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Abstract
Forest ecotones are floristically rich but anthropogenic disturbances can differentiate their vegetation structure. This study evaluated the understory diversity
of urban and nonurban forests in Maranhão. It tested the hypotheses that the understory of the nonurban forest has greater diversity and richness and that
the spatial distribution of these variables in the understory of the urban forest has weak spatial dependence. The study was conducted in the municipalities of
São Luís (urban area) and São José de Ribamar (nonurban area). Thirty plots (25m²) were demarcated and the woody individuals up to 2 m tall were
measured. All phytosociological parameters were calculated. The differences in richness, density, and diversity were analyzed between the areas with the
Mann-Whitney test, non-metric multidimensional scaling, and Hutcheson t-test. To visualize the variation in richness and diversity of the vegetation, ordinary
kriging was used. 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. The species with the highest IVs were Faramea nitida, Myrcia amazonica, and Ephedranthus pisocarpus in the nonurban forest
and Protium heptaphyllum, Randia armata, and Moquilea tomentosa in the urban forest. Both understories had high diversity compared to other Amazonian
regions. However, weak spatial dependence was found in the urban area, suggesting high anthropogenic interference in the environment. It is noteworthy that
the areas represent a parcel of original ecotone vegetation in Maranhão and effective actions are needed to restore and conserve its diversity.

Introduction
The global loss of biodiversity is increasing due to urban expansion and deforestation that significantly reduce original forest cover, mainly in Amazonian
areas (Martins and Oliveira 2011). Currently, many territories do not have core forest areas outside of legally protected land (Silva Junior et al. 2020). This is
alarming because it demonstrates the vulnerability of forest environments that are not delimited as conservation units, as occurs in Amazonian-Cerrado
transition areas in Maranhão. Despite the high diversity of organisms, the lack of collections and losses from disorderly agricultural growth have resulted in
little interest in conservation politics conserving these areas (Maciel et al. 2016; Santos 2022).

Urbanization has also been highlighted as another factor that threatens the biodiversity in Amazonian-Cerrado transition areas, which structurally influences
forest fragments. Further, urbanization alters migration and dispersal patterns, reduces the habitat and resources of species, and increases the vulnerability of
species to environmental stochasticity due to edge and isolation effects (Sonnier et al. 2020).

Additionally, urban centers have high heterogeneity due to different forms of management, 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 richness (Ranta 2021).
Thus, studies aimed at analyzing plant diversity in urban environments are necessary, as there is no consensus on the effects of urbanization on plant
diversity (Lippe and Kowarik 2021).

Forested areas in urban centers have a diversity and composition of species that are responsible for maintaining ecological systems and ecosystem services
of cities. Among these services, the flow of pollinators and dispersers, air filtration, and the reduction of heat islands and noise pollution are notable (Lv et al.
2019). Forest fragments in transition/ecotone areas and under anthropogenic disturbance have a floristic diversity that represents adjacent domains and,
consequently, it is important to conserve these fragments (Pinheiro and Monteiro 2008).

Thus, studies about plant diversity and richness of urban forests are allies of can contribute to conservation, since they serve as are diagnostic tools and that
provide information used to avoid extreme cases of deforestation and fragmentation.. Since urban forests have high discontinuity of the spatial dependence
of species, they lose the original condition of the forest matrix (Rios et al. 2020).

Native understory plants are vulnerable to the effects of urbanization because it is difficult for them to regenerate in highly urbanized environments (Huang et
al. 2012). The present study tested the following hypotheses: 1) the understory 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,
while the variability of the richness and diversity in the nonurban forest has strong spatial dependence that is common in balanced forests.

Materials And Methods

Study area
The study was conducted in two open ombrophilous forest fragments in two transition areas on Maranhão Island, in Maranhão State, Brazil (IBGE 2021). The
climate in the fragments is Aw, according to the classification by Köppen (Alvares 2013), with two well-defined seasons, a rainy season from January to June
and a dry season from July to December. The annual rainfall varies from 1,250 to 2,000 mm and the temperature ranges from 26° C to 33°C, with an average
of 28º C (INMET 2019).

The first fragment is Sítio Santa Eulália (02°31'04"S, 44°16'30"W) in the municipality of São Luís, MA (Fig. 1), which has forest influenced by urbanization and
mangroves (IBGE 2021). In 1990, the vegetation was cleared, and the area was subdivided and of the streets paved. Subsequently, the housing construction
project in the area was abandoned (Sousa 2018). In 2012, an asphalt expressway was built that links the center of the city of São Luís to outer
neighborhoods, which further fragmented Sítio Santa Eulália that currently has approximately 167 ha of vegetation (Silva et al. 2022). Therefore, this site was
considered an urban area because it is surrounded by residential, commercial and industrial buildings, and roads and highways, which result in anthropogenic
impacts (Guerra et al. 2017).

The second fragment is Sítio Aguahy (02°38'47"S, 44°09'05"W) in the municipality of São José de Ribamar, MA, which comprises 400 ha of vegetation with
species that occur in Amazonian, Cerrado, restinga, and mangrove forests. It is in the rural zone of the municipality (Fig. 1). Sítio Aguahy is on the property of
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the Companhia Farmacêutica Quercegen Agronegócios Ltda. and is 16 km from the urban zone in the municipality of São José de Ribamar. It is considered a
nonurban area (rural) for having surrounding vegetation at different stages of succession (Guerra et al. 2017).

