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Abstract

In this research we analyzed land cover/use processes and their impact on biodiversity in the
Megalopolis of Mexico City. We used land cover/use databases from 1976 and 2018, both validated,
improved and adapted for conducting landscape dynamic analysis. We also included records of 159
threatened species of fungi, vascular plants and vertebrates to construct spatially explicit biodiversity
richness models based upon niche ecological algorithms. The results showed that human settlement
encroachment was the main factor driving land cover/use changes, significantly affecting rural and
natural landscapes. The extent and location of the dramatic shrinking of agricultural lands was clearly
demonstrated. Afforestation was the second most important land cover/use process occurring mainly
on native grasslands and shrublands. Biodiversity richness was depleted substantially, affecting
about 35 % of the most important biodiversity hot spots and rendering the remainder more
vulnerable due to extensive fragmentation of native ecosystems. The results are discussed in the light
of the implications of the value of interdisciplinary methodological approaches, potential water
recharge, governance of territorial disputes, loss of cultural heritage and poorly implemented
environmental policies. Furthermore, the study highlights the urgent need to generate an innovative
model for development which gives equal importance to the conservation of natural and rural
landscapes as a fundamental form of subsistence for human settlements. Protecting biocultural
heritage is of paramount importance. The region's genetic resources and cultural diversity are unique
and have played a fundamental role in providing various benefits from nature to urban and rural
inhabitants. These findings can serve as a guide for other similar megacities around the world.
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1. Introduction

Six of the nine global anthropogenic processes of the planetary boundaries framework for a safe
operating space for humanity [1] have been exceeded. The report underscores the importance of
analyzing the impacts of these processes within a global context. One of these nine global processes
is land system change, which plays a critical role in the resilience of the planet [2].

Within this context, human settlement encroachment has been recognized as one of the most
significant man-made actions [3], which sees the expansion of cities into surrounding rural and
natural landscapes. This is reflected in the number of publications on urban development and urban
expansion that have substantially increased since 1992 and 2010 with a focus on the environmental
impacts on the urban areas [4].

Land use systems are complex adaptive systems which provide us with insights into the intricate
interactions between human and nature. To comprehend land dynamics, an understanding of the
processes operating at different scales is crucial [5]. Investigations into land systems, their drivers of
change, where they occur and how they evolve over time are important avenues to guide sustainable
objectives [6].

According to Genovese et al. [7], understanding underlying drivers and consequences of
human settlement encroachment has been identified as core scientific topic; yet this enormous and, ,
trend has been impeded by following traditional disciplinary approaches. Integrated Land Sciences
[8], Environmental Governance [9], Sustainability Sciences [10], Environmental Sciences [11], have
been proposed as academic pathways to investigate the current complexity of human-nature
relationships. These routes have mainly focused on providing cutting-edge methodological,
conceptual, and hardware-development issues [12] and [13]. These authors argue that integrated land
sciences approaches, considering the extent and geographic distribution of negative impacts have
been largely neglected in scientific literature. Turner [8] highlighted the need for this type of empirical
analysis and its importance, since geographically delineating land cover processes also allows for the
identification of stakeholders and services negatively impacted (eg. local farmers, biodiversity) or
benefited (eg. real estate companies) by these changes.

Regardless of the scientific approach, whether disciplinary or interdisciplinary, the conversion
of land into human settlements continues to jeopardize the fundamental benefits provided by natural
and rural landscapes surrounding cities, with significant direct and indirect impacts. While reducing
negative effects is desirable, understanding the processes of change, their impacts, and the actors
involved could help move towards more sustainable pathways through land-use agreements [14].

This is especially crucial in megacities where negative impacts on critical ecosystem services in
the short term (eg. drinking water) or long term (eg. biodiversity) jeopardize the functioning of the
entire urban-rural-natural geoecosystem [15]. One of the impacts is cultural erosion, resulting from a
radical change in the interaction with the land or the surrounding environment. This includes the
loss of customs, practices, and traditional knowledge, thus disrupting the transmission of identity
and traditions to future generations [16]. This is a phenomenon already occurring in megacities in
Asia (eg.Tokyo, New Delhi, Mumbai), Europe (eg. Istanbul, London, Paris, Moscow), but also most
acutely in Beijing, Bangkok, Lagos, Los Angeles, New York, Sao Paulo and Mexico City [17]. Some of
these megacities were centers of cultural and civilizational development, closely linked to and deeply
connected with their environment. With changes in land use, we are at risk of the permanent loss of
cultural and biological heritage.

