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Abstract

Forest ecotones show a great floristic diversity, but anthropogenic disturbances may imply in their vegetation structure reduce.
This study aimed to evaluate the understory diversity of an urban and nonurban forests in Maranhdo state. We tested the fol-
lowing hypotheses: 1) the understory of the non-urban forest has greater richness and diversity; 2) the spatial distribution of
diversity in the non-urban understory has weak spatial dependence. The study was carried out in the Sdo Luis (urban area)
and Sdo José de Ribamar (nonurban area) cities. Thirty plots (25m?) were allocated in each area and the all tree individu-
als up to 2 m in height were measured. Density, frequency, importance value, cover value, Shannon index (H’), and Pielou
index (J”) were calculated. The Mann—Whitney test, non-metric multidimensional scaling, and Hutcheson t-test were used to
analyze if there were any stastical difference between the richness, density, and diversity of both areas. We used the ordinary
kriging in order to visualize the variation in richness and diversity of the vegetation. There was a difference in the floristic
composition and density of each species in the two areas; the richness and diversity were significantly greater in the nonurban
area. Weak spatial dependence was found in the urban area, suggesting de-characterization the fragment. The presence of
urbanization in the ecotonal forest fragment has reduced the richness, diversity and spatial dependence of the understory.
The diversity is high even with the changes caused by urbanization, due to the ecotonal nature of the fragments sampled.
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Introduction forest areas outside legally protected land (Silva Junior
et al. 2020). The absence of core areas is worrying, once
The global loss of biodiversity is increasing due to urban ~ demonstrates the vulnerability of forest environments that
expansion and deforestation that significantly reduce origi-  are not delimited, for example, conservation units, such the
nal forest cover, mainly in Amazonian areas (Martins and one situated at the Amazonian-Cerrado transition areas in
Oliveira 2011). Nowadays, several regions do not have core =~ Maranhdo. Despite the high diversity of plants in Maranhao,
unsustainable agricultural development shows a low dedica-
tion to the development of conservation policies for these
54 Catherine Rios Santos areas (Maciel et al. 2016; Santos 2022).
catherineriosantos @ gmail.com Urbanization has also been pointed out as a potential
threaten to the biodiversity in Amazonian-Cerrado transi-
tion areas, which structurally influences forest fragments.
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and its biodiversity is vast and still unknown (Maciel et al.
2016). In addition to Maranhdo's geographical position,
which characterizes it as an ecotone, the occupation and
use of urban land in its territory is the result of disordered
growth. As a result, forest areas in Maranhao are constantly
fragmented and cleared due to a lack of adequate infrastruc-
ture and urban planning (Masullo and Santos 2014).

Urban centers tends to present high heterogeneity due
to different lands use (for example, if surrounding residen-
tial, forest, industrial or agricultural areas), resulting in new
types of habitats in their vegetated areas. This environmental
complexity promotes colonization of new species tolerant to
stress, which enables urban forests to have high plant rich-
ness (Ranta 2021). Thus, studies that analyze plant diversity
in urban environments are necessary, as there is no consensus
on the effects of urbanization on plant diversity (Planchuelo
et al. 2020).

Forestry studies highlight the importance of natural rem-
nants in hosting species of conservation interest in urban
regions. Floristic surveys can indicate native species suitable
for urban afforestation, identify priority areas for conserva-
tion and determine the fragment's degree of dependence on
the surrounding forest matrix. (Gao et al. 2013; Escobedo
et al. 2019; Planchuelo et al. 2020). Studies that evaluate
the spatial dependence of urban forests are also an ally of
conservation and serve as a tool to prevent extreme cases of
deforestation and fragmentation. (Aranha et al. 2023).

Spatial dependence is observed when ecosystem elements
that are geographically close to each other are more similar
because they are influenced by the same processes (such as
dispersal, herbivory, disturbance and historical biogeogra-
phy). On a smaller scale, spatial dependence reflects biotic
interaction with the ecosystem's abiotic factors (Miller et al.
2007).

