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As cities overgrow, the need for ecological restoration is becoming increasingly urgent,
especially in densely populated areas. Urban ecological restoration represents the
best approach to undertake damages to restore native ecosystem remnants fulfilling
biodiversity but also social goals in dense urban settings such as Mexico City. The
feasibility of restoring unique xerophytic scrub vegetation in lava field remnants was
evaluated in a portion of a university campus in Mexico City. Here we present an
index (Need and Feasibility of Restoration Index, NFRI) for such purpose. The NFRI
was designed through multicriteria analysis and considered ecological, economic, and
social indicators. Cluster and principal components analysis were carried out to identify
different groups of lava field remnants with similar characteristics and to point out
critical variables that in turn would support management strategies. The outcomes made
evident the necessity of restoring native vegetation for all of the evaluated remnants;
however, the group containing the largest ones obtained the highest values for restoration
feasibility and NFRI. The recovery of the rest of the remnants is critical to support the
ecological restoration of the area as this may provide connectivity with better-preserved
ecosystem remnants. When the restoration is unaffordable due to financial constraints,
it is highly recommended to direct efforts towards ecological rehabilitation actions. The
establishment of native xerophytic gardens is promoted when remnants cannot support a
self-sustainable plant community. It is crucial to include the diversity of views and values of
the community and the economic and ecological aspects to guarantee the sustainability
of the landscape, especially in the urban context. The latter can provide better planning
and design processes, ensuring benefits for humans and nature.

Keywords: urban ecological restoration, multicriteria analysis, priority of restoration, restoration feasibility,

xerophytic scrub, lava field, Mexico City
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INTRODUCTION

Around 70% of the human population will live in urban areas in
2050 (WHO, 2020). Cities are the places where people frequently
experience nature through urban green spaces; nevertheless,
the more people living in cities, the less room for nature and
opportunities to be in contact with it and its multiple benefits
(Cox et al., 2017). There is a dramatic tendency to a lower
perceived value of green space in cities, threatening provision and
its use (Kruize et al., 2019).

Some cities can host native ecosystem remnants within their
urban matrix or surroundings. Compared to conventional urban
green spaces like parks and gardens, native ecosystem remnants
can provide specific ecosystem services (Carlucci et al., 2020)
and host greater biodiversity including endangered plant species
(Ives et al., 2016), animal species that require non-disturbed
habitats (Kang et al., 2015) which also promote considerable
psychological benefits for urban dwellers (Fuller et al., 2007).
Moreover, these sites offer opportunities for people to develop
awareness about the original ecosystem and contribute to
the development of values and attitudes favoring biological
conservation at a local and global scale (Olive, 2014).

Despite their importance, urban native ecosystem remnants
are subjected to severe anthropogenic disturbances, posing a
risk of its prevalence (Natale et al., 2015). Under an urban
context, ecological restoration arises as a solution for conserving
biodiversity, connecting people to nature (Standish et al., 2013),
and strengthening s substantial nexus between human and
ecological health (Zhou and Li, 2020; Reaser et al., 2021).
Ecological restoration is the process by which the recovery of
a damaged, degraded, or destroyed site is assisted considering
the characteristics of a reference ecosystem (Gann et al., 2019).
Social, economic, and cultural dimensions should be followed
up carefully in each part of the restoration process to minimize
conflicts and to reach the goals effectively (Christian-Smith and
Merenlender, 2010).

While the ecological restoration of each of the damaged urban
ecosystem remnants within a particular area is desirable, it might
be unfeasible when severe financial constraints exist (Aguirre-
Salado et al., 2017). Selecting the sites where the success of
the restoration is elevated secures the goal’s achievement and
the maximizes benefits (Orsi and Geneletti, 2010). Furthermore,
success probabilities may increase if expectations and direct
involvement of stakeholders are considered throughout the
designing and decision-making processes (Gann et al., 2019).
Therefore, restoration objectives should consider the perceptions
and values of communities, particularly in areas with high
population density (Hychka and Druschke, 2017).