Mexico City is considered a Megalopolis in continual expansion and provides a vivid example
of the complexity, disruption and vulnerability of its functioning basis [6]. This is the region where
we have focused our research to provide an empirical example of the impacts caused by human
settlement encroachment processes. The Megalopolis of Mexico City (MMC), considered as the urban
area of Mexico City and its extensively interconnected surrounding human settlements, reflects the
processes of population growth [18] and urban sprawl [6], as well as various environmental impacts,
including poor air quality and water scarcity [19, 20]. Considering that Mexico is recognized as a
megadiverse country [37], and central Mexico is an important biogeographical zone where ecological
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and evolutionary processes have occurred harboring a unique melting pot of genetic biodiversity [31,
32].

Our objectives In this research were two-fold. Firstly, we conducted an analysis of natural, rural,
and urban landscapes to reveal land cover/use change processes in Mexico City Megalopolis in the
Las Cruces and Chichinautzin mountain ranges. Secondly, we evaluated the impact on biodiversity
by comparing niche ecological models of fungi, vascular plants and vertebrates before and after land
cover/use change processes occurred. The major questions addressed in this paper are 1) what is
the extent/location of critical land cover/use change processes occurring; 2) How do these processes
jeopardize environmental services; 3) Are the land cover/use change processes interconnected? The
findings are discussed in the light of impacts on potential water recharge, flagship species, failure of
traditional conservation policies and loss of cultural heritage.

2. Methods

2.1. Input Databases

We used two land cover databases from the National Institute of Statistics and Geography
(INEGI) of Mexico, namely Series I from 1976 was considered as T1 and Series VI from 2016, was
considered as T2, both at a scale of 1:250,000. Subsequently, the layers were updated to adjust the
scale to 1:100,000 by interpreting aerial photographs for Series 1 and Sentinel satellite image 2018 to
update Series VI, supplemented with field validation points. Urban and peri-urban areas were
specifically identified by an object-oriented classification process using the Sentinell satellite image
2018. The map’s scale was 1:100,000 with a minimum cartographic area of >25 hectares. Polygons
smaller than 25 hectares were aggregated into the nearest larger polygon (see Velazquez et al. [6]).
The vector databases considered five cartographic classes of vegetation and land use namely, native
forest, native shrubland and grassland, cropland, human settlements and water bodies. Databases
were cross-field validated from 2023 to 2025 to ensure mapping classes were delineated and labelled
correctly.

2.2. Processes of Land Use/Cover Change at Regional Scale During the Period of 1976-2018

T1 (1976) and T2 (2018) databases were overlaid using ArcGIS Pro software with the same spatial
scale and map projection. The intersection of the controlled layers allowed the generation of a
transition matrix, statistical data and subsequently, the construction of a cartographic map
highlighting the main land use and land cover change processes in the study area.

Analysis of the transitions of groups of aggregates with similar characteristics was conducted,
revealing cartographic and statistical representations of land cover/use change processes. In the
present study we recognize the following land use/cover change processes (Figure 1.):

1.-Human settlement encroachment: transition from native forest, native grasslands and
shrublands and cropland into human settlements.

2.-Rural encroachment: conversion from native forest and native grasslands and shrublands into
cropland.

3.- Afforestation: changes from cropland into native grasslands and shrublands and native forest.

4.- Water bodies loss: conversion of water bodies into human settlements and cropland.

5.- Permanence: all original landcover/use classes that remain unchanged during the period of
analyses.
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Figure 1. Flow diagram of the main processes of land cover/use change. The blocks contain the land cover/use
cartographic classes used. The arrows represent the flow of change of each class from T1 to T2. Land cover/use
processes are depicted with numbers as: 1.- Human settlement encroachment, 2.- Rural encroachment, 3,

Afforestation and 4.-Water loss.

2.3. Rates of landcover/use change

Following FAO [21], annual rates of change were computed for each process.

