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Fragmentation of natural landscapes during urbanization processes has been well-linked
to biodiversity loss and changes in ecological and ecosystem function. Fragmentation
can also have profound effects on provision of ecosystem services and on human social
dynamics and well-being within cities. The ways in which ecological, ecosystem service,
and social factors and the interactions among these are affected by fragmentation is
not well-studied. Understanding these relationships is particularly important in cities
where high densities of human population create intense and dynamic interactions
within green spaces. Using the rapidly developing campus of the National Autonomous
University of Mexico (UNAM) in Mexico City as a case study, we examine the effects
of natural area fragmentation over time on ecosystem services, human well-being, and
biodiversity. We compare fragmentation of the campus natural areas between 1954
and 2015 to non-native plant species distribution maps, models of water infiltration,
and mobility and citizen-science data. We found that the loss and fragmentation of
the campus’s natural areas has had varied effects on ecosystem services, and negative
effects on human well-being and biodiversity. The relationships between fragmentation
and ecosystem services depends on the ecosystem service being measured; water
infiltration was negatively impacted by fragmentation but engagement with biodiversity
was greatest in areas with a mix of natural and urban land covers. Our human well-being
variable, mobility (the average travel time within the campus of walkers, bicyclists, and
cars), was negatively affected by fragmentation. Walkers and cyclists spent significantly
more time traveling across campus in 2015 compared to 1954. Finally, the most
fragmented areas of the campus’s natural areas support large populations of invasive
exotic species, indicating negative effects of fragmentation on biodiversity. Although
campus urban development is necessary for supporting the academic community at this
growing university, we suggest a renewed focus on sustainable campus development
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in which land sparing in emphasized; connecting instructional, research, administrative,
and other campus facilities within urban clusters and providing sustainable transport
systems. Thus, eliminating further loss and fragmentation of the natural areas on campus,
supporting both human well-being and the unique biodiversity of the region.

Keywords: biodiversity, ecosystem services, human well-being, iNaturalist, landscape fragmentation, university
campus planning, urban development processes

INTRODUCTION

Urban landscapes are rapidly expanding around the world and
one major consequence of the urbanization process is the loss
and fragmentation of natural areas. Fragmentation, from large
continuous natural areas of relatively undisturbed vegetation
to small, increasingly isolated patches of natural land cover,
has significant negative effects on ecology, ecosystem function,
and human well-being (Savard et al, 2000). The ecological
effects of fragmentation are primarily negative on all taxa
and have been well-documented, ranging from habitat loss,
reduction in species richness of plants and animals (Collinge,
1996; Haddad et al.,, 2015), alterations to life-history dynamics,
dispersal, social systems, metapopulation dynamics, and species
interactions to population decline and regional extirpation
(Fischer and Lindenmayer, 2007). Ecosystem processes such as
nutrient cycling and productivity are also reduced compared to
connected landscapes (Haddad et al.,, 2015), often resulting in
diminished ecosystem services provision (Mitchell et al., 2013).
The consequences of habitat fragmentation on human well-being
are less well-studied, and relatively unknown in urban areas.

It is well-established that human health and well-being are
positively influenced by nature, and specifically, biodiversity, in
urban areas (Sandifer et al., 2015). Urban development processes,
particularly landscape fragmentation, threaten human well-being
by reducing the amount of green space in cities as well as
the provision of ecosystem services. The importance of urban
greenspaces for human physical and mental health has been
well-established (Di Giulio et al., 2009) and city planners are
utilizing these human health connections to justify increases in
parks and other green spaces in cities (Ayala-Azcdrraga et al.,
2019). However, human well-being may also be threatened by
fragmentation in ways unrelated to nature access and ecosystem
services. Most work in this realm has examined the effects
of roads and traffic on humans, finding that roads and traffic
decreases pedestrian movement and divide human communities,
limiting interaction and social cohesion (Di Giulio et al., 2009).
Additionally, planning focused on car travel often results in
sedentary lifestyles, increasing rates of depression, obesity, and
heart disease (Sandifer et al., 2015). No studies, to our knowledge,
have specifically linked habitat fragmentation to human well-
being in urban landscapes.