Restoration priority identification is seen as a multi-objective
planning task in which social and economic aspects should
be included (Guida-Johnson and Zuleta, 2017). A frequently
used method for this purpose is multicriteria analysis (MCA).
In this analysis, ecological, economic, and social variables are
evaluated and used to calculate a value representing the suitability
and priority for restoring a site (Orsi et al., 2011). This paper
aims to present a case study highlighting the importance of
planning and designing ecological restoration projects in densely

populated urban areas. Specifically, the study used an index
built through MCA to evaluate the need and the feasibility for
restoring native vegetation in Mexico City, one of the biggest
and crowded cities in the world. Our model comprised some
of the lava field remnants and green spaces within the main
campus of the National Autonomous University of Mexico
(UNAM). These sites are outside a university’s protected area (see
below). Therefore, their restoration is crucial for increasing buffer
zones, creating inter-connection corridors among remnants,
improving habitat quality, and making this ecosystem closer to
the university community to receive benefits and to contribute to
its conservation (Camarena, 2010; Lara-Deras, 2016). Moreover,
it is expected that this study may contribute to urgently recover
and keeping the linkages between human and ecosystems health
(Reaser et al., 2021) and to guarantee the sustainability of
landscape, especially in urban contexts.

METHODS

Study Site
The main campus of the UNAM hosts the Ecological Reserve
of the Pedregal of San Angel (REPSA, for its acronym in
Spanish) which protects 237.3 ha (Peralta-Higuera and Prado-
Molina, 2009) of one of the last native vegetation relicts within
Mexico City. These correspond to xerophytic scrub that grows
on a lava field, and this unique urban ecosystem also exists
outside the reserve. The substrate of the native ecosystem
corresponds to basaltic rocks produced by the eruption of
the Xitle volcano occurred in the year 280 ± 35 c.e. (Siebe,
2000). The complex topography of this substrate generates
numerous microhabitats, and its porosity produces edaphic
aridity, promoting the establishment of the xerophytic scrub
(Peralta-Higuera and Prado-Molina, 2009). The sites under study
are around the Olympic Stadium at the northwestern portion of
the campus (Figure 1). Thirty-nine lava field remnants (7.16 ha)
associated with green spaces were included in the analysis. These
are located between 19◦20’09” and 19◦19’43” N and 99◦11’23”
and 99◦11’52” W, at 2250m a.s.l. The weather is temperate sub-
humid with mean annual temperature of 15.6◦C. The total mean
annual precipitation is around 833mm, and the rainy season is
between June and October (Zambrano, 2016).

Survey
The degree to which a human community gives value to
the biodiversity in a specific place can impact the success of
environmental management actions and, therefore, restoration
feasibility. This value can be economical, socio-cultural, or
ecological. The way to evaluate the degree in which communities
value biodiversity is context dependent (Laurila-Pant et al., 2015).
In this study, a survey was conducted to document the opinion
of the university community members regarding the priority
of conservation and restoration actions, the conflicts between
different types of land uses, and to know if people consider that
the conservation of the native ecosystem may offer benefits to
the community. See Supplementary Materials 1, 2 to consult the
details for preparation and development of the survey and the
survey formats, respectively.
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FIGURE 1 | Study area and location of study sites. Location of Mexico City in Mexico (A); location of the lava field of San Ángel (grey polygon), University campus
(black polygon), the Ecological Reserve of the Pedregal of San Ángel (red polygon) and the study area (green polygon) within Mexico City (purple polygon) (B); location
of the 39 study sites (in red) around the University Olympic Stadium. This map was elaborated from a GIS archive of lava field remnants at the main campus provided
in 2017 by the Department of Cartography and Geographic Information Systems of the Executive Secretary of the Ecological Reserve of the Pedregal of San Angel.
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TABLE 1 | Ecological, economic, and social criteria and indicators to evaluate the need and feasibility.

