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Abstract

Loss of green spaces due to urban sprawl is one of the greatest current threats to biodiversity as it leads to habitat
fragmentation and loss of native species. Given this scenario, green roofs have been positioned as an alternative technology
that allows us to take advantage of the underutilized spaces in city buildings, such as roofs, to generate a habitat for the local
flora while providing several environmental, social, and economical benefits. In Mexico City, where 80 % of its surface is
covered by buildings and roads, this system was first tested more than twenty years ago. Given the ecosystem importance
that has been recognized on this technology in various countries, this study sought to determine the species composition
of flora that can be supported in extensive, semi-extensive and intensive green roofs in three sites in Mexico City, as well as
evaluate seasonal changes in their communities and determine the causes of variations between sites. To accomplish this,
we carried out seasonal censuses for vegetation during 2017 and 2018. As a result, we found 236 species of plants. We found
out that the main factors of variation of the diversity between green roofs correspond to the plant taxonomic diversity and
to the application of supplementary irrigation during the dry season. These results allow us to conclude that green roofs
effectively fulfill the function of being a habitat for plant species in the urban matrix of Mexico City that compensate the
loss of green areas.

Introduction

Our planet has experienced rapid urbanization during the last century leading to megacities by the migration of rural
population to urban areas in search of better economic opportunities. Now about 50% of the global population lives in urban
areas, and by 2050 it is estimated that this proportion will be over 65% [1,2]. It had been reported [3] that in Latin America
and the Caribbean, an average of 80% of its inhabitants live in urban areas, and are also experiencing biodiversity loss within
and beyond their physical limits, with consequences to the well-being of their citizens [4,5].This leads to the transformation
of previously rural lands into urbanized [5] and industrialized areas leading to biodiversity loss [6-10] that alter the
ecological balance [11] with negative implications in several order of human life. According to Preston [12] experience
confirms the right, between others, to a clean, healthy and sustainable environment, ecosystems and biodiversity.The link
between the presence of green spaces in terms of ecosystem services as health benefits (mental, clinical and physical),
and spaces for physical activities has been recognized to improve health [13-16]. In this way the stability and health of
ecosystems depend on biodiversity [17] which has its base on plant diversity, determining the structure and communities
of the other living things associated with it [18]. Plants have unique functions like photosynthesis, which capture carbon
dioxide and release oxygen and water to the atmosphere they are also the base of the trophic chain [19] Also, it is known
that some species capture contaminants like heavy metals [20], polycyclic aromatics compounds [21] and carbon [22,23]. A
solution is the greening of citie [24], and one is the establishment of green roofs. Urban centers have less than 50% of rich
species of plants [25], not only due to the systematic removal of green areas but also to the homogenization of vegetation
inherent to urbanization [26], since common species with high resistance are favored over native species [27]. Green spaces
in the urban matrix are quickly becoming important refuges for native biodiversity [28].Since 1997, Sorensen et al. [28]
mentioned that urban green spaces, or urban green areas, must not only serve the needs of all urban residents, but they
must also participate fully in it, and other authors [30] added their contribution to people from physical and mental aspects,
where recreational needs are met, the community identity is strengthened and which are developed and organized by being
considered along with the structure masses. By now it is recognized that this is one of the solutions in the cities, particularly
extremely necessary in developing countries [31-32], and essential to promote environmental sustainability as their acts as a
natural buffers against pollution and supporting biodiversity [33], and retain rainwater [34].Urban vegetation [35], also known
as urban greening systems, includes grasses, trees, forests, facades, and green roofs, [36] have been developed over the last
few decades as part of the urban structure, seeking to mitigate the loss of green areas in cities and recover the ecosystemic
functions of vegetation. They contribute significantly to maintaining the ecological balance, improve environmental quality,
enhance the scenic beauty of the urban environment and provide important qualities of identity and legibility of the image
of the city [37]. In particular, green roofs are recognized as refuges for biodiversity as they are spaces inaccessible to the
general public, where the vegetation placed is mostly native [39-39] due that the amount of alien species displaces the
native ones [40]. The environmental benefits provided derive from their functioning as ecosystems [41-43].Thanks to the
various economic, ecological and social benefits they offer, their use has become popular in several countries to the point of
even being mandatory to install (44). This technology is recognized as one of the most promising for increasing the green
surface areas in cities (45).In general a green roof is defined as a vegetative roof system that contains live plants atop the
roof membrane (46). They are made up of different layers and thicknesses that vary depending on the type of cover and/
or climatic conditions; the basic layers of the roof upwards are generally: a waterproofing layer, a root barrier, a drainage,
a filter, a substrate and a vegetation layer (47). Depending on their use there are extensive, semi-intensive and intensive
green roofs, which vary in substrate depth, plant type and maintenance (42-43). Also, derived from their importance for
biodiversity, have been known as biodiverse roofs, biodiversity roofs, or green roofs for biodiversity (48) and it is believed
that green roofs can promote urban biodiversity (49).
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One important menace to urban biodiversity is derived from the fragmentation
and heterogeneity of the urban landscape caused by changes in land use (50) due to
the aforementioned growth of migration of population to the cities, that increment
the impervious surfaces and reduce urban plant diversity [18]. Therefore, considering
the importance of the conservation of germplasm and biodiversity, this research we
set out to determine the richness and diversity of vascular plants present in three
green roofs of Mexico City, of different types and environments, and to analyze the
variations between seasons and between study sites. The main purpose of this study
was to determine the richness and diversity of flora (vascular plants) in three green
roofs of MexicoCity of different types and environments, and to analyze the variations
between seasons and between study sites to evaluate their importance as sites of plant
biodiversity and conservation