1/n
x=[1_S1—S 2} 1
S

Where:

x = rate of conversion processes

S1 = surface of the cluster x at the date t1

S2 = surface of the cluster x at the date t2

n = difference of years between the two dates

The outcomes were expressed in percentage of loss/gain and annual rate of change in Km?2.

2.4. Impacts of Biodiversity Loss by Land Cover/Use Change

A biodiversity database (fungi, plants, and vertebrates) was compiled using records between
2000 to 2024 from the Mexican National Biological Information System [22] and the Global
Biodiversity Information Facility [23]. In total 130 species (4 fungi, 44, vascular plants and 82
vertebrates) were used to perform biodiversity richness models. Species included were those listed
under a national risk category according to NOM-059-SEMARNAT [24] and occurring in the study
region (see S1 for all taxa included).. The database was refined to exclude species with fewer than 20
correctly georeferenced records; these records were validated by the authors. The size of the analysis
unit was set at 1 km?.

The analysis of the potential spatial distribution of species used as an input the final spatial data
base of processes of land cover/use change. This vector dataset was converted into a raster using GIS
(ArcViewV3.2) The analysis conducted using the model MaxEnt software, following Phillips [25], as
cited in Royle et al. [26]. Ten replicates were run for each species (using cross-validation), and the
best-performing replicates were averaged. Model performance was evaluated using the area under
curve ROC (Receiver Operating Characteristics, ABC, [27]) from 0 to 1. Only models with ROC values
greater than 0.85 were considered in this study.

The potential distribution models for biodiversity richness included 29 climatic variables from
the period 1981-2010, downloaded from Chelsea [28]. The models were generated independently and
statistically validated using Principal Component Analysis and Pearson Correlation tests. The
potential distribution scenarios for species richness at risk were calculated using Zonation 5 software
(V2.1; [29]), which provides hierarchical prioritization range 0-1 [30]. As a measure of the probability
of biological richness persistence, human settlement cover was assigned a value of ~0, while land
cover was assigned a value of =0.5; considering the transformation level of both land uses. We used
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the Core Area Zonation 2 as the marginal loss rule to balance average coverage and feature coverage
[29]. Persistence, gain, and loss zones were calculated through an overlap analysis conducted in the
GIS (ArcView V3.2).

3.-. Results

3.1. Processes of Land Cover/Use Change

Five processes of land cover/use change were depicted and are shown in their size (Table 1) and
their geographical distribution (Figure 2.). Results showed that only 56.82% of the original land
cover/land use remained unchanged. The continuing processes of change were human settlement
encroachment (35.07%), followed by rural encroachment (7.43%), with afforestation and water body
loss rather small compared to the magnitude of the former processes.

Table 1. Processes of land-use change between T1 (1976) and T2 (2018).

Processes of land use change Area (km?) Percentage (%)
Human settlement encroachment 1,892 35.07
Rural encroachment 401 7.43
Afforestation 30 0.57
Water body loss 6 0.11
Permanency 3,065 56.82
Total 5,395 100.00

Human settlement encroachment represents an area of expansion of 1,892 Km?, mainly on the
footslopes and in the valleys of Sierra de las Cruces. Rural encroachment registered a conversion of
401 Km?, mostly on footslopes of Sierra de las Cruces and Chichinautzin. Afforestation presents an
increment of 30 Km? (0.57%) in the northern and central part of the study area, while water body loss
registered a 6 Km? (0.11%). It is important to emphasize that the percentage of change refers to the
total surface of the whole study region which covers 539,500 hectares (Figure 2.).
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Figure 2. Land cover/-use change processes. This is a spatially explicit model of the distribution and locations of
conversions in land cover/use from 1976 to another type in 2018 (verified in the field from 2020-2025). The
permanence of the vegetation cover/use is also represented in white.
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3.2. Dynamics and the Main Processes of Land-Use Change

By analyzing causes and distribution of land use change, it was observed that human settlement
encroachment mostly occurred over agricultural areas (1,439 Km?), then over native forest (294 Km?)
and across 159 Km? of native grassland and shrubland. Rural encroachment occurred on native
grassland and shrubland (180 Km?) and native forest (159 Km?). Rural encroachment also considers
changes from native forest (61Km?) to grazing pasture for cattle. Figure 3. shows these trends,
revealing a gain or loss of land cover/use change processes.