Thus, the distribution of plants in cities does not occur
randomly in space, but follows specific spatial patterns,
guided by interactions between ecological and socio-
economic factors (Planchuelo et al. 2020). But human activ-
ity, such as urbanization, can disrupt spatial dependence by
creating physical barriers or changing environmental con-
ditions, which can cause spatial continuity to break down
(Neves 2013).

Native understory plants are vulnerable to the effects of
urbanization since its regeneration is more difficult in highly
urbanized environments (Huang et al. 2013). Thus, understory
studies that are mainly focused on the natural regeneration
of Amazonian forest fragments show concern about the loss
of species diversity and the difficulty of regenerating forest
patches, mainly due to the urbanization and fragmentation of
tropical forests (Benitez-Malvido and Martinez-Ramos 2003).

The impact of urbanization on spatial dependence
depends on a number of factors, including the nature of the
species involved and the way in which the urban environment
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is configured. In some cases, urbanization can reduce spa-
tial dependence, while in others it can increase it (Amaral
et al. 2013a). As there is no consensus on how urbaniza-
tion impacts spatial dependence in forest fragments, we aim
to apply geostatistical analysis to map and understand the
spatial dependence of the floristic diversity of Amazonian
ecotonal forests at different levels of urbanization.

Considering that urban remnants with a history of intense
degradation tend to have few restricted species and a differ-
ent spatial configuration to the original one (Amaral et al.
2013b; Sonego et al. 2007), and that the understory provides
data as an environmental indicator on the structural arrange-
ment and richness of the fragments (Mendes et al. 2013), the
present study tested the following hypotheses: 1) the under-
story of the urban forest ecotone has lower floristic richness
and diversity compared to the nonurban forest; 2) the spatial
distribution of the richness and diversity of the understory in
the urban forest ecotone has weak spatial dependence; and
the variability of the richness and diversity in the nonurban
forest has strong spatial dependence that is common in for-
ests without strong anthropogenic disturbances.

Materials and methods
Study area

The study was carried out in two open ombrophilous forest
fragments situated at transition areas on Maranhdo Island, in
Maranhao state (MA state), Brazil (IBGE 2021). According
to Koppen classification, the climate in the fragments is Aw,
with two well-defined seasons, a rainy season from January
to June and a dry season from July to December (Alvares
et al. 2013). The annual precipitation varies from 1,250 to
2,000 mm and the temperature ranges from 26° C to 33 °C,
with an average of 28° C (INMET 2019).

The first fragment, Sitio Santa Eulalia (02°31'04"S,
44°16'30"W), is situated within Sdo Luis city, Maranhao
state (Fig. 1). It hosts a forest ecosystem under the influence
of urbanization and mangroves (IBGE 2021). Deforestation
of the area began in 1990 with land development and street
paving. Currently, Sitio Santa Eulélia has around 167 ha of
vegetation cover (Sousa 2018; Silva et al. 2022). Thus, due
to its proximity to residential, commercial and industrial
buildings, as well as roads and highways, the fragment is
categorized as an urban area (Guerra et al. 2017).

The second fragment is Sitio Aguahy (02°38'47"S,
44°09'05"W) in Sdo José de Ribamar city (Maranhao
state). This site has 400 ha of vegetation with species
characteristic of the Amazon, the Cerrado, the restinga
and the mangrove swamp. The Sitio Aguahy is classified
as a non-urban (rural) area, as it is 16 km away from the
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Fig.1 Plots used for phytosociological sampling in urban and non-
urban forest fragments on Maranhdo Island, Maranhdo, Brazil. In
the box on the left above is the map of Brazil and below is the map
of Maranh@o. In the highlighted center is the Map of the Island of

urban center of Sdo José de Ribamar (Fig. 1) and has veg-
etation in different stages of succession in its surroundings
(Guerra et al. 2017).

Data collection

A total of 30 plots (25m?) were allocated in each fragment.
As a criterion, the plots were sampled 10 m apart from each
other and 30 m from the edge (Rigueira et al. 2012). All tree
individuals up to 2 m in height had the diameter and total
height measured (Santos et al. 2018). Also, the arboreal
individuals with a minimum diameter of 1 cm at ground
height were measured with a caliper (Gomes et al. 2009).