Data Collection
For the sampling, in each area 30 plots (25m²) were randomly demarcated. These were 10 m apart and 30 m from the edge (Rigueira et al. 2012). For this
work to be restricted to the woody stratum, the height and diameter of only young woody canopy and shrub individuals up to 2 m tall were measured (Santos
et al. 2018). For this, a more comprehensive sampling criterium was adopted, where all individuals at ground height with a minimum diameter of 1 cm were
measured with a caliper, which is equivalent to individuals with a circumference greater than 3 cm, as described by Gomes et al. (2009).

All the plants measured were collected, and herbarium specimens of the collected material were made following the methodology in Peixoto and Maia (2013).
The species were identified using specialized literature (Ribeiro et al. 1999; Alves et al. 2013; Gonçalves and Lorenzi 2011), consulting with specialists, and
comparing the material with images of exsiccatae on the Reflora (Flora do Brasil 2020) and Specieslink virtual herbaria and collections in the Maranhão
Herbarium (MAR) at the Universidade Federal do Maranhão. When plants could not be identified to the species level, morphospecies were used. The
angiosperms were listed following the APG IV (2016) classification system. The spelling of the species and author names, as well as the growth habit, were
verified using the Flora do Brasil 2020 database.

Data analysis
With the data obtained, the following parameters were analyzed: density (absolute and relative), frequency (absolute and relative), importance value (IV), cover
value (CV), Shannon index (H’), and Pielou index (J’). These were all calculated using FITOPAC 2.1.

The hypsometric distribution of the community was evaluated using histograms constructed with the height data of the species recorded. The diametric
distribution of the community was evaluated using histograms constructed with the data of the individual samples, in which diameter classes were
established with an amplitude of 1 cm.

To verify the difference in the average richness of species among the 30 plots in each area, the non-parametric Mann-Witney test was used. All the variables
were submitted to a Shapiro-Wilk test (W test) to test the normality. The diversities of the areas were transformed into effective numbers, based on Hill’s first
three numbers, q = 0 (species richness), q = 1 (Shannon’s diversity) and q = 2 (Simpson’s diversity), to compare the diversity profiles (Chao et al. 2014). To verify
if there were statistical differences in the Shannon-Weaver diversity indices between the areas, Hutcheson’s t-test was used (Zar 1999).

To confirm if a difference exists in the density of the floristic composition between the areas, nonmetric multidimensional scaling (NMDS) was used with the
density data of each species per plot of both areas; a Bray-Curtis similarity matrix was generated (Santos et al. 2007). To test if a statistical difference existed
between the urban and nonurban environments, an ANOSIM test was conducted using the Vegan package (Warton et al. 2012). All the analyses were made
using R Studio version 1.3.1.

To analyze the spatial distribution and spatial dependence of the richness and diversity of the understory species in the fragments, the total number of plants
and total number of species were recorded for 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 associated to the coordinates of each sample unit to analyze the
geostatistics.

An exploratory descriptive analysis was conducted to observe the behavior of the data. To test the normality hypothesis, Box-Cox transformations were used
(Box and Cox 1964). This analysis directly depends on the λ parameter that is the transformation coefficient of the data. In practice, for a data set a
confidence interval is obtained for λ that, if it includes the value one, indicates that the transformation of data is not necessary. This transformation has been
used in forest studies (Oda-Souza et al. 2010) and discussed in the context of geostatistic modeling (Christensen et al. 2001).

A semivariogram (Matheron 1963) was used to represent the level of dependence between variable values and their geographic locations:

where   is the semivariance estimated for each distance or distance class u, N(u) is the number of pairs of points separated by u, and   and 

 are the variable values on point xa and xa + u, respectively.

To obtain the set of parameters, the Matérn correlation function was adjusted (Diggle and Ribeiro Jr. 2007) with k = 0.5, 1.0 and 2.0, where the first case
corresponds to the exponential model.

Selecting the best performing models was done based on the smallest square sum of residues (SQR) and Akaike information criterion (AIC). The ratio
dependency spatial (RD%) was calculated as the ratio between the nugget 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).

γ̂ (u) = ∑
N(u)

a=1
(z( xa) − z(xa + u))

21

2N (u)
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To illustrate the variation in richness and diversity of the vegetation, after adjusting and selecting the spatial modes, ordinary kriging was used (Isaaks and
Srivastava 1989). The geostatistical analyses were made using the geoR package (Ribeiro Jr et al. 2020).

Results
In total, 11,246 individuals were collected in the 60 plots sampled, and 158 species were identified that were distributed in the following way: nonurban area
(Sítio Aguahy), 5,748 individuals, 100 species, of which 64% are exclusive to this habitat; and urban area (Sítio Santa Eulália), 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).
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Table 1
List of understory species in urban and non-urban areas and their respective phytosociological parameters. UR = Urban Forest; NUR = Nonurban Forest; N = 

Number of Individuals; RD = Relative Density; RF = Relative Frequency; ADo = Absolute Dominance; IV = Importance Value. Tree; Shr = shrub; Lia = liana; Pal = 
palm tree; Sub = subshrub. AM = Amazon; CA = Caatinga; CE = Cerrado; AF = Atlantic Forest; PA = Pampas; PT = Pantanal.

Species Families Habits Domains Forests N RD RF ADo IV
(%)

N RD RF ADo IV
(%)

Abarema
cochleata (Willd.)
Barneby

Fabaceae Tree AM UR 1 0,02 0,18 0 0,07 - - - - -

Actinostemon
concepcionis
(Chodat & Hassl.)
Hochr.