Criteria Indicators Units Type of indicator

Factor: Need of restoration (w = 0.3)

Ecological criterion

Degree of conservation of native vegetation Similarity of vegetation with respect to a
preserved reference site.

Similarity percentage Negative

Factor: Restoration feasibility (w = 0.7)

Ecological criteria (w = 0.7)

Local source of native plant propagules (w = 0.1) Number of non-weed native plant species Number of species Positive

Competition with exotic and weedy species (w = 0.1) Cover of exotic and weedy species Cover percentage Negative

Conservation of the basaltic substrate (w = 0.1) Percentage of area covered by basaltic rock Percentage Positive

Patch shape (w = 0.2) Perimeter to area ratio m/m2 Negative

Patch size (w = 0.4) Area m2 Positive

Patch isolation (w = 0.1) Proximity analysis in FRAGSTATS Not apply Positive

Economic criteria (w = 0.15)

Economic cost of restoration Number of exotic trees to remove (w = 0.5) m3 Negative

Amount of basaltic rock to add (w = 0.5) m3 Negative

Social criteria (w = 0.15)

Anthropic impact (w = 0.33) Anthropic perturbation index (w = 0.33) Scale from 0 to 10 Negative

Negative anthropic interactions index
(w = 0.33)

Scale from 0 to 10 Negative

Number of irregular human settlements
(w = 0.33)

Value given to the native ecosystem (w = 0.33) Value given to the native ecosystem index Scale from 0 to 10 Positive

Disposition of the community to carry out restoration
actions (w = 0.33)

Disposition of the community to carry out
restoration actions index

Scale from 0 to 10 Positive

The units of each indicator are presented as well as their type. The indicators may be positive if their original measure scale has a direct relationship with the value given to the indicator

in the multicriteria analysis, or negative if it has an inverse relationship. Letter “w” indicates the weight given to each component of the multicriteria analysis.

Multicriteria Analysis Design
The design of the MCA used to build the index to evaluate
the need and feasibility of restoration included conceptual
considerations and methods from Orsi et al. (2011), Lithgow
et al. (2015) and Tobón et al. (2017). The need and the feasibility
of restoration, the main factors in the MCA design (Table 1)
were evaluated through ecological criteria, and feasibility was
also assessed with economic and social criteria. The criteria
were identified through literature review and the expertise of
people involved in vegetation restoration in lava fields within
the campus. Indicators of specific aspects observed in the field
and the literature were employed to evaluate criteria numerically
between 0 and 10. Indicators were considered positive if the
values in their original measuring scale had a direct relationship
with the value assigned to the criteria and negative if they had an
inverse relationship. See Supplementary Material 3 to review the
methods used to evaluate the criteria and indicators of the MCA.

Each one of the factors was weighted (Table 1). Weights
assigned to factors, type of restoration feasibility, criteria, and
indicators (MCA elements) are denoted with the letter w. The
weighing value was multiplied by the original value of the
different MCA elements. Since patch size and shape (part of
ecological feasibility) are important to determine the number
and type of species a remnant can support (Forman, 1995)
and might influence self-sustainability of the sites (Clewell and
Aronson, 2013) different weights were assigned to each one

of them (w = 0.4 and w = 0.2, respectively). The economic
indicators received the same weight since collaboration with
university entities involved in the quotation of restoration actions
in monetary terms was not fruitful. Thus, it was unfeasible
to distinguish the actions having significant importance in
determining the total cost of the project. Social feasibility
indicators and criteria also received equal weights.

The weighing method used by Tobón et al. (2017) was
employed to assign different scores between ecological and
socioeconomic feasibility. Mean values for both types of
restoration feasibility were plotted for different weighing
scenarios, and two lines were obtained; the point of interception
corresponded to the optimal scenario (Figure 2A). A weight
of 0.7 was assigned to ecological feasibility and of 0.3 to
socioeconomic feasibility (Figure 2A). The latter was divided
into equal parts (w = 0.15) between social and economic
feasibility. The samemethod was applied to determine the weight
assigned to the need (w= 0.3) and the feasibility factors (w= 0.7)
(Figure 2B).