Afforestation occurred on native grassland and shrubland to native forest (23 Km?) followed by
agricultural land into native forest. These conversions could be related to reafforestation programs
intensively implemented by the government since 1934. The change of agricultural land into native
grassland, might be related to the plantation of native grassland by non-governmental organizations
that attempt to recover the subalpine grassland which is home to endemic species of Central Mexico.
Water body loss occurs due to urbanized areas (5 Km?) and conversion into farmland (1 Km?).

— o]

Water bodies|

H
Native forest Native grassland Cropland uman
2 & shrubland 2 342 km* settlement -
(2342 km) (461 k') 1542 1m) (235 k) (14 k')
A 1; b
180 km’
(39.07%)

1

Human settlement enchroachment * Afforestation

Rural enchroachment Water body loss

"%

Figure 3. Dynamics of land-use change processes showing conversion of land cover/use from 1976 to 2018. The
values in the source cartographic classes (white squares) correspond to the total surface of area in 1976. The
arrows indicate the direction of change. The color stars indicate the process, and the values correspond to the
total area converted in Km2. The percentage (%) value is relative to the initial surface of the cartographic class
in 1976.

3.3. Rates of Land Cover/Use Change

Rates of land cover/use change per annum indicates a gain or a loss of area for all cover types.
Positive numbers reflect a gain in area for each cover type while negative numbers reflect a loss in
area for each land cover. Table 2. shows that native grassland and shrubland (-2.42), agricultural land
(-1.51), water bodies (-1.27) and native forest (-0.56) were mapping classes with losses. In contrast,
human settlements increase rate reached the higher increase value of 5.40% on an annual basis. This
implies that if consistent over time, on average human settlements increased by 1267 hectares per
year. The second important finding concerns that human settlement encroachment mostly occurred
on cropland so that 1,106 Km? (53% of its original surface in 1976) of the latter land cover was
converted into urban landscapes (Fig. 4).
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Table 2. Rates of land cover/use change.
Area Km? Area Km? Rate of Gross % of
Cover type
(T1-1976) (T2 -2018) change change
Native forest 2,342 1,854 -0.56 -20.84
Native grassland and shrubland 461 165 -2.42 -64.21
Cropland 2,342 1,236 -1.51 -47.22
Human settlements 235 2,132 5.40 +807.23
Water bodies 14 8 -1.27 -42.86

3.4. Biodiversity Assessment

In total 158 species (11 mushrooms, 30 plants, 15 amphibians, 44 reptiles, 48 birds and 10
mammals) were used to perform biodiversity richness models. This set of species are all listed in the
NOM-059-SEMARNAT [24] indicating these are under any of the risk categories according to
Mexican biodiversity experts (see S1 for all taxa included).

A total of 158 species was considered which of these, 86 are endemic, 21 Endangered, 64
Threatened and 73 Under Special Protection. Of the 11 species of mushrooms, Psilocybe muliercula and
Morchella costata are those with the most restricted distribution ranges. From the 30 listed plants, only
one (Mammillaria rhodantha) is a generalist occurring in native vegetation types as well as in
agricultural systems. The genus Mammillaria, nonetheless, is the most represented taxa among the
plants and many of the species from this genus are restricted and highly threatened. Among the
amphibians, Ambystoma is the most represented and threatened genus. Reptiles (44 species) and birds
(48 species) are the most abundant, highly threatened and specialized taxa. The genus Crotalus, the
most numerous of the former and Buteo, the most numerous of the latter, are highly jeopardized taxa
due to anthropogenic activities

As expected, transition vegetation types (ecozones) contained the largest biodiversity hotspots
indicated by the dark and light green color in Figure 5. Another remarkable finding relates to the
high potential richness of biodiversity observed at the top of the ranges which are remnants of
temperate Nearctic ecosystems with a large set of endemic and threatened species as reported by
Velazquez et al. [31]. In 42 years of analysis, our land cover/use change processes revealed that 36.7%
of the largest biodiversity hotspots have been depleted mostly by human settlement encroachment.
This is mostly relevant for the green hot spots which together have lost 47,300 hectares over the study
period. Rural landscapes (cropland) have been playing the role as buffers against this massive
biodiversity loss. Fragmentation of originally connected largest biodiversity hotspots was clearly
portrayed in our species richness model. Sierra de las Cruces in the study region has been the most
largely disrupted, diminished and impacted by human settlement encroachment. Mexico and Toluca
cities are the urban centers (State capital cities) clearly expanding their borders onto these Sierra de
las Cruces. A similar disruption pattern is observed in Sierra Chichinautzin where Cuernavaca and
Mexico cities are shrinking the largest concentration of biodiversity richness of the region.