Fabaceae Sub CE, AF NUR - - - - - 39 0,68 1,09 0,01 0,72

Adenocalymma sp. Bignoniaceae Lia - NUR - - - - - 206 3,59 2,54 0,05 2,83

Agonandra
brasiliensis Miers
ex Benth. & Hook.
F.

Opiliaceae Tree AM, CA,
CE, AF,
PT

UR 32 0,58 1,45 0,02 0,72 - - - - -

Amasonia arborea
Kunth

Lamiaceae Sub AM, CE UR,
NUR

3 0,05 0,55 0 0,20 25 0,44 1,21 0 0,61

Anemopaegma
parkeri Sprague

Bignoniaceae Lia AM, CE UR,
NUR

172 3,13 2,55 0,63 3,57 291 5,07 3,62 0,05 3,59

Anaxagorea sp. Annonaceae Tree - NUR - - - - - 33 0,57 0,85 0,01 0,66

Astrocaryum
vulgare Mart.

Arecaceae Pal AM, CE UR,
NUR

30 0,55 1,45 0,42 1,79 17 0,3 1,09 0,03 0,85

Attalea speciosa
Mart. ex Spreng.

Arecaceae Pal AM, CE UR,
NUR

25 0,45 0,91 0,12 0,77 20 0,35 1,69 0,03 1,19

Bauhinia dubia G.
Don

Fabaceae Sub AM, CE UR,
NUR

99 1,8 3,27 0,51 3,06 86 1,5 2,54 0,03 1,81

Bowdichia
virgilioides Kunth

Fabaceae Shr AM, CA,
CE, AF,
PT

NUR - - - - - 4 0,07 0,36 0 0,14

Calophyllum
brasiliense
Cambess.

Calophyllaceae Tree AM, CA,
CE, AF

NUR - - - - - 62 1,08 1,09 0,02 0,95

Calycolpus
goetheanus (Mart.
ex DC.) O. Berg

Myrtaceae Tree AM, CE UR,
NUR

145 2,64 2,18 0,49 2,94 55 0,96 0,85 0,05 1,36

Campomanesia
aromatica (Aubl.)
Griseb.

Myrtaceae Tree AM, CA,
AF

UR,
NUR

29 0,53 2 0,19 1,37 17 0,3 0,24 0 0,22

Casearia javitensis
Kunth

Salicaceae Shr,
Tree

AM, CA,
CE, AF

UR,
NUR

55 1 2,91 0,16 1,74 1 0,02 0,12 0 0,05

Chiococca nitida
Benth.

Rubiaceae Shr,
Sub

AM, AF NUR - - - - - 10 0,17 0,72 0 0,31

Chloroleucon sp. Fabaceae Shr,
Tree

- UR 3 0,05 0,36 0,04 0,24 - - - - -

Cissus erosa Rich Vitaceae Shr,
Lia

AM, CA,
CE, AF,
PT

UR 2 0,04 0,36 0 0,13 - - - - -

Coccoloba latifolia
Lam.

Polygonaceae Shr,
Tree

AM, CA,
CE, AF

NUR - - - - - 1 0,02 0,12 0 0,05

Connarus favosus
Planch.

Connaraceae Shr AM, CA UR,
NUR

5 0,09 0,36 0,02 0,19 84 1,46 2,66 0,01 1,53

Cordia aff. nodosa
Lam.

Boraginaceae Shr AM, AF NUR - - - - - 115 2 2,42 0,03 1,98

Cordiera
myrciifolia
(K.Schum.) C. H.
Perss. & Delprete

Rubiaceae Shr AM, CA,
CE, AF

NUR - - - - - 148 2,58 1,33 0,03 1,83

Croton cajucara
Benth.

Euphorbiaceae Shr AM NUR - - - - - 1 0,02 0,12 0 0,06
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Species Families Habits Domains Forests N RD RF ADo IV
(%)

N RD RF ADo IV
(%)

Cupania diphylla
Vahl

Sapindaceae Tree AM, CE UR,
NUR

25 0,45 1,27 0 0,58 49 0,85 1,09 0,01 0,77

Cynophalla
flexuosa (L.)
J.Presl

Capparaceae Shr AM, CA,
CE, AF,
PT

UR 2 0,04 0,36 0 0,13 - - - - -

Dalbergia cff.
cearensis Ducke

Fabaceae Tree CA NUR - - - - - 44 0,77 1,33 0,01 0,85

Dipteryx alata
Vogel

Fabaceae Tree CE NUR - - - - - 62 1,08 2,05 0,05 1,76

Duguetia
echinophora R. E.
Fr.

Annonaceae Tree AM, CE UR,
NUR

172 3,13 1,82 0,13 2,00 39 0,68 0,24 0,01 0,39

Dulacia candida
(Poepp.) Kuntze

Olacaceae Shr,
Tree

AM NUR - - - - - 2 0,03 0,24 0 0,11

Dulacia guianensis
(Engl.) Kuntze

Olacaceae Shr,
Tree

AM, CE NUR - - - - - 21 0,37 0,6 0,11 2,01

Ephedranthus
pisocarpus R. E. Fr.

Annonaceae Tree AM, CA UR,
NUR

259 4,71 1,64 0,03 2,21 452 7,87 3,5 0,04 4,38

Erythroxylum
passerinum Mart.

Erythroxylaceae Shr,
Tree

AF NUR - - - - - 47 0,82 0,97 0,01 0,75

Erythroxylum sp. Erythroxylaceae Shr,
Tree

- NUR - - - - - 134 2,33 2,05 0,03 1,88

Eschweilera ovata
(Cambess.) Mart.
ex Miers

Lecythidaceae Tree AM, AF UR 134 2,44 2,91 0,93 4,29 - - - - -

Eugenia biflora (L.)
DC.

