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Abstract: Neotropical forested landscapes have become agricultural areas and human settlements,
causing forest fragmentation, land degradation, and habitat loss. Nonetheless, complex tree cover
loss and recovery processes may occur even while urban areas expand. Biophysical, social, political,
and economic drivers influence forest loss or recovery over time. This study analyzes land-use
change dynamics in urban and peri-urban landscapes in the western sector of Xalapa City between
1966-2018 and identifies the primary drivers that have played a significant role in deforestation and
forest recovery processes. The main finding denotes the city’s expansion between 1966 and 2018,
initially covering 8% of the study area and increasing to 27%. However, between 1966 and 2018,
15% of forest cover was lost in net terms, a finding ascribed to forest recovery in some abandoned areas.
Social and biophysical variables significantly influenced deforestation and forest recovery trends,
and few variables were singular to one process. The deceleration of forest loss and accomplishing
tree cover recovery are possible in some urban settings. In this context, green urban and peri-urban
landscapes become strategic to achieve more sustainable cities. Among other benefits, green areas
provide landscape connectivity, temperature regulation, air quality improvement, noise dampening,
and recreational areas.

Keywords: land use change; retrospective analysis; biophysical variables; socioeconomic variables

1. Introduction

Globally, forests cover 31% of our planet’s land surface, but more than half of these
forests show some degree of perturbation, and half of the tropical forests have gotten
lost during the past half-century [1]. The most significant threats to forests worldwide
are deforestation; forest replacement for other land uses (such as agriculture and urban
development); and degradation of forest health, structural integrity, and resilience. Forest
loss and degradation are global concerns considering how these processes threaten the
survival of 80% of terrestrial biodiversity and the supplies of a wide range of benefits
essential to human well-being; these benefits are known as “ecosystem services” (ES; [2]).

The high concentration of ES beneficiaries in cities and the scarce urban green areas
highlight the importance of urban and peri-urban forests [2,3] that directly influence the
provision of key ES, such as improvement of air quality, water and temperature regulation,
noise reduction, and sites of recreation [4—6].In this sense, assessing the dynamics of forest
cover allows an indirect evaluation of the provision and regulation of crucial ES to the
well-being of the inhabitants of cities.

According to the IUCN [3], the livelihood of 1.6 billion people is directly dependent on
forest services such as timber, food, medicine, clean water, and cultural values [4]. Moreover,
other than to communities entirely forest-dependent, these ecosystems also provide services
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at regional and global scales. For example, forests prevent soil erosion, loss of productivity,
downstream sedimentation, and eutrophication [5]. The loss of services implies that
deforestation threatens world food security [6,7] and water security in some of the world’s
most populated areas. The vital contribution of forest services to cities was recognized two
decades ago when a meta-analysis revealed that one-third of the world’s largest cities are
dependent on these ecosystems for their drinking water [8]. At the same time, deforestation
is the second-largest source of global CO, emissions, transforming forests from a carbon
sink to a source. In response, scientists worldwide have highlighted the importance of
forest climate regulation and carbon sequestration services as cornerstones in the global
efforts to tackle climate change. These efforts include a wide array of strategies intended to
meet climate stabilization targets by 2030, ranging from forest conservation and restoration
efforts to recovering and creating green urban and peri-urban landscapes [9].

Despite the internationally recognized importance of healthy forests to human well-
being, direct and indirect drivers of change have increased their impact at a landscape scale
in the last 50 years. The indirect drivers include increased consumption patterns, such as
the demand for raised meat, soy, and palm oil [10]. In turn, direct drivers of forest loss and
degradation include climate change, invasive species, and changes in land use and land
cover (i.e., LULC). LULC remains the most critical cause of degradation in all terrestrial
ecosystems worldwide, as the global rate of deforestation between 2015 and 2020 amounted
to 10 million hectares per year [1]. Urban areas play a crucial role in deforestation trends in
this setting, and most studies show a positive correlation between forest loss and urban
growth [11]. However, not all cities grow evenly at the same rate or are driven by the same
socioeconomic factors. Better management of urban and peri-urban sprawl patterns and
the recovery of green urban and peri-urban landscapes could promote a shift in forest
degradation trends.