The most impacted taxa involved fungi and amphibian since humid and cold vegetation types
(alpine pine forest of Pinus hartwegii-Festuca tolucensis and fir forests Abies religiosa-Cupressus lindleyi)
have been largely fragmented and shifted into mixed pine and oak forest vegetation types. The
second most impacted group of taxa concerns the grassland specialist type (eg. most species of genus
Ambystoma, Sierra Madre Sparrow Xenopiza baileyi, Volcano Rabbit Romerolagus diazi) since most
afforestation processes have included native grasslands and scrublands.

Overall, 101 stenotopic species having a narrow range of tolerance for environmental conditions,
are the ones most affected by these major land cover/use change processes, while eurytopic species
(58 species), having a wide range of tolerance for environmental conditions, have favored expanding
their ranges into the fringe of urban areas (eg. painted bountin Passerina ciris). It must be emphasized
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that the area has been previously highlighted as a biodiversity hotspot of global value [32] and the
present paper only uses a small proportion of the biodiversity occurring in the area as a proxy to show
the concrete impact on an irreplaceable legacy of the genetic bank it harboured (see S1 file for the
species listed).
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Figure 5. Disruption, shrinking and fragmentation of the potential richness biodiversity hotspots harbor in the
study region. Sierra de las Cruces (left and upper region) has experienced dramatic human settlement
encroachment with significant impoverishment of the threatened biodiversity. Sierra Chichinautzin (lower
region) remains harboring important biodiversity hotspots although these are being jeopardized by the

dominant land cover/use change processes depicted here.
4. Discussion

4.1. Spatially Explicit Land Cover/Use Processes

The present paper identifies the distribution and type of land cover /use change processes from
1976 to the present in the Mexico City Megalopolis study region. Cartographic, statistical and remote
sensing databases were subjected to verification to make them compatible and comparable sensu
Veldzquez et al. [31]. This process of filtering database quality is often neglected, and outcomes
contain errors which limit the accuracy of the conclusions [1]. Through the analysis of change, the
main processes of land conversion and current trends were identified. As observed internationally
and highlighted by Hatab et al. [3], expansion in human settlement has had an substantial
contribution to change in the region. This is even more relevant given that the long-term development
of human settlements is closely linked to the interaction between urban and rural areas. However,
this study found that rural landscapes have been significantly reduced.

Knowing the precise location (Figure 2) and extent (Table 1 and 2) of where processes occurred,
allows communication to stakeholders (e.g., local communities, municipal and state authorities, real
estate agents, NGO's); hence, what, where and who may do anything to prevent, revert, or control
undesirable land cover/use changes, can be discussed and eventually implemented [2, 40]. In this
respect, scientific outcomes may gain visibility beyond than their value to the academic community
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[8]. The general outcome reflects the international trend where rural landscapes are shrinking due to
human settlement expansion [33, 3]. Also observed in other megacity areas, we demonstrate
competing land use between human settlements and food production [34, 35]. As mentioned by Chen
et al. [36]., urban planners should consider the value of agricultural lands so that a regional long-term
development relies on the even balance of natural, rural and urban landscapes [8,7].

4.2. Impact on Biodiversity

This research used biodiversity as proxy to assess disruption, shrinking and fragmentation of the
potential richness of globally important biodiversity hotspots in the study region. Biodiversity is one
of the many environmental services being jeopardized by the disrupting landscape dynamics we
document. Habitat shrinking and fragmentation increase the risks of losing the unique, immense
melting pot of genetic biodiversity. The present outcomes highlight the relevance of finding means
to take immediate innovative conservation actions. Classical establishment of protected areas has
proven to be ineffective since more than half of the 20 decrees are ‘paper parks’ disregarding the role
of rural landscapes as livelihoods for the local agrarian communities [38]. It is crucial to alleviate
biodiversity loss and poverty injustice of agrarian communities to be able to cope with human
settlement expansion and eventually understand the value of the region as the buffer for survival of
the whole urban-rural-natural landscape geosystem.