Myrtaceae Shr,
Tree

AM, CA,
CE

UR,
NUR

274 4,98 4,91 0,44 4,49 64 1,11 1,45 0,01 1,01

Eugenia
caducibracteata
Mazine

Myrtaceae Tree AM NUR - - - - - 68 1,18 1,33 0,18 3,59

Eugenia
densiracemosa
Mazine & Faria

Myrtaceae Shr,
Tree

AM, CE NUR - - - - - 221 3,85 1,21 0,02 2,04

Eugenia flavescens
DC.

Myrtaceae Shr,
Tree

AM, CA,
CE, AF

NUR - - - - - 49 0,85 1,21 0 0,74

Eugenia protenta
McVaugh

Myrtaceae Tree AM UR 42 0,76 2 0,53 2,35 - - - - -

Eugenia punicifolia
(Kunth) DC.

Myrtaceae Shr,
Sub

AM, CA,
CE, AF,
PT

UR,
NUR

4 0,07 0,55 0,19 0,73 72 1,25 0,85 0,03 1,20

Eugenia
stictopetala Mart.
ex DC.

Myrtaceae Shr,
Tree

AM, CA,
CE, AF

UR,
NUR

73 1,33 3,09 0,06 1,63 80 1,39 1,69 0,02 1,40

Faramea bracteata
Benth.

Rubiaceae Shr AM, CE NUR - - - - - 31 0,54 0,6 0,01 0,55

Faramea nitida
Benth.

Rubiaceae Shr AM, CA,
CE, AF

UR,
NUR

17 0,31 1,09 0,05 0,60 549 9,56 3,5 0,33 9,39

Guapira opposita
(Vell.) Reitz

Nyctaginaceae - - UR 13 0,24 1,27 0 0,51 - - - - -

Guapira sp. Nyctaginaceae Shr,
Tree

AM, CA,
CE, AF

NUR - - - - - 2 0,03 0,24 0 0,16

Guazuma ulmifolia
Lam.

Malvaceae Tree AM, CA,
CE, AF,
PA, PT

NUR - - - - - 9 0,16 0,36 0 0,18

Helicteres
pentandra L.

Malvaceae Shr,
Tree

AM, CE NUR - - - - - 3 0,05 0,36 0 0,15

Himatanthus
articulatus (Vahl)
Woodson

Apocynaceae Tree AM, CE NUR - - - - - 53 0,92 0,97 0,01 0,80
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Species Families Habits Domains Forests N RD RF ADo IV
(%)

N RD RF ADo IV
(%)

Himatanthus
drasticus (Mart.)
Plumel

Apocynaceae Tree AM, CA,
CE

UR 2 0,04 0,36 0,13 0,49 - - - - -

Hirtella racemosa
Lam.

Chrysobalanaceae Shr,
Tree

AM, CA,
CE, AF

UR,
NUR

38 0,69 2,18 0,01 0,97 22 0,38 0,72 0,01 0,50

Hymenaea
courbaril L.

Fabaceae Tree AM, CA,
CE, AF,
PT

NUR - - - - - 13 0,23 0,85 0 0,43

Hymenaea
parvifolia Huber

Fabaceae Tree AM UR,
NUR

15 0,27 0,91 0 0,41 49 0,85 1,69 0,02 1,08

Hymenopus
reticulatus
(Prance) Sothers &
Prance

Chrysobalanaceae Tree AM NUR - - - - - 2 0,03 0,12 0 0,08

Indeterminada 1 - - - UR 5 0,09 0,91 0 0,33 - - - - -

Indeterminada 2 - - - UR 1 0,02 0,18 0 0,07 - - - - -

Indeterminada 3 - - - NUR - - - - - 1 0,02 0,12 0 0,05

Indeterminada 4 - - - NUR - - - - - 8 0,14 0,36 0 0,17

Indeterminada 5 - - - NUR - - - - - 8 0,14 0,48 0,01 0,29

Indeterminada 6 - - - NUR - - - - - 67 1,17 0,6 0 0,63

Indeterminada 7 - - - NUR - - - - - 23 0,4 0,36 0,01 0,34

Indeterminada 8 - - - UR,
NUR

3 0,05 0,55 0 0,21 98 1,71 1,69 0,02 1,41

Indeterminada 9 - - - NUR - - - - - 2 0,03 0,12 0 0,05

Indeterminada 10 - - - UR,
NUR

8 0,15 0,36 0 0,18 7 0,12 0,36 0 0,19

Inga alba (Sw.)
Willd.

Fabaceae Tree AM, CE NUR - - - - - 9 0,16 0,48 0 0,28

Inga sp.1 Fabaceae - - NUR - - - - - 6 0,1 0,24 0 0,13

Inga sp.2 Fabaceae - - NUR - - - - - 74 1,29 1,81 0,03 1,44

Justicia sp. Acanthaceae - - NUR - - - - - 1 0,02 0,12 0 0,05

Kielmeyra sp. Calophyllaceae - - NUR - - - - - 21 0,37 0,85 0,01 0,51

Lecythis lurida
(Miers) S. A. Mori

Lecythidaceae Tree AM, AF UR,
NUR

1 0,02 0,12 0 0,05 1 0,02 0,12 0 0,05

Luehea sp. Malvaceae - - NUR - - - - - 3 0,05 0,24 0 0,12

Maclura tinctoria
(L.) D. Don ex
Steud.