To calculate the NFRI value to each site under study, we used
the following equation:

NFRI = (Nwn) +

(

m
∑

i=1

Fiwi

)

wf
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FIGURE 2 | Graphs representing the mean values of the two factors of the multicriteria analysis and two types of restoration feasibility along different weighting
scenarios. Graph for ecological and socioeconomic feasibility (A); graph for need and feasibility of restoration (B). Weighting scenario 1 starts with a weight of 0.1 and
0.9 to each variable respectively and scenario 9 correspond to a weight of 0.9 and 0.1 for the variables. In each scenario weights vary by 0.1 units.

where: N = value obtained for the need of restoration factor,
wn = weight assigned to the need of restoration factor,
wi = weight assigned to each type i of restoration feasibility
(ecological, economic, or social feasibility), Fi = value obtained
for each type i of restoration feasibility, wf = weight assigned to
each f restoration feasibility factor, and m = number of types of
restoration feasibility and respective weights.

The index and indicators criteria, types of restoration
feasibility, and factors of the MCA were standardized from zero
to ten. Then, the sites with the highest values of the NFRI have
elevated priority and highest feasibility of restoration. This index
is intended for use in sites with need of restoration greater
than zero. In addition, ArcGIS10 (ESRI Inc., Redlands, CA,
USA) was employed to build maps to visualized MCA results
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TABLE 2 | Values obtained for the 39 study sites for the different elements of the multicriteria analysis.

Site NFRI NR GRF ELRF ECRF SRF Site NFRI NR GRF ELRF ECRF SRF

1 4.97 9.51 3.02 1.28 9.95 4.24 21 4.93 9.47 2.99 1.26 9.43 4.63

2 5.18 9.27 3.43 1.94 9.57 4.24 22 4.92 9.38 3.01 1.23 9.57 4.74

3 4.90 7.93 3.6 2.17 9.69 4.16 23 5.01 9.62 3.03 1.3 9.99 4.18

4 5.42 9.47 3.69 2.61 8.33 4.07 24 4.62 7.96 3.19 1.61 9.74 3.99

5 5.16 8.75 3.62 2.32 9.23 4.1 25 4.80 9.05 2.98 1.28 8.88 5.02

6 4.96 9.33 3.09 1.34 9.33 5.06 26 5.11 9.84 3.08 1.99 6.2 5.05

7 4.55 8.06 3.04 1.44 9.61 3.95 27 4.68 7.89 3.31 2.11 8.14 4.05

8 6.90 6.82 6.94 8.2 3.75 4.22 28 4.65 8.98 2.8 1.01 9.81 4.16

9 5.11 9.32 3.3 2.16 7.08 4.86 29 4.62 8.08 3.13 1.41 9.99 4.29

10 4.74 9.14 2.86 1.27 8.99 4.13 30 4.54 7.96 3.08 1.35 9.98 4.25

11 5.62 6.19 5.37 6.71 0.05 4.45 31 4.81 9.11 2.97 1.27 9.71 4.15

12 5.36 9.57 3.56 2.43 7.28 5.12 32 4.82 9.64 2.76 1 9.6 4.15

13 4.59 9.53 2.47 0.35 9.76 5.08 33 5.06 9.46 3.18 2.1 7.32 4.09

14 5.02 8.96 3.33 2.04 8.42 4.26 34 4.84 9.17 2.98 2.46 4.31 4.07

15 5.20 9.18 3.49 1.9 9.97 4.43 35 5.37 9.72 3.51 2.72 5.72 5

16 4.71 7.64 3.45 1.9 9.89 4.25 36 5.04 8.39 3.61 2.68 7.49 4.06

17 4.84 9.07 3.03 1.59 8.58 4.18 37 4.91 8.14 3.53 2.19 9.08 4.23

18 5.56 9.6 3.83 2.85 7.1 5.11 38 4.87 8.91 3.14 2.02 7.5 4.01

19 4.94 8.95 3.22 1.66 9.06 4.64 39 5.13 9.4 3.3 1.74 9.56 4.31

20 4.90 8.06 3.55 2.31 8.66 4.22

Minimum and maximum values for each element are presented in bold underlined. NFRI, Need and Feasibility of Restoration Index; NR, need of restoration; GRF, general restoration

feasibility; ELRF, ecological restoration feasibility; ECRF, economic restoration feasibility; SRF, social restoration feasibility.

