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Abstract
Question: We aimed to analyze how the topography, temperature and rainfall in-
fluence the floristic distribution in three different topographic areas and their sur-
rounding vegetation. We addressed three main questions: (i) How is the distribution 
of species among the topographic areas? (ii) Which abiotic variable is driving this dis-
tribution? and (iii) What is the difference among the mountain forests and between 
mountain forests and the Caatinga vegetation?
Location: The Maranguape mountain forest were divided into three topographic cat-
egories: windward (600–800 m, WMA), leeward (600–800 m, LMA) and top (above 
800 m, TMA). We also considered another six areas of mountain forests and four 
Caatinga areas in Ceará State.
Methods: We calculated different structural parameters and the floristic diversity of 
each category. A Principal Correspondence Analysis was performed to analyze the in-
direct ordination of forest sites by species abundance. A Canonical Correspondence 
Analysis was conducted to evaluate which variables were driving species distribu-
tion. We used non-metric multidimensional scaling distance and the average linkage 
method to investigate the similarity among mountain forests and Caatinga.
Results: A total of 1,536 individuals belonging to 144 tree species distributed in 44 
families and 93 genera were recorded. Myrtaceae, Fabaceae and Rubiaceae were the 
most species-rich families. Myrcia splendens had the highest importance value fol-
lowed by Guapira nitida and Mollinedia ovata. The leeward slope showed the highest 
richness and diversity index, whereas the windward showed the highest density and 
the top showed the highest basal area. The ordination indicated a greater similarity 
between TMA and WMA than LMA.
Conclusion: Our results suggest that temperature, precipitation and slope angle are 
the abiotic factors driving species distribution in Maranguape. Those mountains are 
heavily anthropized and continuously explored, therefore these outcomes will be 
useful for conservation and restoration purposes in the poorly known semiarid re-
gion of Northeast Brazil.
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1  | INTRODUC TION

The ecological community’s assembly processes and structure have 
been studied for many years and have created a heated discussion 
about the influence of biotic and abiotic factors on richness and 
diversity (Chave et al., 2002; Wright, 2002; Prada and Stevenson, 
2016). Neotropical forests present high levels of diversity and are 
used in case studies on species distribution, coexistence and compo-
sition, mainly in latitudinal and altitudinal gradients (Buermann et al., 
2008; Keppel et al., 2010; Terborgh et al., 2011). Neotropical moun-
tain forests, including the Brazialian Atlantic Forest (BAF), are among 
the most diverse ecosystems in the world (Kessler and Kluge, 2008).

The BAF represents the second largest tropical forest in the world 
and may contain between one and eight percent of the world's species 
(Silva and Casteleti, 2003). However, BAF is one of the most threatened 
and fragmented ecosystems in the world and has been explored and 
degraded for more than 500 years. Nowadays, only around 11.4–16% 
of its original cover remains (Ribeiro et al., 2009, 2011). Forzza et al. 
(2012) estimated that approximately 20,000 species (40% endemics) 
of vascular plants are found in the BAF, which makes it one of the most 
distinctive biogeographical units in the entire Neotropical region.

Through the last century, the Atlantic forest has been exten-
sively deforested because of the advent of coffee and sugarcane 
monocultures (Gibbs et al., 2010). Nevertheless, BAF is recognized 
as one of the 35 biodiveristy hotspots for conservation priorities 
(Myers et al., 2000; Mittermeier et al., 2004; Zachos and Habel, 
2011). Some forest fragments still exist and are concentrated on the 
top of mountains and steep slopes, which are difficult to access and 
where anthropogenic activities are unfeasible.

The northernmost BAF stretches 1,500 km along the Atlantic 
coast from Bahia to Rio Grande do Norte states. In Ceará state, 
the original Atlantic forest is distributed in small and isolated frag-
ments, the mountain forests, such as Baturité (Araújo et al., 2007). 
These fragments may play an important role as stepping stones for 
the diversity, dispersal and conservation of species (Anderson and 
Jenkins, 2006). Due to their history, these small enclaves on moun-
tain tops are considered as interglacial microrefugia, i.e., relics of a 
past expansion of the Atlantic forest (Ledru et al., 2007; Montade 
et al., 2014).

These humid forest enclaves located in the semiarid region 
have functioned as ecological refuges for flora and fauna, provid-
ing natural shelter of several endangered species and new species 
not yet described (Andrade-Lima, 1982). They are characterized 
by having plants with Amazon, Atlantic and Caatinga distributions 
(Santos et al., 2007). Distributed in the states of Ceará, Rio Grande 
do Norte, Paraiba and Pernambuco, there are 49 mountain forests 
which cover 19,259 km2; however, this number is actually reduced 
by half due to anthropization, such as land use conversion to grazing 
and agricultural production (Vasconcelos-Sobrinho, 1971). In Ceará 
state, these humid forests are found on the tops of mountains and 
plateaus (above 600 m a.s.l.) with a massive topographical hetero-
geneity, receiving orographic rainfall and cover 3.71% of the state 
surface (Xavier et al., 2007).