Moraceae Shr,
Tree

AM, CA,
CE, AF,
PA, PT

UR 1 0,02 0,18 0 0,07 - - - - -

Mandevilla hirsuta
(A. Rich.) K.
Schum.

Apocynaceae Lia AM, CA,
CE, AF

UR 436 7,93 2 0,09 3,54 - - - - -

Mangifera indica
L.

Anacardiaceae Tree - UR,
NUR

13 0,24 0,18 0 0,14 308 5,36 3,02 0,04 3,40

Manilkara
bidentata (A.DC.)
A.Chev.

Sapotaceae Shr,
Tree

AM, CE NUR - - - - - 65 1,13 1,57 0,02 1,27

Matayba
guianensis Aubl.

Sapindaceae Shr,
Tree

AM, CE,
AF, PT

UR 46 0,84 2,55 0,14 1,52 - - - - -

Miconia ciliata
(Rich.) DC.

Melastomataceae - - NUR - - - - - 2 0,03 0,12 0 0,05

Moquilea
tomentosa Benth.

Chrysobalanaceae Tree AF UR,
NUR

141 2,56 3,45 1,74 6,68 43 0,75 0,97 0,01 0,75

Morfoespécie 1 Bignoniaceae - - NUR - - - - - 2 0,03 0,24 0 0,10

Morfoespécie 2 Bignoniaceae - - NUR - - - - - 13 0,23 0,36 0 0,24
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Species Families Habits Domains Forests N RD RF ADo IV
(%)

N RD RF ADo IV
(%)

Morfoespécie 3 Bignoniaceae - - NUR - - - - - 2 0,03 0,12 0 0,06

Morfoespécie 4 Euphorbiaceae - - NUR - - - - - 3 0,05 0,12 0 0,06

Morfoespécie 5 Malvaceae - - UR 3 0,05 0,36 0 0,14 - - - - -

Morfoespécie 6 Moraceae - - UR 10 0,18 0,55 0 0,25 - - - - -

Morfoespécie 7 Rutaceae - - UR 4 0,07 0,73 0 0,27 - - - - -

Morfoespécie 8 Polygonaceae - - NUR - - - - - 10 0,17 0,24 0 0,15

Mouriri guianensis
Aubl.

Melastomataceae Shr,
Tree

AM, CA,
CE, AF,
PT

NUR - - - - - 73 1,27 1,21 0,02 1,13

Myrcia amazonica
DC.

Myrtaceae Shr,
Tree

AM, CE,
AF

UR,
NUR

40 0,73 1,64 0,08 1,01 261 4,54 2,54 0,44 8,93

Myrcia cuprea
(O.Berg) Kiaersk.

Myrtaceae Shr,
Tree

AM UR 97 1,76 3,09 0,31 2,44 - - - - -

Myrcia guianensis
(Aubl.) DC.

Myrtaceae Shr,
Tree,
Sub

AM, CA,
CE, AF,
PT

UR 3 0,05 0,36 0,01 0,17 - - - - -

Myrcia selloi
(Spreng.) N.
Silveira

Myrtaceae Shr,
Tree

CE, AF,
PA

UR 54 0,98 3,09 0,16 1,79 - - - - -

Myrcia splendens
(Sw.) DC.

Myrtaceae Tree AM, CA,
CE, AF,
PT

UR,
NUR

94 1,71 2 0,03 1,32 2 0,03 0,24 0 0,09

Myrcia tomentosa
(Aubl.) DC.

Myrtaceae Shr,
Tree

AM, CA,
CE, AF

NUR - - - - - 57 0,99 0,24 0,01 0,55

Myrciaria
floribunda (H. West
ex Willd.) O. Berg

Myrtaceae Tree AM, CA,
CE, AF

NUR - - - - - 2 0,03 0,24 0 0,11

Myrciaria tenella
(DC.) O. Berg

Myrtaceae Tree AM, CA,
CE, AF

UR,
NUR

46 0,84 2,36 0,31 1,90 67 1,17 1,45 0,02 1,16

Nectandra sp. Lauraceae - - NUR - - - - - 9 0,16 0,72 0 0,34

Ocotea glomerata
(Nees) Mez

Lauraceae Tree AM, CA,
CE, AF

UR,
NUR

16 0,29 1,27 0,03 0,59 211 3,67 2,9 0,07 3,19

Ouratea
castaneifolia (DC.)
Engl.

Ochnaceae Tree AM, CA,
CE, AF

NUR - - - - - 30 0,52 1,09 0 0,59

Ouratea
hexasperma (A.St.-
Hil.) Baill.

Ochnaceae Tree CE UR,
NUR

127 2,31 4,18 0,37 3,15 14 0,24 0,48 0 0,27

Ouratea sp. Ochnaceae - - UR,
NUR

391 7,11 4,36 0,19 4,34 189 3,29 2,54 0,02 2,23

Palicourea
colorata (Willd. ex
Roem. & Schult.)
Delprete & J. H.
Kirkbr.

Rubiaceae Shr AM, CA,
CE, AF

NUR - - - - - 19 0,33 0,36 0 0,25

Palicourea
hoffmannseggiana
(Schult.) Borhidi

Rubiaceae Shr AM, CA,
CE, AF,
PA, PT

NUR - - - - - 73 1,27 0,85 0,02 0,97

Palicourea sp. Rubiaceae - - NUR - - - - - 3 0,05 0,24 0 0,10

Paullinia sp. Sapindaceae - - UR,
NUR

12 0,22 1,45 0 0,57 115 2 1,69 0,02 1,46

Pilocarpus
microphyllus Stapf
ex Wardlew.