All measured plants had botanical material collected,
and produced exsiccates (Peixoto and Maia 2013). The
species identification was standardized according to the
APG 1V classification system and using the “Flora do
Brasil”.

Maranhdo with the urban area (green triangle) and nonurban area
(red triangle). The box on the right shows the layout of the plots in
the urban (above) and nonurban (below) fragments. Figure created in
QGIS 3.22

Data analysis

The parameters density (absolute and relative), frequency
(absolute and relative), importance value (IV), cover value
(CV), Shannon index (H’), and Pielou index (J*) were cal-
culated using FITOPAC 2.1.

The tree community hypsometric distribution was evalu-
ated using frequency histograms of height data of the spe-
cies measured. The height distribution (hypsometric) of the
plants helps to characterize the structure of the community,
as it allows us to observe how different species occupy dif-
ferent levels vertically, creating strata or layers in the com-
munity (Amaral et al. 2008). The diametric distribution
of the fragments was also evaluated using frequency his-
tograms of the tree individuals sampled, using a diameter
classes amplitude equal to 1 cm.

The non-parametric Mann-Witney test was applied to
verify the difference in the average richness of species
among the 30 plots in each area. A Shapiro—Wilk test (W
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test) was applied to assess the normality of all param-
eters. The areas diversities were transformed into effec-
tive numbers, based on Hill’s first three numbers, q=0
(species richness), =1 (Shannon’s diversity) and q=2
(Simpson’s diversity), to compare the diversity profiles
(Chao et al. 2014).

Hill numbers are increasingly being used to assess the
diversity of a community, be it taxonomic, phylogenetic or
functional. Hill numbers refer to the Effective Number of
Species, which represents the number of equally abundant
species that would be needed to produce the same measure
of observed diversity. In this way, the main diversity indices
mentioned in the literature, such as Shannon entropy, can be
converted into Hill numbers by means of simple mathemati-
cal transformations, making it possible to compare diversity
in different communities (Chao et al. 2014).

The Hutcheson’s t-test was used to verify if there were
statistical differences in the Shannon—Weaver diversity indi-
ces between the areas, (Zar 1999).

The nonmetric multidimensional scaling (NMDS) was
used with the density data of each species per plot of both
areas to confirm if a difference exists in the density of the
floristic composition between the areas; a Bray—Curtis simi-
larity matrix was generated (Santos et al. 2007). An ANO-
SIM test was applied to verify if there were any statistical
difference between the urban and nonurban areas (Warton
et al. 2012).

The ANOSIM test is a statistical technique often used to
assess dissimilarity between groups or samples. It does this
by calculating an R statistic, which ranges from -1 to 1, with
values close to 1 indicating high dissimilarity between the
groups and values close to -1 indicating high similarity. An
R-value close to zero suggests that there is no significant
difference between the groups. All the analyses were car-
ried out using R Studio version 1.3.1. (R Core Team 2022).

The spatial distribution and spatial dependence of the
richness and diversity of the understory species in the frag-
ments were analyzed through the total number of plants and
total number of species each sample. The richness (S) and
diversity (H’) variables were calculated per sample using
the vegan package (Oksanen et al. 2020) in the software
R (R Core Team 2022). The H' and S values were associ-
ated to the coordinates of each sample unit to analyze the
geostatistics.

An exploratory data analysis was applied to describe
and summarizing the dataset’s. Box-Cox transformations
(Box and Cox 1964) were used to test the normality hypoth-
esis. The Box-Cox depends on the A parameter that is the
transformation coefficient of the data. In practice, for a
data set a confidence interval is obtained for A that, if it
includes the value one, indicates that the transformation
of data is not necessary. The transformation coefficient of
the data has been used in forest studies (Oda-Souza et al.
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2010) and discussed in the context of geostatistic modeling
(Christensen et al. 2001).