Materials and Methods
Study sites

Three green roofs located in different parts of Mexico City with different
configurations and green spaces in the surrounding areas were studied during the
period between August 2017 and July 2018. The first (extensive) is located in the living
plant collections building of the Botanical Garden (BG) at the southwest of National
Autonomous University of Mexico (UNAM by its acronym in Spanish) and is the first
one installed in Mexico City in 1999. The second (semi- intensive) is located in the
central body of the Scientific Research Coordination east of UNAM (SRC) with six
years old. The third (intensive) is located in the building that houses the Fine Arts
Center of the private school The American School Foundation (ASF) located northwest
of Mexico City with six years old. All sites have a lightweight substrate appropriate
for green roofs, with light and porous volcanic material combined with compost (Table
1, Figure 1).

Table 1: Main characteristics of the studied green roofs.

Scientific The American
Botanical
Characteristics Research School
Garden
Coordination Foundation
Type Extensive Semi-intensive Intensive

Area (m?) 260 400 760
Age (years) 21 6 6
Substrate depth (cm) 9 12 8
Building height (m) 3 8 13

Maintenance Low Medium High

-1 @ WO L a8 A
Figure 1: Surroundings of each green roof (marked in yellow). A: Extensive in

the Botanical Garden; B: Semi-Intensive in the Scientific Research Coordination;
C: Intensive in the American School Foundation.

Species richness and plant classification

It was determined through two exhaustive censuses on each entire green roof.
The first was conducted during the rainy season, from August to September 2017, and
the second during the dry season, from March to April 2018. The lists obtained were
compared to determine the presence, absence, or species turnover between seasons.

Plants were classified in two categories according to their origin on the green
roofs: planted and wild species.

Identification was carried out using botanical keys [51-52] and consultation with
specialists, as well as with the help of lists published for the REPSA [53].

Statistics

Taxonomic diversity was analyzed using the Clarke-Warwick taxonomic
distinctness index (A+) using Primer V7 software [54]. The similarity in category
composition between sites was determined using the Jaccard Index (JT) and illustrated
in a Venn-Euler diagram. Differences in richness between sites and categories
were determined using a %2 test. Significance was determined using a standardized
residuals test.

