure (Figure 4). The degradation of this vegetation
coincides with the decrease in wetlands in the environment of Villahermosa, which was related
to the modification of its hydraulic interconnection through the construction of canals, urban
infrastructure and roads, as well as the regulation of riverbeds for water retention or diversion,
the dredging of wetlands for flood control and the extraction of water for agricultural uses
(Hettiarachchi et al., 2014; Sanchez et al., 2015).
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Figure 4. Contributions of areas (ha) for natural covers in the Samaria oil field, Tabasco (1965-2019).

In other wetlands such as the Pantanos de Centla Biosphere Reserve, located in the delta of the
Usumacinta and Grijalva rivers, the loss of wetlands has also been attributed to the opening of
communication routes to activities of the oil industry, the overexploitation of natural resources and
the livestock and agriculture expansion (Guerra-Martinez and Ochoa-Gaona, 2006). Similarly, the
losses of arboreal vegetation in the SOF were caused by the establishment of 216 ha of livestock
use and 82 ha of agricultural use (Figure 4).

The rate of change of arboreal vegetation registered in the SOF was 1%, being lower than that of
Villahermosa, which was 4.63% in the period 1984-2008, because it lost 4 008 ha, causing one of
the major impacts in the last three decades in Tabasco (Palomeque-De la Cruz et al., 2017a). The
rates of loss of arboreal vegetation and wetlands lead to the disappearance of environmental
services such as the provision of water and food, the maintenance of flora and fauna biodiversity
and the regulation of climate and floods (Balvanera, 2012).
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Agricultural area increased by 3.5% while livestock use showed a slight percentage decrease of
1.5% (Table 2). The growth of agricultural use occurred on the livestock area (370 ha) and to a
lesser extent on wetlands and arboreal vegetation (240 ha); however, 497 ha of agricultural use
were displaced by urban use (Figure 4). The increase in the agricultural area in the SOF coincides
with the agricultural boom in Tabasco that began in the sixties, with the promotion of extensive
livestock farming to supply the national market through the Chontalpa Plan (1965-1976) and the
Integrated Rural Development Program for the Humid Tropics (Flores-Santiago, 1987; Capdepont-
Ballina and Marin-Olan, 2014).

In the nineties, policies to support the countryside influenced the dynamics of land use in Tabasco
(Murillo and Martinez, 2010). The Program of direct support to the countryside, PROCAMPO (for
its acronym in Spanish), led to the transformation of wetland areas and grasslands to agricultural
areas, accelerating the processes of land use change (Klepeis and Vance, 2003; Schmook and
Vance, 2009; ZarazUa-Escobar et al., 2011). In addition, in the state of Tabasco, drainage works
were promoted to reduce flooding in areas surrounding wetlands and promote agriculture. In the
SOF, at the end of the eighties, drainage works were carried out by the State Government and
PEMEX, in response to ejidatarios (shareholders of common lan) who demanded water retention
because of oil infrastructure and dirt roads on the flow of water, which increased agricultural uses
(Zavala-Cruz et al., 2003; Zavala-Cruz and Castillo-Acosta, 2007).

As for livestock use, it grew on 480 ha of wetland covers and on 216 ha of arboreal vegetation and
lost 305 ha due to expansion of agricultural, oil infrastructure and urban uses (Figure 4). The
increase in livestock use in the SOF is consistent with the increase in the area with grasslands for
livestock farming in the state of Tabasco, as a result of support programs such as the improvement
of meadows with more nutritious grass species in the period 1965-2019 (Zavala-Cruz and Castillo-
Acosta, 2007), the implementation of credits to producers for the establishment of grasslands and
improvement of facilities for cattle, through the Program of Sustainable Livestock Production and
Livestock and Beekeeping Management (PROGAN, for its acronym in Spanish), at the end of the
20th century and the execution of the Program of Direct Support to the Countryside (PROCAMPO,
for its acronym in Spanish) (Kolb et al., 2013).

Urban use in the SOF expanded 100% from 1965 to date (Table 2), this was due to the phenomenon
of peri-urbanization of Villahermosa on agricultural and livestock areas (Palomeque-De la Cruz et
al., 2017a). This oil field has favorable characteristics for urbanization, such as: a) the geographical
position, being a link point between the cities of Villahermosa (7 km), Cardenas, Cunduacéan and
Reforma and two petrochemical plants, through highway 180 that facilitates connectivity; b)
Fluvisols free from fluvial floods, being located on geoforms of natural dikes of the Carrizal River
with the highest topography in the plain; and c) the protection of the area with dikes against floods
(Zavala-Cruz et al., 2003; Zavala-Cruz et al., 2016).