The variographic study (Matheron 1963) was used to rep-
resent the level of dependence between variable H* and S
values and their geographic locations, fitting and selecting
spatial models.

Matérn correlation function was adjusted with k=0.5,
1.0 and 2.0, where the first case corresponds to the exponen-
tial model. This function is particularly attractive because
the value of the parameter k controls the smoothness of the
underlying process (Diggle and Ribeiro Jr 2007).

The selecting of the best performing models was done
based on the smallest square sum of residues (SQR) and
Akaike’s information criterion (AIC). The ratio dependency
spatial (RD%) was calculated as the ratio between the nug-
get effect (Co) and sill (Co+C), expressed as a percentage.
Values above 75% indicate weak spatial dependence, those
between 25 and 75% indicate moderate spatial dependence,
and those up to 25% indicate strong spatial dependence
(Cambardella et al. 1994).

To illustrate the spatial variation in richness and diver-
sity of the vegetation, after adjusting and selecting the best
spatial modes, ordinary kriging was used. Ordinary kriging
is considered to offer the best unbiased linear predictions
(BLUP), that is, the linear equations from the kriging sys-
tem provide estimations with a mean residual error equal to
0 and with low variance (Isaaks and Srivastava 1989). The
geostatistical analyses were proceeded using the geoR pack-
age (Ribeiro Jr et al. 2020).

Results

Overall, a total of, 11,246 tree individuals were sampled in
the 60 plots, and 158 species were identified. The nonurban
area (Sitio Aguahy) showed 5,748 individuals, and 100 spe-
cies, of which 64% are exclusive to this habitat. The urban
area (Sitio Santa Eulélia) presented 5,498 individuals, 58
species, of which 37.9% are exclusive to this habitat. In the
nonurban area, there were 100 species, 67 genera and 34
families, and in the urban area there were 58 species, 44
genera and 25 families (Table 1).

The families with the highest importance value (IV) to the
nonurban forest were: Lauraceae (17%), Myrtaceae (14.8%),
Rubiaceae (10.3%), Bignoniaceae (6.25%), and Annonaceae
(5%). As to the urban forest, the families with the highest
IV were Burseraceae (15.8%), Myrtaceae (15.7%), Lecythi-
daceae (8.5%), Rubiaceae (8.3%), and Chrysobalanaceae
(7.9%).

The species with the highest IV in the nonurban forest
were Faramea nitida, Myrcia amazonica, Ephedranthus
pisocarpus, Anemopaegma parkeri, Eugenia caducibrac-
teata, Mangifera indica, Ocotea glomerata, Adenocalymma
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Fig. 2 Distribution of individuals by height classes of the species sampled in each area: urban area, Sitio Santa Eulalia, Sdo Luis, MA(left); non-
urban area, Sitio Aguahy, Sdo José de Ribamar, MA (right). Figure created in Excel 2016

sp., Ouratea sp., Eugenia densiracemosa, Dulacia guianen-
sis, Cordia aff. nodosa, Erythroxylum sp., and Pilocarpus
microphyllus, representing 51.1% of the I'V. The species with
the highest IV in the urban forest were Protium heptaphyl-
lum, Randia armata, Moquilea tomentosa, Rourea induta,
Eugenia biflora, Ouratea sp., Eschweilera ovata, and Ane-
mopaegma parkeri. Together, these species accounted for
50% of the importance value, demonstrating that a set of few
species dominates the area.

In the nonurban forest, the average height of the indi-
viduals sampled was 38 cm. In the urban forest, the average
height was 28 cm, and the stratum was less dense. For the
hypsometric distribution in both areas, the greatest number
of individuals were found at the lowest classes (2—-22 cm and
22-42 cm), concentrating the young individuals of the can-
opy species (Fig. 2). Myrciaria tenella and Syagrus cocoides
reached the greatest height (2 m) in the nonurban area. The
highest species in the urban area were Protium heptaphyllum
and Randia armata, which both reached 1.9 m.
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The diametric distribution curve was unimodal to both
areas, with the lower diameter classes (0.1-1; 1.1-2;
2.1-3 cm) concentrating most of the individuals (Fig. 3). In
the nonurban forest, the species that had the largest diam-
eters were Myrcia amazonica (18.9 cm) and Eugenia caduci-
bracteata (8.5 cm). In the urban forest, Randia armata
(16 cm) had the largest diameter.