Meteorological characteristics

In each study site maximum, average and minimum values of temperature and
relative humidity, as well as precipitation values data were collected. For the BG
and SRC data were obtained through the meteorological stations located within each
site and were analyzed through the HOBOware software version 3.7.12. For the ASF
the data were obtained from the meteorological station located 1.13 km northeast, at
the National Preparatory School No. 4 (UNAM), through the electronic site of the
University Network of Atmospheric Observatories

Results
Meteorological characteristics

The general climate in Mexico City is temperate subhumid [Cb(w1)(w)] [55].
According to this research, the rainy season was in May-October and the dry season
from November to April with no differences among sites (X2= 256.65, fd= 2, P= 0.1
(Figure 2 A). The monthly average temperature records were very similar between
sites; X2= 0.22, fd= 2, P= 0.1 (Figure 2 B); although a low annual average value is
observed in the BG (4.72°C) and a high average in the ASF (9.10°C). This variation
coincides with the recognized increase in temperature in paved or built-up areas (heat
island effect), where absorbed solar radiation is greater, as well as with its decrease
in urban green areas, where low absorption of solar radiation and evapotranspiration
maintain a cooler environment [56]. Relative humidity is also similar (Figure 2 C)
between sites within no differences (X2= 0.42, fd=2, P=0.1
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Figure 2: Climatic characteristics by study site. Precipitation (A), mean
temperature (B) and mean relative humidity (C). Is notably the difference in
precipitation between the rainy season (august, september,,- october 2017; may,
june,,- july 2018) with the dry season (november and december 2017; january to
june 2018). Same behavior is observed in mean temperature and mean relative
humidity.
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Plant classification

A total of 236 species were identified across the three sites and two seasons,
belonging to 45 families and 22 orders (see the complete list in SI 1). The orders with
the highest species richness were Asparagales with 37 species and Asterales with 35
species (Figure 3). 91 species were planted and 145 emerged wildly from the seed bank
soil and from dispersion by the wind.
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Figure 3: Number of plant orders named according APG IV [57] The number of
species is indicated in each one. The orders with the highest number of species
richness were Asparagales and Asterales.

Taxonomic diversity and species richness

The highest taxonomic diversity was recorded in BG followed by and ASF. In
contrast, ASF recorded the highest species richness, followed by BG and SRC (Table
2).

Planted species were most abundant in the ASF, where total species abundance
increased by 105% due to the development of wild species. In contrast, planted species
abundance was lowest in the BG, while total species abundance increased by 185%
thanks to the establishment of multiple wild species (Table 2).

Table 2: Taxonomic diversity (A+) and species richness (S) per category identified
at each site: Botanical Garden (BG, extensive green roof), Scientific Research
Coordination (SRC, semi-intensive green roof) and American School Foundation
(ASF, intensive green roof). Planted species were more abundant in the ASF and
lowest in the BG.

Site Category Total
Planted Wild
BG A+ 65.69 76.03 77.04
S 34 63 97
SRC A+ 74.25 74.40 76.51
S 40 55 95
ASF A+ 65.53 73.70 75.20
S 52 58 110

Of the total species recorded, 91 (38.56%) are planted and 145 (61.44%) were
wild. Among the planted genera, those with the highest species richness were Agave
(S=25), Echeveria (S=14), Sedum (S=8), and Opuntia (S=7). Among the wild genera
the families with the highest species richness were Asteraceae (S=30), Poaceae (S=16),
Fabaceae (S=14), Euphorbiaceae (S=12), and Convolvulaceae (S=9).

Composition of planted and wild species

Based on the analysis of site composition, it was found that all sites share the
families Asteraceae, Asparagaceae, Cactaceae, and Crassulaceae. Similarly, twelve
species were recorded across all sites, which are: Agave mitis, Dahlia sorensenii,
Echeveria agavoides, E. gibbiflora, Graptopetalum paraguayense, Opuntia
robusta, O. joconostle, Pittocaulon praecox, Sedum dendroideum, S. moranense, S.
pachyphyllum and S. rubrotinctum.