geographically. The coordinate system WGS 1984 UTM Zone
14N and Transverse Mercator Projection were used for all the
maps presented.

Cluster and Principal Components Analysis
Standardized data of the MCA elements (Table 1) were used
to implement a cluster analysis by the calculation of Euclidean
distances and use complete linkage together with a principal
component analysis (PCA) in R version 3.5.2 (R Core Team,
2018). The code and database used to conduct such analyses can
be consulted in Supplementary Materials 4, 5, respectively. The
complete linkage clustering method was chosen since it showed
a high correlation (0.92, p-value <0.001) between calculated
Euclidean distances and cophenetic distances (Legendre and
Legendre, 2012). The dendrogram was cut to get four groups
of study sites represented in the biplot obtained with the PCA.
The statistical significance of the PC was tested by following
the Broken stick method (Legendre and Legendre, 2012). The
first and second PC were significant, making possible, their
interpretation. These analyses were conducted to identify groups
of sites with similar characteristics in terms of the MCA
elements and where similar management strategies can be
applied. The analyses were also used to identify MCA elements
critical to determine variability between groups and define
the NFRI.

RESULTS

Index Values
An index (Need and Feasibility of Restoration Index, NFRI)
based onmulticriteria analysis, considering ecological, economic,
and social indicators was designed and applied to assess the
need and feasibility of restoring native vegetation in lava
field remnants in Mexico City. Thirty-nine remnants at the
main campus of the UNAM were evaluated; the outcomes
indicated that all of them have a high need for restoration,
but only some have high feasibility. For each site, values
for MCA elements were obtained (Table 2). Regarding the
need for restoration factor, the sites with values above six
have priority to be restored (Figure 3A) since their vegetation
structure differs more than 60% from reference sites. Most
of the sites showed the need for restoration values between
nine and 10 (Table 2), indicating that their xerophytic scrub
native vegetation is highly degraded. Sites 8 and 11 had the
lowest values of the need of restoration. However, these two
sites showed the highest values (8.2 and 6.71, respectively)
for the restoration feasibility factor, while the rest of the
sites had values under three (Figure 3B). Moreover, for the
NFRI of the native vegetation, it was also the site 8 the one
with the highest value (Figure 3C), whereas the 13 showed
the lowest value of all the 39 sites (see Table 2). Results for
the different types of restoration feasibility are showed in
Supplementary Material 6.
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FIGURE 3 | Maps showing the main results of the multicriteria analysis for the
study sites around the University Olympic Stadium. Need of restoration (A);
Restoration feasibility (B); Need and feasibility of restoration index (NFRI) (C).

Cluster and Classification Groups
The cluster and PCA showed that the PC1 and PC2 explained
68% of the total variance. Pearson correlation coefficients
between the PC’s are presented in Table 3. MCA elements that
showed higher correlation with PC1 (>0.6, p < 0.001) are
related to ecological and economic restoration feasibility, and
particularly to the size and shape of the sites, number of native
plant species, amount of basaltic rock to be added to and volume
of exotic trees to be removed. For the social feasibility, the
indicator of the number of irregular human settlements showed
a high correlation (−0.901, p < 0.001) with PC1 since solely the
most extensive sites (8 and 11) had irregular settlements. NFRI
also showed a high correlation with PC1 (0.819, p< 0.001). MCA
elements that showed a higher correlation with PC2 (>0.65,
p < 0.001) mainly correspond to social feasibility criteria such
as disposition of the local community and value of the native
ecosystem. Competition with exotic and weed plant species and
the degree of conservation of the basalt substrate criteria were
also correlated to PC2.