The non-urban area showed 38 trees, 15 shrubs, 3 sub-
shrubs, 2 lianas and 3 palms. The urban area presented 30
trees, 16 shrubs, 2 subshrubs, 3 lianas and 2 palms. The indi-
viduals that were not identified or classified with a growth
habit in the field were not included in this count.

The average richness of species in the nonurban area
(M,=23.5) was significantly greater (p <0.05) than in
the urban area (My=17.5). In the nonurban area, the rich-
ness varied between 11 and 48 species per plot, while in
the urban area the richness was 9 to 36 species per plot.
The diversity in the nonurban area was significantly greater
(t=-33.731; p<0.05) than the diversity in the urban area
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Fig. 3 Distribution of individuals by diameter classes of the species sampled in each area: urban area, Sitio Santa Eulalia, Sdo Luis, MA (left);
nonurban area, Sitio Aguahy, Sdo José de Ribamar, MA(right). Figure created in Excel 2016
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(Fig. 4). The equability of the non-urban area (J'=0.827)
showed a greater balance of few dominant species and many
species with lower abundance, in contrast to the urban area
J'=0.741).

A difference in the floristic composition and density of
each species in the two areas (urban and nonurban) was
found. The plots in the urban area showed a lower degree of
aggregation as they were located near the edge of the frag-
ment (Fig. 5). While the plots in the non-urban area formed
a consistent group with greater aggregation (Fig. 5). The
stress level was near zero (0.16), indicating reliable spatial
ordination of the data.

The number of species (S) varied from 11 to 50 and the
Shannon—Wiener diversity index (H') was from 1.71 to
3.27 in the nonurban fragment (NUR). Mean in the urban
fragment (UR) S varied from 9 to 38 and H' from 0.77 to
2.89 (Table 2). The exploratory data analysis show the
closeness of the average and median values, expressing
the symmetry of the distributions in the variables. In the
Box-Cox transformations, the confidence interval for the
optimal A includes 1, then no transformation was neces-
sary. The geostatistical analysis used the original data
for richness (S) and diversity (H) for the two fragments.
The coefficient of variation changed from 13 to 36%. The

lowest measure of dispersion around the average was for
H' in the NUR fragment, which was 13.53%. The CV%
values for S in the NUR and UR fragments were close to
each other, 37.30 and 36.21, respectively.

The Matérn model with k=2.0 had the best fit, lowest
SRQ and AIC (Table 3) and was selected to describe the
spatial distribution showed in the experimental semivari-
ogram of richness (S) and diversity (H’) for the two for-
est fragments (Fig. 6), the adjusted parameters (Table 3)
showed the absence spatial dependence (RD%) for the
variable H' in the UR fragment, and it can be seen in the
semivariograms (Fig. 6). The absence spatial dependence
suggesting a homogeneous distribution of the species in
the sampling area.

The range for the H’ variable in the UR fragment was
greater comparing with the NUR fragment. In the NUR, the
H’ variable had moderate spatial dependencies, with ratio
dependency spatial 50,00%. The autocorrelation range can
be used to optimized others spatial sampling design to get
better the inferences.

Comparing the S variables in the two areas show a mod-
erate spatial dependencies with ratio dependency spatial
(RD%) 65,30 in the nonurban fragment (NUR), while in
the urban fragment (UR) with 31,2. These results show
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Fig.4 Diversity profiles of urban and nonurban areas, showing the greatest diversity found in the non-urban environment, on Ilha do Maranhio,
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Table 2 Descriptive statistics

h Forest Fragment Variable Minimum Maximum Average Median SD CV(%) Box-cox
of understory richness (S)
and diversity (H') in nor}furban NUR S 11,00 50,00 28,63 2500 10,68 3730 -0,75<A<1,20
(NUR) and urban (UR) forest w 1,71 327 266 270 036 1353 -045<h<427
fragments and on Ilha do
Maranhio, state of Maranhdo, UR S 9,00 38,00 19,00 17,50 6,88 3621 -1,06<i<1,12
Brazil 12§ 0,77 2,89 2,03 2,11 046 22,66 0,87<1<3,70