In cities, the ecosystem services framework has been used
to determine the value particular urban ecosystems or habitats
offer people and in some cases, has provided an important
foundation for decision-making and urban planning (Elmqvist
et al., 2015; Nilon et al., 2017; Saarikoski et al., 2018). However,

we do not well-understand the links between fragmentation
and ecosystem services (Mitchell et al., 2013, 2015). Recently,
Mitchell et al. (2015) proposed a conceptual model to explain
the probable effects of fragmentation on ecosystem service
flow and provision. They propose that relationships among
ecosystem services and fragmentation are influenced by the
spatial configuration of the landscape (interspersion, isolation,
patch size, edge, etc.), the particular ecosystem service in
question, and the mechanisms by which that ecosystem service
is provided (organism mobility, energy, matter flow, etc.).
Thus, the relationship between fragmentation and ecosystem
service provision can be negative or positive, linear or non-
linear. For example, in a modeling scenario, Chaplin-Kramer
et al. (2015) found that the effect of fragmentation of forest
landscapes on two ecosystem services differed depending on
the type of ecosystem service and the type of fragmentation.
Carbon sequestration and biodiversity differed in their responses
to agricultural expansion into edge or core forest habitats
(Chaplin-Kramer et al.,, 2015), but both ultimately had a negative
relationship with fragmentation. Changes in ecosystem services
due to fragmentation can be more intense in urban regions,
due to the limited green spaces remaining and greater densities
of people relying on these services (Elmqvist et al, 2015).
Additionally, the speed and number of people interacting with
urban green spaces increase the importance of understanding
the effect fragmentation has on ecosystem services provided
in cities.

In order to plan and design cities as resilient social-ecological
systems, we need to understand the influence of fragmentation
processes on not only biodiversity but also on the provision of
ecosystem services and on human well-being in cities. While
conceptual frameworks have been presented that hypothesize the
possible relationships between fragmentation and biodiversity
and ecosystem services (Mitchell et al., 2015), very few studies
have actually used empirical data to examine these relationships
and none, that we know of, have presented the relationships
between fragmentation and human well-being not related
directly to ecosystem services. Here, we present a case-study
examining how urban planning generates relationships among
landscape fragmentation, biodiversity, ecosystem services, and
human well-being at the main campus of the National
Autonomous University of Mexico (UNAM), in Mexico City.
Understanding the effects of fragmentation will help to generate
knowledge on how ecosystem services and human well-being
in urban green spaces are modified during the urbanization
process, leading to better management and planning policies
in cities.
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METHODS

The National Autonomous University of Mexico (UNAM) is
the oldest university in America, established in 1551, when
the Universidad Real y Pontificia was founded in Mexico City
(Coll-Hurtado and Acldntara, 2011). Most of its campus was
scattered around the city center in antique colonial buildings,
until 1954, when the university moved to its current campus
south in which those days was the edge of the city, after two
decades of searching for an area large enough to establish the
University (Morales Schechinger and Garcia Jimenez, 2008). The
area for the establishment became a challenge for development
because it was on a lava stone ecosystem—Pedregal—generated
from the Xitle volcano eruptions 1,600 years ago (Carrillo-
Trubea, 1995). These eruptions covered close to 80,000 ha
of lava in what is now the southern part of Mexico City
(Delgado et al., 1998). After the volcano, a new ecosystem
developed along the different type of rocks and cracks. This
ecosystem is relatively young and consequently there is very
little soil formation (Estafiol-Tecuatl and Cano-Santana, 2017),
which has generated a highly diverse xerophytic shrubland
community (see Annex 1; de Rzedowski and Rzedowski, 2001;
Cano-Santana et al., 2008). This fractured rock landscape is
important for ground-water recharge; almost all precipitation
infiltrates to a shallow aquifer encompassing the southern part of
the city (Canteiro et al., 2019).

The total area given to the UNAM was 723 ha, but at the
beginning the campus was established in <100 ha. Plans in the
first decades after 1954 were to use the rest of the campus area
to lend buildings to the government (Morales Schechinger and
Garcia Jimenez, 2008), but an academic/student protest helped
to generate a reserve within the University (Garcia Barrios, 2014)
and the Ecological Reserve of San Angel Stone System (REPSA,
as it stands in Spanish), was established in 1983, consisting of
124 ha, and is currently 237 ha. However, the existing reserve is
highly fragmented by streets, buildings, and other facilities that
fragments the once continuous lava stone shrubland ecosystem.
The reserve has three core areas divided by wide and highly
used roads and highways, and 17 isolated patches that are
smaller and more isolated than the core areas. The surrounding
parts of Mexico City have also undergone rapid development.
Consequently, the REPSA is the last remnant of the Pedregal
ecosystem in the city.