Through the analysis of classification group, the study sites
were clustered in four groups. Figure 4 represents the results of
cluster and PC analyses. Group 1 includes sites located within
the university entities or in the stadium parking lot. In contrast
with sites from group 3, these sites have better-preserved basalt
substrate, and the dominance of exotic and weed plant species is
lower than in the rest of the groups. Concerning social feasibility,
sites from group 1 have lower values than group 3 because
of the different opinions (in favor and against restoration) of
the community with respect to the value given to the native
ecosystem and disposition to carry out restoration actions. The
sites conforming the group 2 (within the university entities
and in the stadium parking lot) are relatively small and have a
rugged topography preventing the access and reducing anthropic
disturbance. The basalt substrate is relatively well-preserved and
because of the small area few exotic trees should be removed
and only added small volume of basaltic rocks. Study sites
from group 3 are located outside university entities and in the
stadium parking lot. The social feasibility value is also high since
gardeners and street sweepers (actors closely related to these
sites) thoroughly support the restoration and the rescue of lava
field remnants. The economic restoration feasibility values for
these sites go from high to intermediate, while the values for the
ecological feasibility go from low to intermediate. This group has
relatively low values for the degree of conservation of the basalt
substrate, and the presence of exotic and weed plant species is
evident. Group 4, comprising the largest and closer to each other
sites with low isolation values, is distinguishable from the other
three groups because of the high NFRI value due in part to the
higher ecological feasibility.

DISCUSSION

This work relied on the design and application of a multicriteria
analysis index (Need and Feasibility of Restoration Index, NFRI)
to assess the need and the feasibility of restoring native vegetation
in the lava field remnants in Mexico City. Ecological, economic,
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TABLE 3 | Proportion of variance explained by the first two principal components (PC) and Pearson correlation of PC’s with each element of the multicriteria analysis.

Elements of the multicriteria analysis PC1 PC2

Explained variance 0.49 0.19

Need of restoration −0.551*** 0.583***

Restoration feasibility 0.913*** −0.265

Ecological restoration feasibility 0.968*** −0.209

Local source of native plant propagules 0.809*** −0.426**

Competition with exotic and weedy species 0.213 −0.686***

Conservation of the basaltic substrate −0.166 −0.734***

Patch shape 0.914*** 0.129

Patch size 0.981*** 0.016

Patch isolation 0.145 −0.130

Economic restoration feasibility −0.887*** −0.137

Number of exotic trees to remove −0.628*** −0.085

Amount of basaltic rock to add −0.953*** −0.159

Social restoration feasibility 0.116 0.894***

Anthropic impact −0.906*** 0.108

Anthropic perturbation index −0.299 −0.121

Negative anthropic interactions index −0.249 −0.123

Number of irregular human settlements −0.901*** 0.215

Value given to the native ecosystem index 0.484** 0.791***

Disposition of the community to carry out restoration actions index 0.572*** 0.727***

NFRI 0.819*** 0.020

**p-value < 0.01; ***p-value < 0.001.

and social indicators were included for the design, and then it was
applied in several lava field remnants within a campus university
in Mexico City. The findings pointed out the urgent need to
restore the native vegetation of the 39 remnants understudy
and the importance of linking landscape to social-ecological
indicators to conserve biodiversity and people’s well-being.