SD standard deviation, CV(%) coefficient of variation

Table 3 Semivariographic Forest Fragment  Variable  SQR AIC Co c A GDE%
parameters of understory
richness and diversity (H') NUR S 133189,04 23420 9546 50,71 17,69 65,30
in urban (UR) and nonurban H 0,32 31,46 0,07 0,07 4,94 50,00
(NUR) forest fragments on
Ilha do Maranhio, state of UR S 60602,19 207,82 17,11 37,74 10,80 31,20
Maranhio, Brazil w 1,48 46,40 0,22 0,00 100,00 100,00

SOR square sum of residues, A/C Akaike information criterion, Co nugget effect, C structured variation, A

range, RD% ratio dependency spatial
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Fig.6 Semivariogram: Upper left=richness (S), upper right=diver-
sity (H') of the understorey in a non-urban fragment (FNU). Lower
left=richness (S), lower right=diversity (H') of the understory in an

that the spatial distribution of this variable is not random,
varying according to distance.

Ordinary kriging map (Fig. 7) for the NUR fragment
shows that regions with the largest S values are in the
lower areas of the fragments. For the H' variable, the larg-
est values of diversity occur in the upper and middle part
of the area. The results shows the zone colored by white in
that area total 34 species are found which indicates higher
species richness, the same area shows higher diversity too.

In the UR fragment, the largest S values are in the
center of the area and the lowest H' values are concentrated
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urban fragment (FUR) on Maranhio Island, Maranhdo State, Brazil.
Figure created in R

on the edges of the area; the H' values are homogeneously
distributed, justifying the absence spatial dependence.

Discussion

The urban fragment showed no structured variance, weak
or no spatial dependence and low floristic richness when
compared to the non-urban fragment. Diversity in the non-
urban area was significantly higher than diversity in the
urban area. The equability of the non-urban area showed
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a greater balance of a few dominant species and many spe-
cies with lower abundance, in contrast to the urban area.
However, the low richness and weak spatial dependence of
the urban area should be interpreted with some caution, as
both fragments showed high diversity, which reflects the
importance of conserving the areas.

The differences in understory diversity found may be
related to the size of the study areas, since continuously
forested areas have greater habitat heterogeneity and more
microhabitats (Lima et al. 2015).

Furthermore, the reduced diversity of the urban frag-
ment may be related to environmental disturbances caused
mainly by anthropization, since understory species are more

sensitive to changes associated with land use and this affects
those that grow up to the canopy (Pennington et al. 2021).

The diversity and equability values for the nonurban
forest ecotone were above the range of values recorded in
studies of the understory in Amazonia, which had H'=3.16
and J'=0.62 (Oliveira and Amaral 2005) and H'=3.09 and
J'=0.76 (Narducci et al. 2020). These elevated diversity
values corroborate the characteristics of the nonurban for-
est, which is a transition area and has more diversity due to
the exchange of species (Maracahipes et al. 2015; Francoso
et al. 2016).

The lower equability found in the urban area can be
influenced by the predominance of species tolerant to
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urbanization effects, increasing the density of these few
species in the community (Braga and Jardim 2019). Areas
under high degree of anthropogenic disturbance tends to
show more species tolerant to stress, demonstrating that
urbanization can positively or negatively affect different taxa
(Ranta and Viljanen 2011).

The reduced richness and diversity in the understory
of the urban area reflect how the urbanization may affect
transition forests (Morandi et al. 2015), influencing the pre-
dominance of species tolerant to environmental changes and
increasing the density of these few species in the commu-
nity (Braga and Jardim 2019). The edges of urban forests
are surrounded by roads and buildings that absorb light,
increase the temperature and decrease humidity in the for-
est interior, which prevents the growth of mature species
and favors the establishment of anthropogenic and ruderal
species (Rigueira et al. 2012).