Building locations from 1954 to 2010 were digitized based
on Coll-Hurtado and Aclantara (2011). Data representing 2015
was digitized from an orthophoto obtained from the Geography
Institute at National University Autonomous of Mexico. We
categorized different types of urban land use: (1) buildings
(any type of construction that holds facilities); (2) roads; (3)
parking lots; and (4) sports facilities (any court or fields utilized
for various sporting activities including: gymnasium, basketball,
racquetball, baseball, or football). The rest were considered
green spaces, which included gardens and preserved areas. We
also gathered data from General Direction of Planning UNAM
(Direccién General de Planeacion), to evaluate the population
growth (student, academics, and workers) of the campus since
it was established in 1954.

The fragmentation analysis was generated using “Landscape
Fragmentation” (Center for Land Use Education and Research,
University of Connecticut), installed in Spatial Analyst ArcGis
9.2. This extension is based on analyses in which fragmentation
patterns in the landscape are based on the Morphological Image
Processing of a binary image classified as: Forest—No forest (in
this case Vegetation—No vegetation), maps algebra and analysis
window of 8 x 8 pixels (Vogt et al, 2007). As a result, we
categorized the landuse/landcover into five categories, urban
land use (as described above) and four fragmentation natural
land cover categories: (1) core, which are preserved areas that
were either larger than 100 ha (large core shrubland) or smaller
than 100 ha (small core shrubland); (2) perforations, perforated
shrubland/urban areas within core areas that represent a urban-
developed hole in the continuous vegetation generating edge
effects, including paths within core areas; (3) edges, which were
defined as the border between core areas and other categories,
size in this category depends upon the resolution of the analysis,
in this case, 10 m width; and (4) patches, which are small areas,
smaller than any core areas, that are isolated from any other
natural area, and are subjected to large edge effects. We divided
the campus area into 1-ha hexagon units, in which the proportion
urban land cover and each of the four fragmentation categories
were classified. To test if these land use/land cover categories
changed in area over time (1954-2015), we used a repeated
measures ANOVA in R.

We evaluated the relationship between fragmentation of
the campus natural areas and ecosystem services, human
well-being, and biodiversity. The ecosystem services (ESS) we
examined were water infiltration (provisioning ESS; TEEB,
2011) and biodiversity engagement (cultural ESS; TEEB,
2011). The biodiversity variables we examined were exotic
species invasions, and the human well-being variable we
examined was mobility (or movement across campus). Since
these ES have different responses and a diverse availability
of historical data, each had a particular temporal and/or
spatial analysis.

In order to predict the effect of landscape fragmentation on
water infiltration, we examined the water infiltration capacity
of the campus landscape using three scenarios. Water filtration
is reduced with increasing urban land cover (Zambrano et al.,
2017). Therefore, we first modeled the effect of land use
change on water infiltration capacity. Land use change was
measured as the hectares that was converted from natural
area to urban land use and natural area to anthropogenic
green space (grass playing fields and managed gardens) between
1954 and each time point thereafter. In the land use change
scenario, we assumed 0% infiltration in urban land uses, 50%
in anthropogenic green spaces, and 100% in natural areas.
Infiltration capacities were based on land use obtained from
Zambrano et al. (2018). The assumption of the null infiltration
in urban areas is based on the impermeable soil that was
used as fill during construction in order to level the area
for infrastructure (buildings, sewage, roads, sidewalks). This
assumption was also made because it is common to have floods
in lowlands of the campus and adjacent areas during storm
events (Zambrano et al., 2018), because of saturation of the
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TABLE 1 | Scenarios with different percentages of water infiltration based on
capabilities of each fragmentation category to infiltrate rainwater to the aquifer.

Urban Perf  Patch Edge Smallcore Large core
Scenario 2 0 100 100 50 100 100
Scenario 3 0 20 60 50 80 100

100% represent the largest infiltration capacity in these conditions. Perf, perforation.

sewage system, proving the very low infiltration capacity of
this category.