Degradation of the native vegetation in the study sites around
the university stadium is due mainly to anthropic perturbations.
These sites are under severe pressure because of the urban
matrix in which are immersed, and where impacts can be
grievous concerning other types of landscape matrices (Vilà
and Ibáñez, 2011). Some of the perturbations include change
of the hydric regime by watering of green spaces, general
removal of plant cover, deposition of organic and inorganic
waste, the introduction of exotic species, and trampling of sites.
Furthermore, the fragmentation of the ecosystem may have led
to changes in the microclimatic conditions within the remnant
patches by border effect that have facilitated the invasion of
exotic and weed plant species, reducing native species richness
(Saunders et al., 1991). In tropical forests, it is known that the
border effect has negative impacts on the whole area of patches
of <10 ha (Ceccon, 2013). For the xerophytic scrub at the study
site, exotic invasive plant species associated with borders such as
Cenchrus clandestinum can be found within the first 41m from
borderline of the REPSA core zones (unpublished data). It is
desirable to conduct further studies in the campus to evaluate
the border effect on xerophytic scrub vegetation and to identify
the minimal size a patch should have to preserve the vegetation
structure of reference sites. The largest remnants (approximately

one ha) were already affected by exotic and weed plant species.
Their vegetation structure differed as much as 60% concerning
reference sites located within the core zones of the REPSA.

Large remnants showed less need for restoration since the
vegetation community structure tends to be similar to well-
preserved areas. In contrast, small patches, subjected to a greater
border effect, had more significant vegetation degradation.
This phenomenon may also be associated to relatively higher
ecological restoration feasibility for larger remnants since the
border effect is expected to be lower and native species could
recolonize the sites. Sites 8 and 11 obtained the highest values
for the NFRI (6.9 and 5.62, respectively; Table 2) mainly due to
their high ecological restoration feasibility; hence, their recovery
should be a priority. The ecological feasibility of these sites can
be explained by their larger size and lower perimeter to area ratio
that may reduce border effects and favor the presence of native
species to recolonize degraded portions.

The recovery of the sites from group 4 could be economically
expensive because of the loss of large portions of basalt substrate
and the removal of countless exotic trees. Restoration actions in
all of the sites with values of economic feasibility higher than 9
(53.8% of the sites) would be more affordable than restoration
in only sites 8 and 11 due that 143 exotics trees need to be
removed against 86 of the rest of the sites, whereas 47,873 m3 of
rocks are to be added versus 18,069 m3. Moreover, the removal
of irregular human settlements in group 4 sites could cause
social conflicts.

In this complicated social-ecological scenario for large
remnants, costly restoration actions could be reduced by
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FIGURE 4 | Classification and principal components analysis results. (A) biplot of the principal component analysis where the different colors of the study site
numbers represent the four groups obtained in the classification analysis. NR, need of restoration; LOC_SOR_NAT_PLANT, local source of native plant propagules;

(Continued)
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FIGURE 4 | COMP_ECO_WEED, competition with exotic and weedy species; SHAPE, patch shape; SIZE, patch size; ISOLATION, patch isolation; BAS_SUBS,
conservation of the basaltic substrate; ECOL_FEAS, ecological restoration feasibility; BAS_ROCK_AMO, amount of basaltic rock to add; EXO_TREE_AMO, number of
exotic trees to remove; ECON_FEAS, economic restoration feasibility; ANTH_PERT, anthropic perturbation index; NEG_ANTH_INTER, negative anthropic interactions
index; IRR_HUM_SETT, number of irregular human settlements; ANTH_IMPACT, anthropic impact; VALUE_ECOSYS, value given to the native ecosystem index;
DISPO, disposition of the community to carry out restoration actions index; SOC_FEAS, social feasibility; REST_FEAS, restoration feasibility; NFRI, Need and
Feasibility of Restoration Index. (B) map showing the groups obtained in the classification analysis.

directing efforts in areas that still maintain their original rocky
substrate and conducting ecological rehabilitation in areas where
the rocky substrate has been lost. This type of restoration
implies removing inorganic wastes, protecting sites to avoid
human incursions and their associated perturbation, establishing
native plants that do not require a rocky substrate to thrive,
and the control of exotic invasive species. Previous ecological
restoration studies (see Estañol-Tecuatl and Cano-Santana, 2017)
found that the addition of basaltic rocks does not necessarily
promote the establishment of a xerophytic scrub; instead, it may
favor the establishment of an arboreal stratum that is rooted in
the ground under the rocks and preventing the establishment
of exotic and weed species. Therefore, ecological rehabilitation
represents an alternative for severely degraded areas of large
remnants. Those whose ecological characteristics and degree of
perturbation prevent the restoration of the original xerophytic
scrub ecosystem.