In the urban forest, the highest species (Protium hepta-
phyllum and Randia armata) were the most representative
in the understory structure. Forests undergoing development
due to anthropogenic disturbance tend to show continuous
growth in height, showing that the highest species in the
understorey are well established in the area (Sena et al.
2021). The height distribution in the nonurban forest indi-
cates that the shrub, subshrub, and liana species are adapted
to the understory conditions, in which the recruitment of
young individuals of canopy trees is continuous (Meira Neto
and Martins 2003).

The concentration of tree individuals with low diameter
values indicates that the group of understory species in the
present study is represented mostly by young individuals,
and canopy trees are naturally regenerating in both areas
(Machado 2017). The concentration of growing canopy
plants in the urban fragment confirms the resilient nature
of the ecotonal areas studied, as the understory of the urban
area manages to maintain good fruit production and continu-
ous recruitment (Elias et al. 2013).

The shrub habit is predominant in both fragments. Shrubs
are characterized as residents of the understory for being in
this stratum for their entire life cycle, and their mortality
rates and recruitment are essential to maintain the dynamic
equilibrium of a mature understory (Porto 2008; Colmanetti
et al. 2015).

In both forest fragments, only a few species were highly
dense and dominant in the understory, while others were
represented by few individuals in the areas (Table 1). In the
nonurban forest, the pattern of species with a low density is
similar to that found in Amazonian vegetation (Oliveira and
Amaral 2005). The dominance of a few species in the urban
forest understory might be related to changes in environ-
mental conditions, such as more available light, microcli-
mate changes and heterogenous distribution of soil nutrients,
which results in the population growth of plants tolerant
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to disturbed environments and a decrease in other species
(Tabarelli et al. 2012; Santana et al. 2020).

The families with the highest IV in the non-urban for-
est (Annonaceae, Bignoniaceae and Lauraceae) are often
found in the Amazonian understory (Condé and Tonini
2013; Carim et al. 2015). The representation of families pre-
dominantly found in Amazonian forests in this study may
be due to the greater influence of Amazonian vegetation
in the Maranhdo fragments (Costa and Almeida Jr 2020).
Annonaceae, Bignoniaceae and Lauraceae are characterized
by morphological and physiological adaptations that facili-
tate their establishment and predominance in tropical forests,
such as the production of essential oils, which help protect
against herbivores and pathogens (Justo et al. 2005); and
the production of large, fleshy fruits, which are dispersed
by frugivorous animals (Stefanello et al. 2010).

The families with the highest IV in the urban forest
(Burseraceae, Chrysobalanaceae, Lecythidaceae) are often
found in disturbed environments, which may be associated
with their capacity for rapid regeneration and resistance to
pollution (Andrade et al. 2017; Silva 2012). In this context,
Chrysobalanaceae and Lecythidaceae produce edible fruits
or flowers with great aesthetic appeal, making them espe-
cially attractive in urban environments. In these situations,
local communities often value and conserve these species,
even in the case of deforestation or logging practices (Neto
and Melo 2011).

The species with the highest IV in the nonurban forest
(Faramia nitida, Myrcia amazonica, and Ephedranthus
pisocarpus) contributed to the shade, recruitment (Haidar
2008; Santos and Alves 2012), and maintenance of eco-
logical interactions in the forest, such as attracting larger
dispersers, for example, mammals (Gressler et al. 20006).
For the urban area, the species with the highest IV (P. hep-
taphyllum, R. armata, and Rourea induta) are characteristic
of regenerating environments and develop in areas with a
lot of light, which aggregates individuals and increases their
density (Silva et al. 2012; Paulus 2005; Diniz and Franc-
eschinelli 2014).

The structural composition of the urban environment
showed that the species P. heptaphyllum was highly domi-
nant in the understory. Generally, in urban areas the high
degree of anthropogenic disturbance can favor pioneer spe-
cies and species tolerant to impacts. In comparison, shade-
tolerant species at a later stage of ecological succession are
more dominant in forests that are not heavily disturbed by
human activity (Tabarelli et al. 2012).