Rutaceae Tree AM, CA NUR - - - - - 140 2,44 1,81 0,03 1,85

Piper tuberculatum
Jacq.

Piperaceae Shr AM, CA,
CE, AF,
PA, PT

NUR - - - - - 7 0,12 0,36 0 0,21

Pleonotoma
orientalis Sandwith

Bignoniaceae Lia AM, CE NUR - - - - - 68 1,18 1,57 0,01 1,01
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Species Families Habits Domains Forests N RD RF ADo IV
(%)

N RD RF ADo IV
(%)

Protium
heptaphyllum
(Aubl.) Marchand

Burseraceae Shr,
Tree

AM, CA,
CE, AF

UR,
NUR

1187 21,59 5,45 2,2 14,94 89 1,55 2,54 0,01 1,49

Pseudima
frutescens (Aubl.)
Radlk

Sapindaceae Shr,
Tree

AM, AF UR,
NUR

288 5,24 2,91 0,2 3,26 21 0,37 0,97 0,01 0,58

Quiina sp. Quiinaceae Shr - NUR - - - - - 28 0,49 0,85 0,03 0,89

Randia armata
(Sw.) DC.

Rubiaceae Shr,
Tree

AM, CA,
CE, AF

UR,
NUR

362 6,58 4,73 1,25 7,14 31 0,54 1,57 0,01 0,81

Rinorea flavescens
(Aubl.) Kuntze

Violaceae Tree AM NUR - - - - - 9 0,16 0,36 0 0,19

Rourea induta
Planch.

Connaraceae Shr,
Tree

CE UR,
NUR

419 7,62 5,45 0,1 4,62 16 0,28 1,33 0 0,55

Serjania
salzmanniana
Schltdl.

Sapindaceae Lia AM, CE,
AF

NUR - - - - - 2 0,03 0,24 0 0,09

Simarouba sp. Simaroubaceae - - NUR - - - - - 31 0,54 0,85 0,01 0,62

Swartzia
arumateuana (R. S.
Cowan) Torke &
Mansano

Fabaceae Tree AM NUR - - - - - 13 0,23 0,48 0 0,28

Syagrus cocoides
Mart.

Arecaceae Pal AM, CE NUR - - - - - 8 0,14 0,72 0,04 0,85

Tabebuia sp. Bignoniaceae Tree - UR,
NUR

4 0,07 0,55 0,05 0,33 7 0,12 0,36 0 0,17

Tabernaemontana
flavicans Willd. ex
Roem. & Schult.

Apocynaceae Shr AM, CE,
AF

NUR - - - - - 10 0,17 0,24 0 0,14

Tocoyena
brasiliensis Mart.

Rubiaceae Shr,
Tree

AM, CA,
CE, AF

UR 3 0,05 0,36 0 0,14 - - - - -

Trema sp. Cannabaceae Shr,
Tree

- UR 10 0,18 1,45 0,01 0,57 - - - - -

Vismia guianensis
(Aubl.) Choisy

Hypericaceae Shr,
Tree

AM, CA,
CE, AF

UR,
NUR

2 0,04 0,18 0 0,07 6 0,1 0,24 0 0,12

Xylopia sericea A.
St.-Hil.

Annonaceae Shr,
Tree

AM, CE,
AF

NUR - - - - - 4 0,07 0,12 0 0,07

For the nonurban forest, the families with the highest importance value (IV) were Lauraceae (17%), Myrtaceae (14.8%), Rubiaceae (10.3%), Bignoniaceae
(6.25%), and Annonaceae (5%). For the urban forest, the families with the highest IV were Burseraceae (15.8%), Myrtaceae (15.7%), Lecythidaceae (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
caducibracteata, Mangifera indica, Ocotea glomerata, Adenocalymma sp., Ouratea sp., Eugenia densiracemosa, Dulacia guianensis, Cordia aff. nodosa,
Erythroxylum sp., and Pilocarpus microphyllus, representing 51.1% of the IV. The species with the highest IV in the urban forest were Protium heptaphyllum,
Randia armata, Moquilea tomentosa, Rourea induta, Eugenia biflora, Ouratea sp., Eschweilera ovata, and Anemopaegma 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 individuals sampled was 38 cm. In the urban forest, the average height was 28 cm, and the stratum was less
dense. For the hypsometric distribution, the classes with the greatest number of individuals in both areas were the lowest value (2–22 cm and 22–42 cm),
concentrating the young individuals of the canopy species (Fig. 2). Myrciaria tenella and Syagrus cocoides reached the tallest height (2 m) in the nonurban
area. The tallest species in the urban area were Protium heptaphyllum and Randia armata, which both reached 1.9 m.

For the two areas, the diametric distribution curve was unimodal, with the lower diameter classes (0.1–1; 1.1–2; 2.1–3 cm) concentrating most of the
individuals, which highlights that few individuals were recorded in the next diameter classes (Fig. 3). In the nonurban forest, the species that had the largest
diameters were Myrcia amazonica (18.9 cm) and Eugenia caducibracteata (8.5 cm). In the urban forest, Randia armata (16 cm) had the largest diameter.

Of the species recorded in the nonurban area, there were 38 trees, 15 shrubs, 3 subshrubs, 2 lianas, and 3 palms. For the urban area, there were 30 tree species,
16 shrubs, 2 subshrubs, 3 lianas, and 2 palms. The individuals that were not identified or classified with a growth habit in the field were not included in this
count.
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The average richness of species in the nonurban area (Md = 23.5) was significantly greater (p < 0.05) than that in the urban area (Md = 17.5). In the nonurban
area, the richness 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 (Fig. 4). The equability of the nonurban area (J' = 0.827) showed more
heterogeneity than that of the urban area (J' = 0.741).