According to Jaccard similarity for planted species the BG-ASF subset has the
greatest similarity (IJ = 27.54%), while the subsets that include the SRC are less
similar (SRC-ASF = 21.62%, BG-SRC = 21.31%). The Jaccard Index for wild species
indicates that the greatest similarity was recorded in the SRC-ASF subset (1J= 18.75%),
while the subsets that include BG obtained lower values (BG-SRC= 9.35%, BG-ASF=
6.25%). The number of species shared between sites in this category is lower than in
the previous one, amounting to only six (Cosmos bipinnatus, Ipomoea sp., Mecardonia
procumbens, Medicago polymorpha, Oxalis lunulata, and Poaceae sp.). Based on the
environment of each site, it is notable that ASF and SRC share more wild species. For
both categories, the dissimilarity observed between sites is notable, with more than
70% of the primary species at each site being unique to them, while for wild species
this proportion is greater than 80% across all sites.The first census, conducted during
the rainy season, recorded greater species richness at all sites compared to the second
one, conducted during the dry season. However, species richness by category varied
significantly across sites. For planted species, their persistence at all sites was greater
than 96%, with no significant differences between them (¥2 = 0.142, d.f. =2, p=0.932).
Species not observed during the dry season were Manfreda scabra in the BG, Cestrum
sp. in the SRC, and Agave weberii and Zea mays in the ASF. In contrast, wild species
showed a very significant difference (y2= 86,467, d.f.= 2, p<0.001), with 57.45% of the
species remaining in SRC, 44.74% in ASF, and only 9.52% in BG. Species turnover
during the dry season was only recorded at SRC and ASF sites, with the latter being

more numerous (Figure 4).
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Figure 4: Species richness of planted and wild species during the rainy and
drought seasons in each study site: BG (Botanical Garden), extensive green roof;
SRC (Scientific Research Coordination), semi-intensive green roof. and ASF
(American School Foundation), intensive green roof. For each group is indicated
%2 value, freedom degree and significance level.

Discussion

In Mexico, this study is the first to determine the composition of the plant
community in these incipient habitats.

The species richness present in the studied sites is high compared to other studies
conducted in Europe [58-59] in six and 15 green roofs, respectively, even though the
number of green roofs considered was greater, the richness is lower than that found in the
present study. Similarly, in the work by Madre et al. [60], a greater richness is reported,
although the number of sites studied was much higher (115 green roofs). Dunnett et
al. [61] who report for Sheffield (United Kingdom) only 50 species in one green roof.
The presence of lower richness in these studies may be due to the temperate climate
typical of European cities, contrary to the warm climate predominant in Mexico, as
well as to the high floral diversity that our country has.It is noteworthy that at least 65
of the species found in the present study are reported as native or naturalized within
the conservation areas of Mexico City [62-63].Within the composition determined
in the studied sites, three species were found (Sedum moranense, S. reflexum and S.
rubrotinctum) and six genera (Dalea, Manfreda, Muhlenbergia, Opuntia, Portulaca
and Salvia), which coincide with the lists of effective vegetation for green roofs by
location [64]. At this point, it is possible to join the efforts of these authors and propose
the use of the primary species recorded in this study (SI 1) as effective species on green
roofs in Mexico City, thanks to their high survival between seasons and their ability to
develop in arid environments and shallow substrates. In particular, those belonging to
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the Asparagaceae,Cactaceae and Crassulaceae families are recommended due to their
ability to develop under extreme conditions of heat and aridity [65]. Their permanence
has been confirmed in BG, where Agave salmiana, A. difformis, A. horrida, Echeveria
gibbiflora, Sedum agavoides, S. dendroideum, S. rubrotinctum, Opuntia ficus-indica
and O. streptacantha have lasted since the initial planting, more than 20 years ago.
The richness of the site is determined by various factors. For planted species, their
presence on green roofs is deliberate, so their composition depends on both the use of
the site and the available space. Thus, the larger the roof, the greater the floral richness
that can be accommodated. For wild species, the surrounding green areas and the
dispersal capacity of the plant populations found there are likely to influence the plant
composition, while the height of the buildings where the green roofs are located may
represent a barrier to the arrival of these plants. Based on the comparison of richness
and taxonomic diversity, the latter best explains the plant diversity at the studied sites.
An example of this is the ASF where the highest species richness and lowest taxonomic
diversity were simultaneously recorded. The analysis of taxonomic diversity by
category (Table 2) shows that the index for primary species at the BG and ASF sites is
very similar, as they primarily comprise Cactaceae, Crassulaceae and Asparagaceae
families. In contrast, the index obtained at the SRC is higher thanks to the inclusion
of a greater variety of plants, including grasses and shrubs. For wild species, diversity
depends on several factors. At BG, for example, the absence of weeding activities may
allow the arrival of a large number of wild plants, while increasing their competition for
space. In contrast, at the SRC and ASF wedding activities prevent their establishment
but favor the emergence of replacement species, thanks to the absence of competitors.It
is important to highlight that the high species richness of the sites is not related to high
taxonomic diversity, the latter being of greater importance as it allows for better use
of the resources and niches available on the green roofs.The appropriate selection of
plants for use on a green roof is essential for successful vegetation establishment. This
depends largely on their ability to adapt to local conditions [43, 64]. Under this scenario,
the use of succulent plants is a priority, since their survival on green roofs is directly
related to the amount of water stored in their tissues [65-66]. In this regard, the results
obtained in this research are consistent with this trend, as 70 primary species (76.92%
of the richness) within the studied sites are succulents, belonging to the Asparagaceae,
Cactaceae and Crassulaceae families. For wild plants, two succulents were recorded:
Kalanchoe delagoensis, known as an aggressive weed with high invasive potential
[62], and Cylindropuntia tunicata. It is noteworthy that the Agave genus recorded a
much higher abundance than the Sedum genus, which is currently the most widely
used and recommended in these systems. Therefore, its use on green roofs in Mexico
City is highly recommended. Cactaceae and Crassulaceae families are recommended
due to their ability to develop under extreme conditions of heat and aridity [65].
Their permanence has been confirmed in BG, where Agave salmiana, A. difformis, A.
horrida, Echeveria gibbiflora, Sedum agavoides, S. dendroideum, S. rubrotinctum,
Opuntia ficus-indica and O. streptacantha have lasted since the initial planting, more
than 20 years ago. The richness of the site is determined by various factors. For planted
species, their presence on green roofs is deliberate, so their composition depends on
both the use of the site and the available space. Thus, the larger the roof, the greater
the floral richness that can be accommodated. For wild species, the surrounding green
areas and the dispersal capacity of the plant populations found there are likely to
influence the plant composition, while the height of the buildings where the green
roofs are located may represent a barrier to the arrival of these plants.