The urban fragment showed differences in understory
composition, density and spatial distribution of diversity
when compared to the fragment without urbanization. The
weak spatial dependence of diversity in the urban frag-
ment is worrying because the spatial dependence of forest
characteristics (such as diversity, richness and basal area)
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reflects the way species occupy different regions and use the
resources available in the environment. The spatial distribu-
tion of diversity, for example, is conditioned by the differ-
ent levels of competition, the shape of the species' architec-
ture, the distance between trees and clearings in the forest
(Amaral et al. 2013a, b).

Thus, the weak spatial dependence in the urban area sug-
gests a de-characterization of the original structure of the
species in the fragment. Urban fragments can suffer distur-
bances that break the spatial continuity of species, reflecting
a random spatial distribution of understory diversity (Rios
et al. 2020; Oliveira et al. 2021). Spatial discontinuity can
alter the dispersal pattern of species, for example (Aranha
et al. 2023).

The distribution of diversity in the urban area may be
related to the edge of the fragment, which favors a higher
density of anthropogenic species. This is the case of Man-
devilla hirsuta and Himatanthus drasticus, which are often
found in disturbed environments (Coutinho and Louzada
2018). In addition, these species are very common in other
urban fragments in Maranho (Almeida Jr et al. 2021) and
in urban Cerrado areas in the Northeast, where their den-
sity increases after environmental disturbances (Moro et al.
2011).

Identifying spatial patterns in species diversity is rele-
vant for developing biodiversity conservation and monitor-
ing strategies (Caley et al. 2014). Understanding the spatial
pattern of plant richness in the understory of the urban forest
makes it possible to identify the regions of biological impor-
tance of the areas (Li et al. 2020). In this way, the present
study suggests that restoration practices for the urban forest
remnant (UR) should focus on the central region of the frag-
ment, where the greatest richness was found.

In relation to spatial dependence in the non-urban frag-
ment, the variation in slope in the non-urban area (NUR)
seems to be responsible for variations in the richness of the
understory, since the kriging map shows a concentration of
the variable richness (S) in plots in flatter areas of the frag-
ment. This spatial conformation is also found in different
Amazonian Forest matrices and can be attributed to factors
such as topography and pluviosity (Zuleta et al. 2020). To
understand the patterns of plant diversity we must associated
to local factors, such as topography, soil type and macro-
climate as well as disturbance and competitive interactions.

Both fragments had high diversity compared to other
Amazonian regions (Oliveira and Amaral 2005; Narducci
et al. 2020). The high diversity found in the urban and non-
urban fragments may be a reflection of the ecotonal nature
of the area. This is because the environmental and ecologi-
cal characteristics of transitional areas can allow species to
co-occur, due to the mixture of distinct communities from
different ecosystems (Blackwood et al. 2013).

Thus, the high diversity of the urban fragment highlight
the importance of recovering the urban fragment, because
as well as being a forest remnant of an Amazon-Cerrado
transition area, it can act as an ecological corridor, facilitat-
ing connectivity between different areas. This is essential for
species migration and gene flow, helping to maintain genetic
diversity and population health (Bordin et al. 2019; Li et al.
2020).

This study suggests that the presence of urbanization
in the ecotonal forest fragment has reduced the richness,
diversity and spatial dependence of the understory. Further-
more, the diversity of the understory is high even with the
changes caused by urbanization, due to the ecotonal nature
of the fragments sampled. Allied to these data, the analysis
of spatial dependence is an important diagnostic tool for
urban fragments because the absence of spatial dependence
for the diversity reinforces the urgent need for restoration
and conservation actions in the fragment.

The forest remnants analyzed have replaced and lost spe-
cies due to deforestation and fragmentation of the forests of
Maranhio. Despite this, Maranhio's forest fragments still
have a high level of diversity, and effective and emergency
actions are needed to restore and conserve their richness
and diversity.
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