The United Nations Decade of Ecosystem Restoration 2021-2030 initiative (i.e., the
Decade) is a global call for action to scale up efforts to reduce ecosystem degradation trends
and reverse the associated harm to human well-being. Among the strategies promoted by
the UN Decade initiative are assessing and monitoring the temporal trends of ecosystem
degradation triggering drivers to produce informed conservation and restoration strategies,
including greener cities and forest landscape recovery in peri-urban landscapes [12].

There is no doubt that contemporary landscapes emerged from very long-term dynam-
ics [13]. However, the variables that configured those landscapes vary within and between
regions [14]. Consequently, analyzing the variables most strongly associated with forest
loss—forest recovery dynamics, quantifying the rates and trends of change, and identifying
the affected areas are essential tasks for sound decision making on sustainable forest use
and prioritizing interventions in highly populated areas. Additionally, the conservation of
biodiversity and critical ES for human welfare requires scientific information [15].

A driver is any factor that alters some aspect of an ecosystem [16]; there are two types:
direct or indirect. A direct driver influences ecosystem processes and can be biophysical
(earthquakes, volcano eruptions, plagues, and floods, among others). An indirect driver
operates more diffusely, generally altering one or more direct drivers (e.g., floods, landslides,
etc.). Furthermore, its influence is determined by understanding what its effects are on
a direct driver, which includes topics such as demography (population dynamics aand
migration patterns, amongst others), economy (consumption patterns, production, and
more), policies (conservation programs and agriculture development programs, among
others), and cultural/religious aspects.

The analysis and design of better management strategies in urban and peri-urban
forests are urgent tasks, because world urban populations will increase to nearly 5 billion
by 2030 [17], requiring more goods and services. Simultaneously, urban growth would
impact the provision of those services, independently of each population center’s growth
dynamic, which will be determined by its particular biophysical, environmental, political,
and economic features [11].
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According to most deforestation studies, socioeconomic factors have a weaker, nonlin-
ear, or less direct relationship with this process than biophysical variables [18-20]. Similarly,
forest recovery studies suggest that biophysical variables, such as climate, elevation, soil,
and slope, tend to be associated with the probability and speed of forest regrowth [21-24].
However, these biophysical factors are difficult to control by policy [25], but this should
not encourage non-action strategies. The high biodiversity and sprawl dynamics in Latin
America could serve to identify opportunities for action.

As in other countries, urban development has occurred in Mexico at the expense of
forest loss and fragmentation of green and agricultural areas in peri-urban “semi-rural”
territories. One of the main drivers leading to urban sprawl in intermediate cities and
semiurban areas is rapid population growth [26]. In Mexico, the population boom and the
outsourcing of the urban economy are intertwined, turning cities into magnets for the rural
population that needs to satisfy housing needs [27]. Moreover, the reforms to the Mexican
Constitution allowing individual possession and sale of ejidal and communal lands trig-
gered three responses that have contributed to the situation as mentioned above [28]. First,
some farming centers sold their rural lands at a “bargain” price to real estate developers that
constructed residential units in territorially inadequate and disconnected sites [28]. Second,
socio-political activist organizations promoted irregular settlements, taking advantage of
vulnerable communities. Third, the new residential areas were conceived for high-income
segments of the population interested in living surrounded by natural vegetation with the
comforts of urban areas.

This study proposes understanding the forest loss and gaining processes during the
last half-century in Xalapa through a LULC analysis and the possible biophysical and
socioeconomic drivers. A series of land use and vegetation cover maps, prepared for the
years between 1966 and 2018, helped identify biophysical and socioeconomic variables
which, based on the literature, are significant drivers for deforestation and forest recovery
processes worldwide. Finally, the possible alternatives to increase the resilience of Xalapa
city through forest restoration and the recovery of green areas in urban and peri-urban
landscapes are discussed.

2. Materials and Methods
2.1. Study Area

Like the rest of the world, the most significant force causing the loss of ecosystems
and their biodiversity in Mexico is deforestation. According to Sanchez et al., 2009, natural
communities extended across 72.5% of the country in 2002, but only 70% of these were
relatively undisturbed. Most of this degradation took place before the 1970s; by 2002, there
would have been a net loss of up to 103,289 km? of humid tropical forests, 94,223 km? of
sub-humid forests, 129,000 km? of temperate forests, 91,000 km? of xerophilous scrub, and
more than 59,000 km? of grasslands. This loss has important implications for worldwide
biodiversity conservation, as Mexico is one of 15 megadiverse countries that concentrate
between 60 and 70% of global biodiversity [29,30].