There are variables related to infiltration other than
precipitation and urban land use, such as temperature, vegetation
coverage, and soil (Mohammad and Adam, 2010; Green et al.,
2011; Schosinsky and Losilla, 2011; Neris et al., 2012; Wang et al.,
2013), but their relative importance to infiltration is not well-
known and controversial (Green et al., 2011). However, there is
much evidence that these variables change across fragmentation
categories (Saunders et al, 1991). Therefore, we modeled
the infiltration capacity of the campus using two scenarios
by modifying the infiltration capacity of each fragmentation
category with assumptions based on the literature (Table 1). The
first scenario assumes that the rainwater in the “urban” category
flows directly to the sewage system (0% infiltration); half of the
water in the “edge” category infiltrates (50% and the other half
goes to the sewage system; and the rest of the fragmentation
categories have 100% infiltration. We assumed that the soil of
the other categories have 100% infiltration because the soil of
the preserved areas is based on lava stone ecosystem, which has
a hydraulic conductivity between 1072 and 10~ m/s (Freeze and
Cherry, 1979). This is higher than any soil in the area (Walker,
1993). Because the vegetation communities in the preserved areas
is xerophytic, the vegetation cover is low; therefore, with low
rates of evapotranspiration. Soil characteristics in perforations
are similar to urban category, because they experience compacted
soils that make them impermeable. Because perforations are
urban land use in the middle of natural areas, the rainwater
that falls in perforations results in runoff to the lava soil of the
natural areas.

The second scenario modifies those categories that were
considered 100% infiltration, assuming that temperature plays
an important role in the infiltration and will vary within each
fragmentation category. Water that falls in the perforation
category, for example, may have higher evaporation rates,
because it spends a longer time on surfaces. Therefore, we
considered that 80% of the water is lost in this category based
on evaporation rates. Patches are surrounded by urban areas
with lower vegetation coverage, leading to higher temperatures
and higher evaporation rates. The same principle applies for
smaller core areas, but with lower temperatures and consequently
a higher rate of infiltration. These scenarios are hypothetical and
based on the uncertainty of the importance of the size and other
effects on infiltration capacities of green spaces. We then plotted
the infiltration capacity of the campus in 1954, 1970, 1980, 1990,
2000, and 2015 based on the area of the campus within each land
use and fragmentation category.

To examine biodiversity engagement on the UNAM campus,
we used iNaturalist (https://www.inaturalist.org/) to evaluate
the number of observations recorded in each 1-ha unit.
Observations included records of any species of plants (mostly
angiosperms, as flowers are an attractive attribute) and animals
(mostly insects, birds, and mammals). We then plotted the
number of observations in response to percent urban land
cover and each of the four fragmentation categories for
2015 only to examine how biodiversity engagement differs
across land use/land cover. Most of the 1-ha units in which
the campus was divided had <5 observations, therefore
we focused our analysis on 1-ha units with more than
20 observations.

For mobility within the campus, we consider that urban
planning is highly related to mobility needs. Therefore, moving
a school modifies the fragmentation of the area and the mobility
of many students and staff faculty around the campus. We
used an accessibility model based on friction surfaces, type of
transport infrastructure, and a target location, based on Farrow
and Nelson (2001). Target locations were seven schools that
have been moved around the campus since it was established:
Schools of Philosophy, Science, Political Sciences, Veterinary,
Engineering, Administration, and Postgraduate facilities. We
measured the time spent traveling from their schools to the main
building of the campus, using cars, bicycles, or by walking. We
used R version 3.53 for a paired ¢-test to evaluate differences in
traveling time.

To examine the relationship between fragmentation and
biodiversity, we used shapefiles of the distribution of two exotic
plants within the campus based on Lot et al. (2012): trees in
the genus Eucalyptus (particularly E. globulus) and the grass
Pennisetum clandestinum. We then compared the distribution
of these exotics to the fragmentation of 2015 only. We used the
same 1-ha units to examine the correlation between percentages
of exotic cover and percent urban land cover and each of the four
fragmentation categories.

RESULTS

The campus has undergone a large transformation since its
establishment in 1954. New building construction has been
dispersed across the entire campus area and not concentrated
(Figure 1). Concurrently, population growth within the
University has increased (Figure 2A). All of the different urban
land use types have increased in area since 1954, but the area of
buildings in particular surpassed parking lots, streets, and sports,
indicating a densification of buildings (Figure 2B).