There is a difference in the floristic composition and density of each species in the two areas (urban and nonurban), and there is a consistent formation of two
distinct groups: one with the urban area plots, but with a lower degree of aggregation, since there is space between the plots in the center and those near the
fragment edge (Fig. 5a); and another group that includes plots in the nonurban area that is more aggregated (Fig. 5b). 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), while in
the urban fragment (UR) S varied from 9 to 38 and H' from 0.77 to 2.89 (Table 2). The closeness of the average and median values was verified for the S and
H' variables in the NUR and UR fragments and all the confidence intervals of the parameter estimates of the Box-Cox transformations included the value one.
These results express the symmetry of the distributions. 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.

Table 2
Descriptive statistics of understory richness (S) and diversity (H') in nonurban (NUR) and urban (UR) forest fragments

and on Ilha do Maranhão, state of Maranhão, Brazil.
Forest Fragment Variable Minimum Maximum Average Median SD CV(%) Box-cox

NUR S 11,00 50,00 28,63 25,00 10,68 37,30 -0,75 < λ < 1,20

H’ 1,71 3,27 2,66 2,70 0,36 13,53 -0,45 < λ < 4,27

UR S 9,00 38,00 19,00 17,50 6,88 36,21 -1,06 < λ < 1,12

H’ 0,77 2,89 2,03 2,11 0,46 22,66 0,87 < λ < 3,70

SD, standard deviation; CV(%), coefficient of variation

The Matérn model with k = 2.0 was selected to describe the spatial distribution, since it had the best fit, with the lowest SQR and AIC, according to the
semivariographic analysis (Fig. 6) and the adjusted parameters (Table 3). The absence or weak spatial dependence for the variable H' in the UR fragment can
be seen in the semivariograms (Fig. 6d).

Table 3
Semivariographic parameters of understory richness and diversity (H') in urban (UR) and nonurban (NUR) forest fragments on Ilha do Maranhão, state

of Maranhão, Brazil.
Forest Fragment Variable SQR AIC Co C A GDE%

NUR S 133189,04 234,20 95,46 50,71 17,69 65,30

H’ 0,32 31,46 0,07 0,07 4,94 50,00

UR S 60602,19 207,82 17,11 37,74 10,80 31,20

H’ 1,48 46,40 0,22 0,00 100,00 100,00

SQR, square sum of residues; AIC, Akaike information criterion; Co, nugget effect; C, structured variation; A, range and RD%, ratio dependency spatial

According to the estimated parameters and RD%, the S and H' variables in the NUR and the S variable in the UR had moderate spatial dependencies. The H'
variable in the UR had weak spatial dependence, as confirmed by the semivariogram.

The kriging map (Fig. 7) for the NUR fragment shows that the regions with the largest S values are in the lower part of the fragments. For the H' variable, the
largest values of diversity occur in the upper and middle part of the area. In the UR fragment, the largest S values are in the center of the area and the lowest H'
values are concentrated on the edges of the area; the H' values are homogeneously distributed, justifying the weak spatial dependence.

Discussion
The results reveal that the density and diversity of species decreases with an increase in urbanization. Despite the elevated diversity index for the urban forest
fragment, based on the results the understory cannot recover its diversity over time because it has weak spatial dependence. This demonstrates that the
understory community is as negatively impacted by urbanization as the canopy.

The differences in the understory diversity can be related to environmental disturbances caused mainly by urbanization, since the species in the understory are
more sensitive to changes associated to soil use and this affects those growing to the canopy (Pennington et al. 2021). This difference in diversity can also
be related to the size of the study areas, since continuously forested areas have more heterogeneity of habitats and more microhabitats (Lima et al. 2015).

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, in addition to
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indicating ecological stability of the forest (Bordin et al. 2019), corroborate the characteristics of the nonurban forest, which is a transition area and has more
diversity due to the exchange of species (Maracahipes et al. 2015; Françoso et al. 2016).

The lower equability found in the urban area can be influenced by the predominance of species tolerant to conditions resulting from urbanization, increasing
the density of these few species in the community (Braga and Jardim 2019). In these areas, where there is a high degree of anthropogenic disturbance, the
species tolerant to stress are favored, demonstrating that urbanization can positively or negatively affect different taxa (Ranta and Viljanen 2011).

Therefore, the reduced richness and diversity in the understory of the urban area reflects how the environmental condition can affect transition forests
(Morandi et al. 2015), influencing the predominance of species tolerant to environmental changes and increasing the density of these few species in the
community (Braga and Jardim 2019).

In the urban forest, the tallest species were the most representative in the understory structure, showing they are well established in the area. This corroborates
studies by Mendes et al. (2013) that showed that the individuals were distributed in all height classes. The height distribution in the nonurban forest indicates
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).

For the diametric distribution, the concentration of 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 diametric and hypsometric
distribution pattern found indicate that the regeneration process in the plant community is continuous. This confirms the resilient characteristic of transition
areas because, despite the differences in the structure of the forests, the understory of the urban area manages to maintain good fruit production and
continuous recruitment (Elias et al. 2013).