The Trans-Mexican Volcanic Belt (TVB) embodies a significant region in the country.
As a complex set of volcanic mountains, it extends across the territory from west to east,
from Cabo Corrientes, in Nayarit, to the Sierra Chinconquiaco, in Veracruz (21°38'24" N,
18°23/24" S, 96°22/12" E, and 105°45'00” W), varying in elevation between 1500 and
5600 masl [31]. The geological and climatic history, topographic heterogeneity, and species
distribution have served to recognize the TVB as a biogeographic transition zone and a
center of diversification and the endemism for a great variety of taxa [32].

During the past centuries, human influence on the TVB modified the high mountain
landscapes, with crops and pastures for livestock replacing the natural vegetation [33].
Such is the case for Veracruz, the state with the second-highest deforestation rate in Mexico,
with roughly 75% of its territory having been clear cut [34]. The dominant vegetation
types consist of conifer and oak forests, humid montane forests, moist (broadleaf) and
dry (tropical deciduous) forests, and grasslands, including various wetlands. Agriculture
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incorporates 75% of the state’s surface, with a large proportion dedicated to sown pastures
for livestock raising, an activity of great economic importance within the state [34].

This study was performed in the western sector of the city of Xalapa, the capital of the
state of Veracruz, covering 12,066 ha, with 496,627 inhabitants and located in east-central
Mexico (Figure 1). Xalapa transitioned in 400 years from a colonial city organized according
to a Hispanic urban graticule (a regular orthogonal grid system) to an irregular system.
Xalapa's characteristic streets and city blocks emerged despite the verdant landscape, with-
out adhering to the urban development plan or any other land use planning instrument [35].
With significant numbers of irregular human settlements, Xalapa’s urban growth escalated
deforestation rates, water pollution by sanitary discharges, and risk from landslides [36,37].
Notwithstanding, Xalapa retains 12.16 m? of green area per inhabitant, an acceptable ratio
according to the World Health Organization, which recommends between 10 and 15 m?.
The proportion of green areas in Xalapa allows for the improvement of the city’s resilience
through forest restoration and green areas rehabilitation. However, the first step is to
confront, strategically and responsibly, the accelerated land-use change that triggers the
sprawl of formal and informal urbanization [29]. Improving Xalapa city’s growth depends
on understanding the economic, demographic, and sociocultural dynamics that defined
the regional landscape. This type of analysis also is needed to understand which socioeco-
nomic or biophysical variables better explain deforestation or forest recovery patterns in
different regions and thus encourage more effective regional conservation and restoration
strategies [20].
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Figure 1. Location and boundaries of the study area: the periphery of Xalapa city. Satellite image of
1966 and 2018.

This mountainous and biodiverse city includes a broad range of elevations
(i.e., 1120-1720 m.a.s.l.); given this elevation gradient, the climate fluctuates between
humid temperate and humid semi-temperate [38]. The predominant vegetation is essen-
tially tropical montane cloud forest, combined with oak forest, coniferous forest, tropical
dry forest, and riparian vegetation [38]. An uneven topography contributes to Xalapa’s
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broad range of elevations (i.e., 850-2125 m.a.s.1.; [39]). From a technical point of view, the
study area was delimited because of the availability of half a century of imagery.