However, the change to urban use induces degradation of Fluvisoles by sealing, although they are
the most fertile and suitable for food production (Palma-Lopez et al., 2017), going from uses with
natural or cultivated vegetation to uses of homes, offices, roads and oil industry, which reduce
agricultural fitness and the ability to infiltrate water into the aquifer (Franco-ldarraga, 2010;
Garcia-Rodriguez and Pérez-Gonzélez, 2011). The oil infrastructure of the SOF increased 95.9%
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(Table 2) and grew on 104 ha of wetlands and 106 ha of livestock area (Figure 4). The impulse of
this industry coincided with the oil boom in Tabasco, based on the exploitation of new hydrocarbon
deposits in southeast Mexico between 1973 and 1980, which produced a radical change in the
economy of Villahermosa and accelerated deforestation in the state (Allub and Michel, 1979;
Sanchez-Munguia, 2005).

The SOF and most of the oil fields in Tabasco were in floodplains, and the construction of
roads through the wetlands to access the oil wells modified the patterns of natural water
circulation, biogeochemical cycles and the biodiversity of aquatic fauna, because of the lack of
efficient water passages (Zavala-Cruz et al., 2003; Capdepont-Ballina and Marin-Olan, 2014;
Sanchez et al., 2015). In addition, water and soil contamination was generated by oil spills and
toxic waste discharge (Gutiérrez-Castorena and Zavala-Cruz, 2001; Zavala-Cruz et al., 2003;
Olguin et al., 2007).

The environmental impact in the SOF is also evidenced by the cartographic and quantitative
detection of the most outstanding transitions during the period 1965-2019, where agricultural and
livestock activities had the greatest influence (Figure 5). First, the replacement of 807 ha of
livestock area by agricultural areas was detected, followed by the loss of 747.8 ha of wetlands that
were transformed into livestock use (Figure 6). Other transitions that contributed to environmental
deterioration were the growth of 499.6 ha in urban area on agricultural use and the deforestation of
400 ha of arboreal vegetation for the establishment of livestock use (Figure 6).
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Figure 5. Map of transitions of land use and covers in the Samaria oil field, Tabasco (1965-2019).
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Figure 6. Graph of transitions of land use and covers in the Samaria oil field, Tabasco (1965-2019).

The analysis of land use change during 1965-2019 indicates that, if the trend of loss of wetlands
and vegetation continues in the coming decades due to the effect of agricultural and urban use, plus
the possible impacts associated with the reactivation of the oil industry in Tabasco in new oil fields
and the new refinery in Dos Bocas, the last relicts of these ecosystems could disappear, increasing
the loss of the habitat of wild flora and fauna, the degradation of agricultural soils, the loss of spaces
for human recreation, and the deterioration of environmental services.

The lands of the SOF are an example of the process of change towards livestock farming and
together with the oil industry have caused degradation of natural vegetation and wetlands, by
not considering the capacity of use and agroecological potential of the lands; so, it is advisable
to stop the disorderly advance of these uses. The activities of the oil industry and the
construction of roads must be planned based on environmental impact and ecological
management studies and prioritize the use of land for agricultural and forestry production
(Zavala-Cruz and Castillo-Acosta, 2007).

This study demonstrates that geomatic models of land use change for the evaluation of ecosystem
degradation because of land use change are accurate in estimating the distribution of the change in
natural covers and artificial uses and identifies the covers that have the greatest environmental
impacts (Velazquez et al., 2002). It is pertinent to combine geomatic models for the study of land
use change, and to simulate future scenarios and the driving variables of the transition potential
(Palomeque-De la Cruz et al., 2017Db).

Conclusions

The study of land use change in the Samaria Oil Field (SOF), Tabasco, shows that in the period
1964-2019, the establishment of grasslands for livestock farming dominated the territory, followed
by agricultural crops and oil infrastructure, together they caused degradation of wetland ecosystems
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and arboreal vegetation. Currently, agricultural uses tend to decrease because of urbanization
promoted from the city of Villahermosa. Modeling using land change modeler reveals that it is an
appropriate tool to evaluate land use changes and estimate the distribution of the change in natural
covers and artificial uses, in areas with agricultural, urban and oil industry use.
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