Based on the comparison of richness and taxonomic diversity, the latter best
explains the plant diversity at the studied sites. An example of this is the ASF where the
highest species richness and lowest taxonomic diversity were simultaneously recorded.
The analysis of taxonomic diversity by category (Table 2) shows that the index for
primary species at the BG and ASF sites is very similar, as they primarily comprise
Cactaceae, Crassulaceae and Asparagaceae families. In contrast, the index obtained
at the SRC is higher thanks to the inclusion of a greater variety of plants, including
grasses and shrubs. For wild species, diversity depends on several factors. At BG, for
example, the absence of weeding activities may allow the arrival of a large number
of wild plants, while increasing their competition for space. In contrast, at the SRC
and ASF wedding activities prevent their establishment but favor the emergence of
replacement species, thanks to the absence of competitors.It is important to highlight
that the high species richness of the sites is not related to high taxonomic diversity,
the latter being of greater importance as it allows for better use of the resources and
niches available on the green roofs.The appropriate selection of plants for use on a
green roof is essential for successful vegetation establishment. This depends largely
on their ability to adapt to local conditions [43, 64]. Under this scenario, the use of
succulent plants is a priority, since their survival on green roofs is directly related to

the amount of water stored in their tissues [65-66]. In this regard, the results obtained
in this research are consistent with this trend, as 70 primary species (76.92% of the
richness) within the studied sites are succulents, belonging to the Asparagaceae,
Cactaceae and Crassulaceae families. For wild plants, two succulents were recorded:
Kalanchoe delagoensis, known as an aggressive weed with high invasive potential
[62], and Cylindropuntia tunicata. It is noteworthy that the Agave genus recorded a
much higher abundance than the Sedum genus, which is currently the most widely used
and recommended in these systems. Therefore, its use on green roofs in Mexico City
is highly recommended.