2.2. Land Use and Land Cover Maps (LULC)

The satellite imagery and aerial photos used to generate LULC maps were obtained
from the following sources: CORONA satellite imagery of 1966 (9-m spatial resolution) down-
loaded from the USGS (http://glovis.usgs.gov/; accessed on 18 February 2020). Aerial photos
from 1980 (2-m spatial resolution) and 1995 (2-m spatial resolution) were downloaded from
INEGI. Satellite Images from 2008 (2.5-m spatial resolution) and 2018 (30-cm spatial resolu-
tion) were obtained from the Mexican Navy (Ermex: http:/ /ermexnuevageneracion.blogspot.
mx/p/contacto.html; accessed on 27 June 2016) and NextView Digital Glove, respectively.
Topographic illumination, normalization, and atmospheric corrections were performed on all
images. Image classification was performed using Trimble eCognition® Developer 9.0, with
an object-based approach and the random forest (RF) classifier (Random Trees in eCognition).
Two LULC categories were identified in this study, consisting of forested and non-forested
sites. Following the recommendations of Campbell [40], an average of 50 sample units per
land-use type of reference data (100 in total) that originated from field visits to plots, with
a minimum of 60 x 60 m of homogeneous vegetation (August 2013 to March 2014 and
June—August 2020), were used to train the classification. Considering that these sampling
units may not reflect LULC before the dates, they were re-interpreted and adjusted by visu-
ally inspecting images from each previous period successively, as Campbell [40] described.
This amount of training data is considered more than sufficient to train the RF classifier
accurately for these two categories. To validate the final maps, 100 reference sample units,
independent of those selected for image classification, were used to generate an area-based
error matrix and a Kappa index for each classification [41].

2.3. Analysis of Forest Cover Change

A cartographic overlap assessment served to calculate the magnitude and tendencies
of forest cover change and by estimating differences in forest cover between periods
(1966-1980; 1980-1995; 1995-2008; 2008-2018). Annual deforestation rates for closed and
open forest (r) were calculated using the compound interest-rate formula [42]:

r=1/(t — t1) In Ay /Ay 1
where A1 = forest area at t; (initial area), and A, = forest area at t, (final area).

2.4. Potential Drivers of Forest Change

A logistic regression model was used to identify possible drivers of forest change
(deforestation or forest recovery) in our study area [43]. Our maps, derived from Landsat
imagery, were used to identify areas with forest cover losses (deforestation) or gains
(forest recovery) versus areas of no change [44] for the periods of 1966-1980, 1980-1995,
1995-2008, and 2008-2018. Additionally, a transition map of deforestation and another of
forest recovery was prepared for each period. In each of the transition maps, the areas of
deforestation and forest recovery were detected to obtain their centroids (points). Then,
500 points were randomly selected with a minimum separation of 250 m to avoid spatial
autocorrelation; the centroids’ independence was verified with Moran’s I coefficient.

Those random points served to extract data from layers of 12 biophysical and socioeco-
nomic variables considered as possible predictors for both deforestation and forest recovery
during the study period (Table 1). The availability of information from several institutions
(CONAPO, INEGI, and CONABIO, among others) oriented the selection of the variables
chosen, and therefore, whenever possible, data from years exactly matching our study
periods were employed. However, there was a 3-5-year mismatch with our study period
for several socioeconomic variables, the effects of which were sought to be minimized by
calculating the average values between years and then interpolating across the entirety of
the study area. Prior to running stepwise logistic regressions to explore the relationship
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between the described explanatory variables and our binary dependent variable for forest
cover (change, no change), Spearman’s correlation coefficients were used to identify paired
correlated (typically r > 0.7) variables. Stepwise logistic regressions were performed for
each period with a p-value < 0.05, determining which variables entered and remained in
the final model.

Table 1. Biophysical and socioeconomic explanatory variables used in stepwise logistic regression
models explaining patterns of forest cover loss and gain in the peri-urban zone of the city of Xalapa.

Variables

Source

Interpolation Method

(1) Land tenure (ejido-private)

National Agrarian Registry

Inverse distance weighting (IDW)

(2) Population density (hab/km?)

National Institute of Statistics,
Geography and Informatics;
(INEGI), census of 1970, 1980,
1990, and 2000

Inverse distance weighting (IDW)

CONABIO 1995, 2000, 2005,

Socioeconomic (3) Index of marginalization and 2010. Locality degrees Inverse distance weighting (IDW)
of marginalization
. Land Use Maps 1966, 1980, -1 .
(4) Distances from the urban edge 1995, 2008, and 2018 Euclidian distance
INEG], census of 1970-1980,
(5) Population growth 1990-2000, 2000-2010, Inverse distance weighting (IDW)
and 2010-2020
(6) Distance to roads (m; paved and unpaved) INEGI ZOO% ."é”g%(())%;aphm map Euclidian distance
. INEGI (2012). DE f1
(7) Elevation (m.a.s.l.) NEG (ofO res)olutixlo Sm *
(8) Slope (degrees) Derived from DEM of INEGI *
Biophysical (9) Aspect (degrees) Derived of DEM of INEGI *
. Land Use map, 1966, 1980, . .
(10) Distance from forest edge (m) 1995, 2008, and 2018 Euclidian distance
(11) Average annual rainfall (mm) Weather station. CONAGUA Inverse distance weighting (IDW)
istance to permanent rivers (m uclidian distance
(12) Di p i (m) INEGI Euclidian di
*p < 0.05.
3. Results