In both areas, the shrub habit is predominant. 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 can be related to changes in environmental conditions, such as more available light, microclimate
changes and heterogenous distribution of soil nutrients, which results in the population growth of plants tolerant 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 nonurban forest (Annonaceae, Bignoniaceae, and Lauraceae) and urban forest (Burseraceae, Chrysobalanaceae,
Lecythidaceae) are also mentioned in studies conducted in the Amazonian understory (Condé and Tonini 2013; Carim et al. 2015; Andrade et al. 2017). This
could be due to the greater influence of Amazonian vegetation on the Maranhão fragments (Costa and Almeida Jr. 2020).

The species with the highest IV in the nonurban forest (F. nitida, M. amazônica, and E. pisocarpus) contributed to the shade, recruitment (Krause 2008; Santos
and Alves 2012), and maintenance of ecological interactions in the forest, such as attracting larger dispersers, for example, mammals (Gressler et al. 2006).
For the urban area, the species with the highest IV (P. heptaphyllum, R. armata, and R. 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 Franceschinelli 2014).

Among the differences in the floristic and structural composition of the two areas, the dominance of P. heptaphyllum in the understory is notable. Generally, in
urban areas the high degree of anthropogenic disturbance can favor pioneer species and species tolerant to impacts. This differs from balanced forests,
where shade-tolerant species at a more advanced stage of ecological succession are maintained (Tabarelli et al. 2012).

Both understory areas had high diversity compared to other Amazonian regions. However, the weak spatial dependence in the urban area found by kriging
suggests elevated anthropogenic interference, since the distribution of diversity in urban understory, for the most part, does not depend on biotic and abiotic
factors found in the environment (Rios et al. 2020).

The edges of urban forests are surrounded by asphalt and buildings that absorb light, increase the temperature and decrease humidity in the forest interior,
which impedes the development of mature species and favors the establishment of anthropogenic and ruderal species (Rigueira et al. 2012). Although in the
present work the size of the border was delimited, the successional stage, age, and size of the fragment influence the intensity and range of the edge effect,
making it difficult to standardize of the border in forest environments (Hamberg et al. 2009).

Therefore, the distribution of diversity in the urban area can be related the edge of the fragment, which favors a higher density of anthropogenic species. This
is the case for Mandevilla hirsuta that was represented by 396 individuals in the plots near the edge (88% of the total density of this species in the area). This
species is frequently found in disturbed environments (Naranjo et al. 2011). On the other hand, Himatanthus drasticus only occurred in one plot. Although, this
species is very common in other urban fragments in Maranhão (Almeida Jr. et al. 2021) and areas of urban Cerrado in the Northeast Region, where its density
increases after environmental disturbances (Moro et al. 2011).

It is worth noting that the low spatial dependence found could recover, which highlights the urgent need for management and restoration projects in the area.
The anthropogenic influence in urban fragments reduces plant diversity, mainly along edges, and in extreme cases this leads to the loss of the forest matrix
condition due to the discontinuity of the spatial dependence of the species (Oliveira et al. 2020).

It is further suggested that the variation in the slope in the nonurban area (NUR) seems to be responsible for variations in the richness of the understory, since
the kriging map shows a concentration of the S variable in plots in flatter areas of the fragment. This indicates an “equilibrated” forest because the spatial
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structure of the understory is formed by biotic and abiotic interactions (Cesare and Ferreira 2013). 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).

It can be concluded that the present study found structural and floristic differences between the urban and nonurban areas. The nonurban area has higher
richness and diversity indices, as well as species with the highest IV that are representatives of Amazonian vegetation. The structural patterns indicate the
dominance of a few species in the urban area, with hypsometric and diametric distributions typical of regenerating environments. Allied to these data, the
kriging showed weak spatial dependence for the richness of the urban understory, reinforcing the urgent need for restoration and conservation actions in the
fragment. Finally, due to deforestation and fragmentation of the forests in Maranhão, the forest remnants analyzed have replaced and lost species; despite
this, they still represent records of original vegetation, and effective and emergency actions are needed to restore and conserve the richness and diversity in
them.
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Figure 1

Plots used for phytosociological sampling in urban and non-urban forest fragments on Maranhão Island, Maranhão, Brazil. In the box on the left above is the
map of Brazil and below is the map of Maranhão. In the highlighted center is the Map of the Island of Maranhão 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

Figure 2

Distribution of individuals by height classes of the species sampled in each area: a) urban area, Sítio Santa Eulália, São Luís, MA; b) nonurban area, Sítio
Aguahy, São José de Ribamar, MA. Figure created in Excel 2016
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Figure 3

Distribution of individuals by diameter classes of the species sampled in each area: a) urban area, Sítio Santa Eulália, São Luís, MA; b) nonurban area, Sítio
Aguahy, São José de Ribamar, MA. Figure created in Excel 2016

Figure 4

Diversity profiles of urban and nonurban areas, showing the greatest diversity found in the non-urban environment, on Ilha do Maranhão, state of Maranhão,
Brazil. Figure created in software R
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Figure 5

NMDS showing the difference in floristic composition and density of each species occurring in urban (5a) and nonurban (5b) areas. Figure created in software
R



Page 18/19

Figure 6

Semivariogram: A = richness (S), B = diversity (H') of the understory in a nonurban fragment (NUR) and C = richness (S), D = diversity (H') of the understory in
urban fragment (UR) on Ilha do Maranhão, state of Maranhão, Brazil. Figure created in software R
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Figure 7

Kriging maps: (A) richness (S), (B) diversity (H') of the understory in the nonurban patch (NUR) and (C) richness (S), (D) diversity (H' ) of the understory in an
urban fragment (UR) on Ilha do Maranhão. Figure created in software R