The distribution and abundance patterns of tropical tree com-
munities commonly correlated with environmental variables (Takyu 
et al., 2002; Aiba et al., 2004). Topography, for example, can affect 
climate conditions, which lead to changes in structure, function and 
dynamics of plant and animal communities at large geographical 
scales (Badgley et al., 2017; Antonelli et al., 2018). At local scales, 
topography may affect thermal, hydrologic and edaphic conditions 
(Moeslund et al., 2013; Chadwick and Asner, 2016). However, there 
is a limited understanding of how fine-scale topographical effects 
may depend on climate to influence species distributions (Lenoir 
et al., 2016; Muscarella et al., 2020).

The distribution of plant species in montane environments is 
associated with abiotic variables, such as altitude, temperature 
and slope, and geographical distance (Aiba et al., 2004, Andersen 
et al., 2010, Muscarella et al., 2020). However, plant distributions 
are more strongly associated with the forest type and environmental 
heterogeneity than with geographical distance (Lima et al., 2012a; 
Gonzalez-Caro et al., 2014; Sabatini et al., 2014). Although the ev-
idence for this association is well known, the relative contribution 
of each variable to species distribution and composition has hardly 
been studied (Baldeck et al., 2013). Each factor may influence dif-
ferent community processes that shape local species composition 
and distribution, aiding the conservation and management plans for 
these vulnerable ecosystems.

Few studies have been located in these mountain forests, which 
demands further attention especially given the large-scale habitat 
fragmentation. Here, we aimed to analyze how the topography, 
temperature and rainfall influence the floristic distribution in three 
different topographic areas (leeward, windward and top) and the 
surrounding vegetation (Caatinga). We addressed three main ques-
tions: (i) how is the distribution of species among the topographic 
areas; (ii) which abiotic variables are driving this distribution; and 
(iii) what is the difference among the mountain forests and between 
mountain forests and the Caatinga vegetation (semiarid)? To achieve 
our goal, the following hypotheses were tested: (i) leeward areas 
have lower diversity and richness than windward and top areas; (ii) 
topography is the main variable influencing the distribution,; and (iii) 
leeward areas are closest to Caatinga, whereas top and windward 
areas are closest to the other mountain forests. To evaluate the 
proposed hypotheses, permanent vegetation transects were estab-
lished along an environmental gradient in the Maranguape mountain 
forest, Ceará, State. We conducted statistical comparisons between 
Maranguape and other mountain forests from Ceará state and the 
surrounding Caatinga in order to evaluate the difference in terms of 
topographical, horizontal and vertical species composition.

2  | METHODS

2.1 | Study area

The study took place in the mountainous rain forest of the pro-
tected area of Serra de Maranguape (Área de Proteção Ambiental 
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da Serra de Maranguape; SEMA). The SEMA is one of the high-el-
evation areas of Ceará state, reaching 980 m a.s.l. (3°53′40.32″ S, 
38°43′13.56″ W), covers an area of 71 km2 and is located 30 km 
from the Atlantic Ocean (Figure 1). The SEMA has a very steep crys-
talline relief and different types of plant composition; it is a pro-
tected area. The local climate is characterized as hot semiarid, with 
a rainy summer (December to May) and a dry winter (mainly from 
September to November), which is classified as BSh in the Köppen–
Geiger system (Peel et al., 2007). In contrast to the semiarid climate, 
the SEMA has a tropical and sub-humid climate (Aw), with average 
rainfall above 1,300 mm/year and an average temperature between 
23°C and 26°C. The soil classes vary between Alisol, Luvisol and 
Neosol (Arruda, 2001).

While the lower areas of the mountain forests are dominated by 
deciduous thorny woodland (Caatinga), the upper areas are domi-
nated by semideciduous and ombrophilous forests. The massif geo-
graphic position in relation to the wind exposure provides a higher 
humidity on the windward slopes due to rain as a result of the forced 
convection. This fact results in different gradients among the slopes 
and, in general, higher precipitation than in the surrounding semi-
arid region, where the average precipitation rate is 700 mm per year 
(Funceme, 2005).

It is worth note that Caatinga is an open and semiarid land-
scape with interplateau depressions and is surrounding the moun-
tain forests in the Brazilian semiarid region. Its distribution extends 
throughout northeastern Brazil, covering about 1,000,000 km2 with 
high mean annual temperatures, scarce and irregular rainfall, low rel-
ative humidity and high solar radiation (Prado, 2000; Velloso et al., 
2002). The Caatinga vegetation is not homogeneous, as there is a 
considerable variation in its structure (Andrade-Lima, 1975).