3.1. LULC and Analysis of Forest Cover Change

The satellite image classification of forest cover for all the studied periods had an
overall accuracy (i.e., concordance index) of more than 90% between the points verified in
the field and the image classification. During the 52-year-period (1966-2018; Figure 2), the
net area of forest lost was 1092 ha, with a total annual deforestation rate of —0.004%. Urban
area expansion went from 690 ha to 3290 ha. The 1966-1980 period displayed the lowest
loss of forest cover (151.23 ha), even though it comprised 14 years. In contrast, the most
significant loss of forest cover (513.56 ha; Table 2) occurred between 1980-1995 (15 years).

1980 1995 2008 2018
- Forest Non forest - Urban

0 25 5§ 10
I S— S

Figure 2. Land use and land cover maps from 1966 to 2018 in peri-urban and urban Xalapa city.
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Table 2. Annual deforestation rates (%) and area covered by forest (ha) from 1966 to 2011. The area of
forest cover for the initial (A1) and final (A2) years during each transition period are as follows.

Initial Final

. Cover Annual Rate of
Period Forest Forest Years % Lost .
Cover (A1) Cover (A2) Change (ha) Deforestation (r)
1966-1980 7307.05 7155.82 —151.23 14 2.07 —0.001
1980-1995 7235.82 6722.26 —513.56 15 7.10 —0.005
1995-2008 6722.26 6485.51 —236.75 13 3.52 —0.003
2008-2018 6485.51 6215.13 —270.38 10 4.17 —0.004

Between 1966 and 1980, an area of 2132 ha exhibited tree recovery, mainly on former
agricultural and cattle-ranching areas. This reforested area decreased to only 958 ha by 2018,
with other losses in each period (Figure 3). Forest loss from the pre-existing tree growth
in 1966 was unclear and fluctuated among periods, as shown in Figure 2. The lowest rate
(11 ha/year) was recorded during the 1966-1980 period. Next, the deforestation rate
increased three times to its highest value (34 ha/year), recorded between 1980 and 1995. A
decrease of almost 50% (18.2 ha/year) followed in 1995-2008, increasing again between
2008 and 2018, reaching 28 ha/year. New forests and deforested areas had a particular
spatial distribution according to the period studied; for instance, forest recovery was
present mainly in the western and northwestern sectors of the peri-urban zone of Xalapa
city between 1966-1980 and 1995-2008, while the deforestation was more intense toward
the east and southeast. In contrast, the spatial distribution of intense deforestation shifted
between 1980 and 1995 to the city’s limits and the peri-urban southern sector.

. (a) 1966-1980 - I I I l I imy. (D) 1980-1995

2831980 1580125 12852008 20062010 1882018

No Change W Deforestation ® Reforestation

N )
A o 25 5 10 W, 03X

(c) 1995-2008 . (d) 2008-2018

Figure 3. Transition changes in forest cover for the periods of 1966-1980 (a), 1980-1995 (b), 1995-2008
(c), 2008-2018 (d), and 19662018 (e) in the study area.

The images highlight that deforestation and forest recovery occurred throughout
the study area, without any clear trend during the last analyzed period, i.e., 2008-2018.
However, remarkable recuperation (northwest) and deforestation (south and southeast)
tendencies were observed when 1966 and 2018 were compared (Figures 1 and 3). Xalapa
grew from 610 ha in 1966 to 3279 ha in 2018, mainly over pastures/crops (1489 ha) and
forest areas (987 ha). In 2018, the remaining forest occupied 6628 ha, and livestock or
agricultural activities were still carried out in 2158 ha.