In the first three decades (1954-1983), many schools and
facilities moved from the central campus to other regions in
the campus, resulting in a landscape of scattered buildings
and parking lots. This type of urban development resulted
in fragmentation of the natural areas on campus (Figure 3).
Statistically, all categories in the fragmentation classification
changed with p-values below 0.001 among the years and most
of these categories showed the important change between 1970
and 1990 (for the statistical analysis, please refer to the table
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FIGURE 1 | Map of the campus with the new construction from its establishment in 1954-2015.
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in Supplementary Material). Core areas were reduced, large
core areas completely disappeared between 1980 and 1990,
as urban areas, small patches, and edges have significantly
increased. Patches and perforations show a different pattern,
as they are highly dynamic in this type of development,
they have slowly increased, and for three decades they have
been stable. Furthermore, the dispersion of categories such as
urban, perforations, and patches in the campus suggest that
fragmentation should generate large modification at different
levels of the ecosystem dynamics, and in consequence in the
ecosystem services.

Ecosystem Services

Water Infiltration

In the first scenario, considering only land use change, there
was a clear reduction in water infiltration capacity across time
(Figure 4); this reduction corresponds with the urban growth
patterns illustrated in Figure 2. In all scenarios, the highest
infiltration reduction (40%) was during the same time as the
most rapid urbanization of the campus. In scenarios 1 and
2, both considering that fragmentation patterns, not just land
use change, would affect water infiltration, we found a further
reduction in water infiltration capacity (Figure 4). All scenarios
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FIGURE 2 | Infrastructure and population of the UNAM campus (A) and
different types of urban infrastructure growth (B) from 1954 to 2015.
Population numbers are in thousands and refers to the people (academics,
students, and workers).

show a non-linear reduction of infiltration across time. Scenario
2 demonstrated the greatest reduction, where infiltration capacity
was at most 60%, due to increases in evaporation compared to
scenario 1, in which only urban and edge categories reduced
infiltration and the rest of the categories, although fragmented,
are capable of infiltrating the total amount of water received.

Biodiversity Engagement

The greatest number of species observations occurred when the
urban proportion of any given 1-ha unit was lower than 40%, and
the proportion of core habitat between 30 and 50% (Figure 5).
Additionally, areas with >40% perforations had large numbers of
observations. Although, there was also a peak in observations in
1-ha units of ~100% core habitat and 0% perforations. Therefore,
1-ha units with a mixed proportion of land use/land cover
categories had the largest number of observations.

Human Well-Being

There is a clear change in time spent traveling within the
campus along years based on the urban planning that generated
fragmentation of the campus (Figure6). Traveling by car
reduced mobility time (¢ = 3.20; p = 0.018), while cycling (t =
4.02; p = 0.007) and pedestrians (t = 3.38; p = 0.014) increased
almost twice the time of traveling from a school to the main
building in the University.

Biodiversity

While urban cover did not appear to be related to exotic
plant abundance, other landscape fragmentation categories were
closely related to the abundance and distribution of these species
(Figures 7A-J). The exotic grass, Pennisetum clandestinum,
abundance was most closely related to cover of perforations
(Figure 7G); as the proportion of perforation cover increased, so
did the cover of P. clandestinum. Pennisetum clandestinum was
negatively related to urban, patch, and edge cover. Eucalyptus
abundance increased with increasing edge cover (Figure 7F).
Additionally, Eucalyptus cover peaked in areas with between 20
and 50% urban cover (Figure 7]J).

DISCUSSION

Urban development policies have had direct influences on the
fragmentation process since the campus was established in 1954.
Some of these policies are related to historical and political trends
that the university has been involved. The first urban design
suggested a campus planned to avoid any internal movement
with cars, considering that most of the students and workers
arrived with public transportation. Also, this urban design
focused on facilitating the interaction among students and faculty
to increase multidisciplinary collaboration and was the answer
to separated schools originally scattered across the city center
from its foundation (Morales Schechinger and Garcia Jimenez,
2008). However, in the subsequent years, the urban development
in which the campus expanded, using the amount of undeveloped
area it still had, was the product of three main factors. First,
the type of expansion of Mexico City following the international
urban development trends of the creation of suburbs and the
increment of the use of cars for mobility (Jacobs, 1961). The
campus aligned to that type of development, pushing schools
and research facilities away from the central areas. Second, those
schools that were pushed away were often the ones with larger
numbers of student-activists (i.e., political science and sciences
students), that were involved in the social movement in 1968
that ended in violence just before the Olympic games. The
new distribution philosophy was to reduce interaction among
students that could generate further social movements (Garcia
Barrios, 2014). Finally, the creation of REPSA along different
areas of the campus, leaving scattered areas for development,
generated random decision making for placing new buildings
(Morales Schechinger and Garcia Jimenez, 2008) and the need
of roads and parking lots for each one, to supply the necessities of
the gentrified academy able to own a car.