Although environmental and spatial restrictions on green roofs limit the number
of species that can successfully establish on them, compositional similarity between
sites was found to never exceed 30%. For primary species, this indicates that the
richness found at the studied sites is broad enough to define very distinct compositions
for each. The SRC had the lowest similarity compared to the other sites, due to
itsgreater diversity, including herbaceous plants, shrubs, and even grasses. In contrast,
the highest similarity was recorded between sites BGand ASF, as the composition of
both sites is based primarily on Agavaceae, Cactaceae and Crassulaceae (Figure3).
The three sites share a total of twelve species, of which ten are succulents and two
belong to the Asteraceae family and are native to the region: Dahlia sorensenii and
Pittocaulon praecox [62,67].

In the case of wild species, the green areas in the environment do not appear to be
a determining factor in their composition, since the similarity between BG and SRC
is only 15%, despite sharing a similar natural environment. In contrast, the ASF and
SRC sites share more species, despite their very different environments (Figure 1).
It should be noted that both sites receive routine maintenance, which could favor the
dispersal of propagules through new plants, fertilizer, or even workers and visitors
themselves. Hwang and Yue [68] point out that wind and fauna are important factors in
the dispersal of seeds and propagules on green roofs; however, this was not analyzed
during this research.

The seasonal variation (Figure 2) recorded for the planted species was less than
4% at all sites. This result was expected because their survival is a priority, so their
selection is deliberate and their permanence is essential, particularly at the SRC and
ASF sites, where they serve aesthetic and educational functions.

In quantitative terms, it is noteworthy that the persistence of primary species
at the BG site is similar to that of the other sites, considering that no supplemental
irrigation was applied during the dry season. Qualitatively, the plants always appeared
vigorous and showed no apparent signs of pest damage.

The interseason persistence of secondary species at the SRC and ASF sites
was close to 50% despite constant weeding. This indicates that maintenance efforts,
particularly supplemental irrigation, promote their continued development at both
sites. At the BG site, their persistence is subject to their particular physiology, such
that, in the absence of irrigation, persistence decreases significantly, reaching only
9.52%. These results are consistent with various studies showing that species with C3
and C4 metabolisms, such as most of the identified wild species, require at least weekly
irrigation to survive on a green roof, unlike succulents with CAM metabolism, which
can survive up to four months without irrigation [65,69].The SRC had the highest
percentage of persistence for primary (97.50%) and secondary (57.45%) species, likely
because plant assemblages with greater taxonomic diversity perform better and make
more efficient use of available resources [70-71].

Based on the results obtained in this study, it is clear that the diversity of vascular
plants that can be used within green roofs in Mexico City is very broad. The inclusion
of these new green areas is disruptive to the impoverished natural environment of the
urban matrix (26). It is noteworthy that the primary species were able to develop in
a substrate depth less than that recommended in conventional guidelines [72]. This
opens the possibility of constructing a semi-intensive or intensive green roof with
a saturated weight similar to that of an extensive one (Table 1), without detracting
from the plant diversity installed. The dynamics of change that a green roof is subject
to indicate that the development of wild species is inevitable [73]. This increase in
species richness can be welcomed, as it does not involve competition with planted
species. If a decrease in their establishment is preferable, it is advisable to establish a
plant composition of high taxonomic diversity from the outset, which promotes niche
occupation, thus maximizing site productivity and minimizing required maintenance.
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Conclusion

In contrast to the traditional composition of green roofs, which is heavily based
on the Sedum genus [42-43,74], the. Asparagaceae and Cactaceae families recorded
the highest species richness, followed by Crassulaceae, together representing 35.17%
of the primary species within the studied sites. This permanence, which was close to
100% between seasons and which, in the case of the extensive green roof (BG), has
been maintained since the initial planting almost 20 years ago, allows us to assert
that they can be successfully used in these systems within Mexico City. This opens
the door to exploiting a greater variety of plants belonging to these families on green
roofs, considering that in Mexico their combined species richness amounts to 1,494
species, many of which are native [75]. The ability of planted vegetation species to
develop in a shallow substrate (8-12 cm), less than that recommended for extensive
(<15 cm) and intensive (>15 cm) green roofs [76], implies a decrease in the total weight
of the naturalization system, since a smaller amount of substrate is required for the
successful development of vegetation cover. Furthermore, since these species are
adapted to arid and semi-arid environments, the maintenance work necessary for their
survival, particularly supplementary irrigation, is minimal.
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