3.2. Potential Drivers of Forest Change

The logistic regression showed that some social and biophysical variables had a sig-
nificant relationship with forest recovery or deforestation (Table 3). Elevation (m.a.s.l.),
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distance from the forest edge, distance to urban limits (labeled urban distance), and popu-
lation density were significant variables for forest recovery and deforestation. However,
the direction of the correlation was the opposite in most cases. For example, while defor-
estation was more significant the closer one is to the edge of the forest, regeneration was
more significant the further one was from the edge. However, there also existed variables
that only appeared during deforestation or forest recovery. In deforestation, the kind of
land tenure (ejido vs. private) and margination were unique variables to deforestation. In
comparison, precipitation and slope were the sole variables exclusive of forest recovery.

Table 3. Variables best-explaining the patterns of forest loss and forest recovery in stepwise logistic
regression models run for the study area during different evaluation periods. Variables are presented
in order of importance (according to significance level), together with the type and strength of
correlation; also reported are the overall significance levels of the final stepwise logistic regression
models and their explanatory power (AUC).

Forest Loss

Forest Recovery

Std. Std.
. . Parameter = Mean . p Value . . Parameter Mean . p Value
Period Drivers Estimate Model Dfev1a Model AUC Period Drivers Estimate Model Dfev1a Model AUC
tion tion
(Intercept) —0.2591 Intercept (0.2432)
Distance
Elevation *** —0.0057 1413 143 from forest 0.0921 68 17
edge (m) ***
Population Urban
1966— e 0.0024 481 68 1966 . " 0.0277 97 15
1980 density 0.00151 0.81 1980 distance 0.00004 0.83
Distance
from forest —0.0021 40 11 Precipitation *  0.0228 1382 0.4
edge (m) ***
 Urban —0.0072 67 17
distance
(Intercept) 0.3168 Intercept (0.4034)
Distance Distance
1980— from forest —0.0453 33 13 1980— from forest 0.0898 62 12
1995 edge (m) 0.00007 0.86 1995 edge (m) 0.00002 0.85
Urban Urban
distance ** 0.0511 52 14 distance ** 0.0610 93 18
Marginalization*  0.3048 -0.9 0.1 Slope * 0.0347 6 2
(Intercept) —0.4256 Intercept (—0.4085)
Distance
from forest —0.0311 30 14 Precipitation **  0.0269 1605 124
edge (m) ***
Population 0.0015 1291 03 Uban 063 91 12
1995— density 1995— distance
2008 Usban 0.00004 0.84 2008 Distance 0.00003 0.83
di o —0.0353 11 6 from forest 0.0018 60 8
istance *tk
edge (m)
P“V;fé Bido 4 4005 1 02 Elevation*  —0.0025 1605 120
Elevaton* ~ —0.0019 1407 52 Population 0006 725 134

density **
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Table 3. Cont.

Forest Loss Forest Recovery
Parameter = Mean Std. p Value Parameter Mean Std. p Value
Period Drivers Estimate Model Dfev1a Model AUC Period Drivers Estimate Model Dfev1a- Model AUC
tion tion
(Intercept) —0.5847 Intercept (—0.3483)
Population Urban
density *** 0.0215 1875 0.5 distance *+* 0.2475 63 17
2008 Distance 2008 Distance
"~ from forest —0.0146 26 10 0.00002 0.87 " from forest —0.0215 45 4 0.00002 0.85
2018 - 2018 -
edge (m) edge (m)
T, B Population
Marginalization 0.0003 0.4 0.1 density ** 0.0036 1435 101
Urban
distance * —0-3680 ? 3

*p < 0.05;** p < 0.01; *** p < 0.0001.

The unique variable present in all deforestation and forest recovery periods was the
urban distance, negatively associated with forest loss and positively with forest recovery.
However, not all periods were significant; in the case of deforestation, only the period of
1966-1980 was significant, and for forest recovery, the periods of 1995-2008 and 2008-2018
were significant. Distance to forest edge was the only significant explanatory variable
retained in models for all study periods (Table 3). This variable was negatively associated
with forest loss but positively associated with forest recovery. The population density was
positively associated with deforestation in almost every period (except 1980-1995). It was
negatively associated with forest recovery in 1995-2008 and 2008-2018.

4. Discussion

The main findings of our study suggest the importance of evaluating the long-term
loss—recovery forest dynamics in peri-urban landscapes and urban areas and the multiple
variables (biophysical and socioeconomic) involved. For example, in the case of Xalapa,
1090 ha of forest were lost (in net terms) in 52 years, which is 8% of the total study area
and could be considered lower than expected. Our logistic regression analysis showed
that distance to forest edge was a significant explanatory variable for forest recovery and
deforestation during all of the studied transition periods. Precipitation and slope were
significant biophysical variables, and the land property type was highlighted among the
socioeconomic variables. The results also highlight the importance of investing in and
producing up-to-date information on the quantity and quality of land-use changes and
vegetation cover.