These development processes increased the fragmentation of
the large natural areas on campus, which subsequently affected
the ecosystem services provided to the campus and surrounding
city. The loss of water infiltration, for example, appeared to be
highly related not only to the increase of urban land cover over
time (Zambrano et al., 2017), but also to fragmentation patterns.
Land use change based on urban development is the strongest
driver of water infiltration loss. However, our results show that
fragmentation, and the size, location, and type of greenspaces,
exacerbates the effect of land use change on infiltration, causing
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a further reduction. Future planning scenarios should consider
the ramifications of this loss, preserving large natural areas
in order to maintain water infiltration and reduce lowland
flooding events. However, future research is needed to consider
potential effects of fragmentation on temperature related to local
infiltration to confirm or reject these scenarios.

Here we utilized iNaturalist, one of the largest interactive
online platforms for recording, sharing, and identifying plants
and animals, to measure the UNAM community’s engagement
with nature on the campus. We found that experience with
nature was highest in areas of the campus that have a mix of
land cover, indicating that nature engagement may not always
be negatively affected by fragmentation. Biodiversity engagement
on the UNAM campus was greatest in areas with <40% urban
land cover, between 20 and 50% core forest cover, and >40%
perforation cover. These are regions of the campus that are on the
edges of the core natural areas and that have paths into the natural
areas. In fact, the largest number of iNaturalist observations come
from the Botanical Garden, which acts as a gateway to trails

that traverse the core forest areas on the western side of the
campus. University and public community members use these
trails and the less remote portions of the natural areas when
engaging with nature. Online platforms such as iNaturalist and
others (e.g., eBird), have been primarily used for citizen science,
such as determining distributions of particular species or groups
of species (Sullivan et al., 2014). They have not, to our knowledge,
been critically used to measure engagement and the ways in
which people engage across different land uses. Data such as
these can help us manage and plan natural areas in cities by
understanding where urbanites are most likely to engage with
nature in the city and where to focus programming to increase
education and stewardship.

Urban planning leading to fragmentation effects on mobility
is a phenomenon that must be reviewed from the historical
perspective mentioned above. As the interactions among students
from different schools were to be avoided (Garcia Barrios, 2014),
fragmentation has been produced by infrastructure mainly for
cars. Routes for cycling and pedestrian were not considered,
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and only recently a policy for better cycling routes, but not
for pedestrians, has been implemented (many streets do not
even have a sidewalk for pedestrians). Roads without sidewalks
or cycling infrastructure were built fragmenting all the green
spaces. Public transport is also deficient and therefore only
cars prevail using this infrastructure. This has produced a large
modification of social interactions within the campus (Sheller
and John, 2000), making a campus more car dependent with
negative social consequences (Kenworthy and Laube, 1999).
One of the consequences of increased cars on campus has
been traffic jams and scarcity of parking lots, both within the
campus. The time spent looking for parking or in traffic is not
included in our study of mobility. Therefore, time spent may
well have increased for cars over time, in addition to walking
and bicycling.

More than 75% of the population (mostly students and
workers) within the university move by walking, public
transportation, or cycling. If they have to move among buildings
at different regions of the campus, they could spend more than
70 min in this activity. Moreover, in the last 5 years, fences have
been built in some pedestrian paths as a response of insecurity
of some areas of the campus. These fences, surround many areas
that could be crossed directly previously, have increased traveling
times for pedestrians (pers obs). Therefore, fragmentation based
on car mobility influence influenced human well-being in this
particular case as happens in cities with fast urban expansion
(Travisi et al., 2010; Zhao, 2010; De Vos and Witlox, 2013).