In ecological terms, restoration or rehabilitation of small
remnants could be a significant challenge due to the border
effect and the high degradation of the native vegetation. Recovery
strategies such as xeriscaping (replacing grassy lawns with soil,
rocks, and native plant species) could be applied. Recovery
actions include establishing and maintaining xerophytic gardens
designed with native species, constant monitoring, and control of
exotics (Camarena, 2010; Lara-Deras, 2016). This management
may also positively affect the recovery of large remnants, for
instance, eliminating invasive exotic species sources (Vilà and
Ibáñez, 2011). Since several small remnants are located within
university buildings, the xerophytic gardens can underscore
the importance of the xerophytic scrub ecosystem to the
community members. It is also an opportunity to promote
community labor, participation, and the recovery of social bonds
by developing gardening and conservation activities (Lara-Deras,
2016).

Actions of restoration, rehabilitation, or establishment of
xerophytic gardens require to consider the diversity of opinions
of the university community (Nassour et al., 2020) as this
was reflected in the intermediate values obtained for the
criteria of value given to it and the disposition to implement
restoration actions (Table 2). These opinions sometimes seem
contradictory because of the different potential uses people
consider appropriate for green spaces in and around the
university entities. This social-ecological problem could be
addressed by providing more information about the historical
and ecological importance of the native xerophytic scrub
ecosystem and its conservation. Furthermore, spaces for
reflection and discussion, especially between group of people
with opposed views, should be promoted by the university
authorities to address the problematics posed by the growth of

infrastructure in the campus and the desire of specific groups to
preserve the last remnants of natural ecosystems.

CONCLUSIONS

The need and the feasibility of restoring unique xerophytic
scrub vegetation in lava field remnants were evaluated in a
portion of a university campus in Mexico City. We develop an
index (Need and Feasibility of Restoration Index, NFRI) through
multicriteria analysis and considering ecological, economic, and
social indicators. It was found that urban ecological restoration
represents the best approach to undertake damages to restore
native ecosystem remnants fulfilling biodiversity but also social
goals in dense urban settings such as Mexico City. The outcomes
made evident the necessity of restoring native vegetation for
all the remnants considered in this study. However, the group
containing the two largest remnants obtained the highest values
for restoration feasibility and NFRI. The recovery of the rest
of the remnants is critical to support the ecological restoration
of the area as this may provide connectivity with better-
conserved ecosystem remnants. In addition, when the restoration
is unaffordable because of financial resources constraints, it
is highly recommended to direct efforts towards ecological
rehabilitation actions. In this study, the establishment of native
xerophytic gardens is promoted when remnants cannot support
a self-sustainable plant community.

Finally, it is essential to note the limitations of this study. On
the one hand, one of the main limitations reside in the obtention
of social indicators. For instance, data considering nocturnal
activities of the university community were not assessed. Some
individuals from specific institutions were reluctant to answer
the survey, therefore, information associated with these study
sites was poorly represented. In addition, some of the remnants,
especially those near the Olympic Stadium and closer to open
areas, present severe difficulties for restoration. In those areas
where the community has total access, the restoration process will
slow down, and a possible rehabilitation process or any simple
action will be stopped at all.

On the other hand, concerning the methods, the main
limitation was the definition of the weighting of the multicriteria
analysis. A small group of experts did this definition; however, by
considering a larger group of experts or other stakeholders, the
model could increase its robustness. Finally, although different
kinds of variables were integrated into the analysis, some others
including the legal status of the sites, the presence of trained
security personnel, the degree of conservation and mobility of
the fauna, the presence of geologically relevant elements, and
the quality of the urban matrix were missing and yet crucial to
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contribute on determining the feasibility of restoring the lava
field remnants and their conservation.
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