A low net forest loss was related to the study area’s high loss-recovery dynamics.
Consequently, the city’s growth took place on agricultural land and forest, but simultane-
ously, the forest was recovered in some areas, partially offsetting the loss [23]. Causes of
deforestation or forest recovery varied in time and region [45]. Forest clearing occurs mainly
on edge between forested and open areas, which explains the significant and negative
relationship between deforestation and distance to the forest edge in all periods [46—48].
Previous studies also found that deforestation increases in areas near the forest’s edge,
likely due to greater accessibility and lower transportation costs [47,48]. Thus, promoting
conservation strategies that protect areas near the forest edge may be advisable.

In a peri-urban landscape, large open spaces predominate, such as forests, farmland,
roads, and other areas with a lower population density but which functionally belong
to the urban area [49]. These open spaces have three options for change: continue to be
pastures/crops, recover their vegetation cover, or become human settlements. Therefore,
these open spaces are fundamental to developing sustainable strategies that promote
human well-being in these areas [50]. Under an ecosystem-based management approach,
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these open spaces are crucial to biodiversity conservation, temperature regulation, noise
reduction, and water management, which directly benefit human well-being. For example,
our results suggest that from 1966 to 2018 in the northwest, the significant transitions of
these open spaces were from grasslands/crops to the expansion of human settlements and
vegetation recovery. Nevertheless, in the southwest, the transitions were mainly towards
deforestation and the development of human settlements. These changes will affect the
structure and functionality of the landscape; wherein the northwest, the effects of urban
growth will possibly be cushioned by reforestation, but in the case of the southwest, the
impacts of the loss of vegetation and increase in human settlements will have adverse
effects for society.

Two important biophysical variables were precipitation and slope. In the first case,
the effects were evident in the higher forest recovery rates during 1966-1980 and 1995-2008
when precipitation was higher. This effect could be related to the dominant vegetation,
cloud forest, in the peri-urban landscape. In this vegetation type, precipitation-related vari-
ables and mean temperature have been identified as critical factors controlling forest-type
distribution on mountains and defining altitudinal ecological gradients. It is well-known
that woody plants’ growth and establishment success are higher in more humid areas,
particularly close to forest edges. In the second case, slope, economic models developed
on the subject predict that better soils and land with low or flat inclines allow for more
significant clearing, since landowners prefer to deforest the most productive lands. In turn,
forest conservation on land with steep grades presents lower opportunity costs because of
a more complex agricultural production and more expensive product transportation [19],
thus supporting the decision to invest less in conserving low opportunity cost steep slopes.

According to the logistic regression, a critical socioeconomic variable that influenced
deforestation was property type, particularly between 1995 and 2008. Similarly, previ-
ous studies suggest that the socioeconomic context of communal and private lands can
be decisive in land-use decisions, with communal lands producing positive effects on
forest conservation [22,51]. In the case of Xalapa, the city grew towards the southeast,
where private property predominates. However, more rigorous experimental designs than
those used here, such as matching techniques, may also be necessary for detecting these
trends [52].

The biophysical and socioeconomic variables identified as triggers of deforestation
and forest recovery highlight the importance of including dynamic and socio-ecological
dimensions to study complex landscapes. In this sense, the inclusion of landscape ecology,
which focuses on understanding how natural and anthropic gradients modify the spatial
distribution of socio-ecological systems, must be included in urban planning practices.
Understanding urban and peri-urban landscape dynamics enables the design of mecha-
nisms and adaptation measures to enhance planning processes where essential ES must be
provided to inhabitants” well-being in current and climate change scenarios. Therefore, it is
necessary to increase studies that link peri-urban landscapes and urban areas to determine
conservation strategies and design adaptation measures.

In Mexico, cities that seek to be resilient must face the challenge of contending, strate-
gically and responsibly, with the accelerated change in land use triggering the physical
expansion of formal and informal urbanization [29]. In metropolitan areas, the direct
pressure exerted by factors associated with economic, demographic, and sociocultural
dynamics puts the ecological and functional integrity of green areas such as urban and
peri-urban forests at risk.