Prevalence and abundance of invasive exotic species are often
used as an indicator of biodiversity loss (Butchart et al., 2010).
Two metrics of fragmentation were most closely related to
exotic species invasions: perforations and edges. Abundance of
P. clandestinum increased with increasing perforations in the

landscape. Pennisetum clandestinum is an invasive C4 grass,
native to Africa, that is highly drought tolerant (Williams and
Baruch, 2000). This species is also shade intolerant (Funk and
McDaniel, 2010) and most often found at forest edges, where
it spreads rapidly into newly cleared areas via vegetative spread
(Wilen and Holt, 1996; Williams and Baruch, 2000; Steffen et al.,
2011). At UNAM, P. clandestinum is often found along the
paths and cleared areas in RESPA. Over time, perforations have
increased (Figure 3), facilitating the spread of this invasive grass.
Eucalyptus, on the other hand, was associated with edge habitat
on the campus and does not as readily invade the core habitats.
Other studies have found that Eucalyptus is primarily restricted
to edges (Calvifio-Cancela and van Etten, 2018), indicating that
this species may be less likely to invade the core habitats of
RESPA. However, where Eucalyptus has invaded, it likely has
altered hydrology and nutrient cycling (Dukes and Mooney,
2004), as well as reduced native species establishment (Zhang
and Fu, 2009). These data suggest that we can expect more
invasions as the campus natural areas continue to be fragmented,
and edge effects increase due to both increases in edges
and perforations.

One of the most important consequences of the development
process at the UNAM was the fragmentation of core natural
habitat. In only a decade, between 1980 and 1990, the largest
core natural areas of over 100 ha in size were lost. Although we
do not have historic biodiversity data, this loss of these largest
core habitats, followed by further loss of additional core habitat
<100 ha, has important consequences for regional biodiversity.
As Mexico City has undergone rapid urbanization, REPSA is one
of the only remaining lava stone ecosystems in the region, making
it an essential refuge for the plants and animals indigenous to
this system (Ramirez-Cruz et al., 2019). The reserve continues to
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be threatened by urban development, human use, edge effects,
and invasive species. Managing this landscape to reduce these
impacts is imperative to preserving the unique natural history of
the region.

For the last 30 years, the rapid campus development
has led to conflicts between ensuring conservation of the
natural areas and infrastructure needs of the University,
leading to discussions among parties whenever new urban
development is proposed (Zambrano and Cano-Santana, 2016),
as has happened in the rest of the city (Calderon-Contreras
and Quiroz-Rosas, 2017). These process, and other factors
described above, have led to haphazard development of the
campus and construction of campus buildings and other
facilities that do not follow the existing master plans. Our
results here support the idea that fragmentation promotes
different responses in ecosystem services. For this reason,
the importance of developing, following, and adapting a
comprehensive master plan for a sustainable and resilient
campus. Ideally, one in which land sparing is emphasized, as
well as connecting instructional, research, administrative, and
other campus facilities in dense urban clusters and sustainable
transport planning, focusing on walking, bicycling, and public
transport (Balsas, 2003). These factors have been shown to lead
to better retention and graduation rates, because of positive
student experiences (Hajrasouliha, 2017). Additionally, when
land sparing is emphasized, biodiversity and ecosystem services,
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such as water infiltration, are enhanced (Soga et al, 2014;
Stott et al., 2015) leading to more sustainable and resilient
urban areas.

CONCLUSIONS

Although our study represents urban development processes in
a relatively small area in a large mega-city, we show important
implications of fragmentation for ecosystem services, human
well-being, and biodiversity. These relationships are moderated
by natural history, human activities, culture, and socio-political
events. We show here that the effects of fragmentation may
not always be negative but depends these complex factors.
Importantly, we show that the outcome of fragmentation
on ecosystem services provision is dependent not only on
the characteristics of the landscape, but also the ecosystem
service in question and the historical and social characteristics
of urbanization. While it is clear that fragmentation has
important negative consequences for biodiversity, biodiversity
engagement is enhanced with some level of fragmentation.
Future research should focus on evaluating general patterns
of the relationship between ecosystem services and human
well-being under complex system focuses. For the UNAM
campus, and cities as a whole, understanding the influences
of fragmentation processes on ecosystem services, human
well-being and biodiversity can aid in integrating the multiple,
sometimes conflicting, needs of people and biodiversity
in cities.
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