4.3. Outreach of Environmental Impact

There are other consequences of critical ecosystem services that have been negatively impacted
by the human settlement encroachment reported here (Table 1 and 2). Such is the case with loss of
water bodies or the relict vegetation type of subalpine grassland. This seemingly natural drying up,
could be due to the interruption of functional processes, climate change and to the natural discharge
of the system. This change in land use is regarded as an irreversible conversion process due to the
impervious disruption of the biophysical environmental functions such as water infiltration and
recharge. Velazquez et al. [6] quantified the potential amount of water recharged in the region as
1229.75 million m3. The present research presents the results regarding changes observed in land
use/cover. We estimate a reduction of 48% of the potential recharge equivalent to a reduction of 594
million m?® due to the loss of agricultural areas, as well as native vegetation and water bodies,
primarily due to land conversion land expanding urban settlements.

Land cover and use processes also reflect social and cultural consequences. More than 150
agrarian communities (ejidos and indigenous communities) have been granted the legal right to
engage in agricultural activities for centuries [39]. These native agrarian communities have also
contributed to the domestication of the landscape, as a result of years of intricate relationship in
unique agricultural systems such as chinampa, cactus, amaranth, and other production systems [40].
Other traditional agricultural systems, such as oats, beans, and maize, have been threatened by the
drastic reduction of arable land, often driven by reforestation policies that prioritize massive tree
plantations (https://sedema.cdmx.gob.mx/programas/programa/reto-verde) and the unplanned
expansion of human settlements, challenging rural cultural heritage. Livelihoods, as a means of
interaction with nature, are disrupted or drastically reduced, and consequently, knowledge of
biogeophysical cycles and interest in environmental care and conservation diminish, creating
societies disconnected from their natural surroundings and loss of cultural identity [14].

4.4. Governability Side Effects

We observed that the loss of land value as an agricultural or forestry system has rendered local
farming communities vulnerable, forcing them to sell their land or relinquish governance. Illegal
groups have been reported to control land access, drill oil wells, and engage in illegal logging and
poaching [6]. This is not an isolated case, but rather the norm in megacities (e.g., Sao Paulo, Los
Angeles, Bogota, Rio de Janeiro, Cairo, New Delhi). In short, the conversion of agricultural land
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fosters illegal governance with incalculable social, cultural, financial, and environmental costs. Re-
evaluating the role of farming communities as landowners who manage food, water, and biodiversity
is fundamental to understanding the trends observed in large and medium-sized cities. Agricultural
land is perceived as heritage that has been developed over years and, therefore, is protected,
managed, and possesses a symbolic value of belonging, reinforcing cultural identity [16].

5. Conclusions

This study reveals proximal and underlying processes of land cover/use change between 1976
and 2018. The rates of change reveal the loss of agricultural land necessary for food production, the
reduction of potential biodiversity habitat, and discuss the impact of the land use/cover change in the
light of the decline in potential water recharge capacity. These impacts are a consequence of land
conversion due to the expansion of human settlements while the conversion of natural vegetation
areas into human settlements appears to have been less frequent. Ill-planned public environmental
policies (e.g., establishment of ineffective protected areas, excessive reforestation and afforestation
initiatives) have jeopardized the provision of key environmental benefits, critical for the Megalopolis
Mexico City region.

The study addressed the urgent need to generate an innovative development model that gives
equal importance to the conservation of nature and culture as fundamental livelihoods. The
protection of biological heritage is of paramount importance, as is the promotion of development and
conservation of rural landscapes. Taken together, encouraging strategies and policies based on land
assessment could guide the expansion of human settlements towards urbanization, while promoting
resilience by conserving the biological and cultural heritage of rural areas and their livelihoods, as
well as those of urban areas.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Supplementary table 1. Species list of selected taxa to conduct niche ecollogical
modelling for comppiling an spatially explicit biodiversity assessment.
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