High-quality green spaces are a hallmark of a sustainable city, as they epitomize good
planning and management and a healthy environment for humans, vegetation, and wildlife
populations. The city of Xalapa has relatively abundant vegetation. However, this could
change due to the accelerated growth of the city; for this reason, it is essential to identify
these areas to prioritize them in conservation or restoration programs. Quantifying the role
of this undervalued vegetation type in generating benefits for society remains a priority for
future research. In this sense, this study contributes evidence of the possibility of recovering
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forest cover while urban areas are growing. Since the development of a city is usually
directly linked to deforestation, strategic management measures, such as reforestation [24]
focused on recovering ES crucial to urban inhabitants” well-being, are needed.

The methodological caveats and limitations to consider in this study include the
insufficient availability of high spatial resolution images for the 1960s-1980s and the low
spectral resolution in the CORONA images and aerial photographs, which only have the
panchromatic band. Both caveats affect the differentiation between categories of vegetation
types. Furthermore, vegetation age could be determined if direct field measurements are
included and long-term field monitoring efforts are promoted. Long-term field monitoring
is needed to evaluate urban and peri-urban forests’ structure, composition, function, and
resilience. Furthermore, there is no biophysical and socioeconomic information available
for all the study areas (i.e., ground boundary setting, investment, and location of all
conservation programs, among others), or the data is frequently outdated.

Despite the limitations mentioned above, this type of analysis remains a valid approxi-
mation to understand landscape dynamics in forest recovery and deforestation processes.
Likewise, identifying the biophysical and socioeconomic variables meaningful for spe-
cific processes is valuable to design and implement better conservation, restoration, and
management strategies in peri-urban areas. The long-term resolution, such as the study
of 50 years of changes, is crucial to designing measures focused on enhancing ecosystem
functioning where urban areas are expanding [53]. This shift in the spatial dynamic of
LULC and deforestation or forest recovery drivers creates new opportunities for conserving
tropical forests in a context in which conservation organizations can have more information
toward adapting their conservation strategies [54].

5. Conclusions

Neotropical landscapes are highly vulnerable to resulting from processes of exploita-
tion, colonization, deforestation, fragmentation, and extraction of non-timber resources [55].
However, these factors change over time, and few studies have evaluated high temporal
resolutions (more than 30 years) or included the society—ecosystem interaction through a
set of different variables. Our results, obtained from the analysis of more than five decades
of landscape dynamics, highlight that the city’s growth modifies the landscape but does not
always imply the complete substitution of natural ecosystems. Some cities” growth, such
as Xalapa, indeed promoted forest recovery in the peri-urban landscape. Subsequently,
the smart integration of landscape ecology and urban planning is critical to implement-
ing strategies to find and accomplish win—-win scenarios, where resilient and adaptative
socioecosystems and landscapes could be achieved.

A fundamental aspect of achieving urban resilience is the recovery of degraded ecosys-
tems by urban afforestation actions with native species and protecting still intact forest
stands. To this end, cities should invest in information systems whose contents strengthen
monitoring and evaluation programs dealing with land-use change and urban growth on
natural environments, identify forest areas that can be subject to ecological protection, and
promote a privileged standing for green areas within urban planning instruments.

Moreover, decision-makers and researchers alike should remain well aware that this
type of analysis, through the use of remote sensing, does have significant limitations [56,57].
These include the lack of required data layers to adequately take into account socioeconomic
variables, the choice of scale(s) suitable for analyses, the accuracy of layers used in the
model generation, temporal public policies, or market-based decisions that could affect
the trends in LULC and, therefore, the performance of this type of influences [16]. For this
reason, every effort to complement this type of study with direct field measurements of
ES, such as water quality, carbon sequestration, or biodiversity, through monitoring and
interviews, should be made.

The spatial analysis metrics presented throughout this study have been valuable in
analyzing, monitoring, and following landscape changes, including critical drivers such as
urban growth. Furthermore, these methods allowed the study case analysis from different
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lenses, ranging from the description of these landscapes, to comparing simulations of urban
occupations and land-use changes. Studies of this type could deeply contribute to land-use
planning through monitoring landscape changes in urban and peri-urban observatories.
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