2.2 | Data collection

Data collection started in July 2013 and was completed in January 
2015. We used the point-centered quarter method (Cottam and 

Curtis, 1956) as starting point for doing the floristic survey. This pro-
cedure consists of dividing each sampling point into four quarters 
by a pair of perpendicular lines. We divided the SEMA into three 
topographic categories: top (TMA) from 880 m to 934 m (3°53′48″ 
S; 38°43'15″ W), leeward (LMA) from 654 m to 702 m (3°54′30.9″ 
S; 38°43′57.0″ W) and windward (WMA) from 678 m to 796 m 
(3°54′31″ S; 38°43′01″ W). The nomenclature and taxonomy used 
here follow the works of APG IV (2016).

We established two 0.5-ha plots in each category (separated by 
a minimum distance of 200 m and a maximum of 1 km; Figure 2a). In 
each area, we sampled five parallel transects with a length of 100 m 
and 10 point quadrats each, separated by a distance of 50 m between 
them (Figure 2b). Altogether, we studied a sample size of 3 ha with 
30 transects and 300 point quadrats. It is worth noting that we had 
two replication areas for each topographic category (Figure 2). We 
attempted to sample a standardized area of each category, in order 
to isolate the effect of area from other variables, such as edge and 
anthropogenic effects. In each quarter, we recorded the nearest tree 
of 15 cm perimeter at breast height (PBH) or larger and measured 
the circumference (cm), height (m) and distance from the point to the 
tree (m). Multi-stemmed individuals at breast height were sampled 
if at least one stem showed this minimal PBH criterion. When these 
individuals had a PBH < 30 cm, we sampled another individual in the 
same quadrat with a PBH ≥ 30 cm (Figure 2c).

The data collected here were compared to existing studies of 
mountain forests in Ceará (Baturité, Pacatuba, Ubajara and Araripe) 
and of Caatinga (Crateús, Aiuaba, Iguatu e Quixadá; see Table 1). This 
comparison was taken to understand the floristic similarities among 
mountain forest sites and between mountain forests and the sur-
rounding semiarid vegetation (Caatinga).

2.3 | Data analysis

We analyzed the following structural parameters: absolute and rela-
tive density per hectare (based on the distance from the point to 

F I G U R E  1   Map of Ceará state, Brazil 
showing the mountain forests locations 
(in gray) and detail of the studied area 
with altitudinal scale, where the delimited 
region comprises the protected area 
of the Maranguape Mountain (SEMA). 
Datum, SAD 69; date, March 2017
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the tree), frequency and dominance per hectare; cover value, impor-
tance value (IV) and basal area of each topographic category and, 
consequently, of the whole SEMA (Mueller-Dombois and Ellenberg, 
1974). We calculated floristic diversity by the Shannon–Wiener 
(H′), Pielou's evenness (J′) and the Simpson index (D) (Magurran, 
2004). We used both the Shannon and Simpson indices because 
Shannon assumes all species are represented in a random sample, 
whereas Simpson gives more weight to common or dominant species 
(Magurran, 2004). A non-parametric Kruskal–Wallis test was applied 
to verify statistical differences among forest sites on average tree 
height and diameter. A χ2 test was performed to verify differences in 
the proportion of multi-stemmed individuals at breast height. These 
analyses were performed using the software Fitopac 2.1 (Shepherd, 
2009) and PC-ORD 6.0 (McCune and Mefford, 2011).

A correspondence analysis (CA) was performed to analyse the 
indirect ordination of forest sites by species abundance in order 
to evaluate the horizontal structure similarities among the differ-
ent sites (Hill, 1973). Those species observed at only one site were 

eliminated in this analysis because the CA is very sensitive to their 
presence (McCune and Grace, 2002).

To test for differences in horizontal and vertical structure be-
tween leeward, windward and top, the structural parameters of 
species richness (S), Shannon–Wiener index (H'), total density per 
hectare (DE), and total dominance per hectare (DO) were listed for 
Baturité and Maranguape mountains and compared. Furthermore, in 
order to determine correlations between the spatial distribution of 
vegetation groups and environmental data from each area, a canon-
ical correspondence analysis (CCA) was carried out. Environmental 
parameters such as slope angle and elevation were calculated 
using QGIS software (QGIS Development Team, 2015) running the 
ASTER Global Digital Elevation Model (GDEM; Abrams et al., 2010). 
Mean annual precipitation and temperature values for the period 
1950–2000 were obtained using the WorldClim database (Fick and 
Hijmans, 2017) for each location of the surface samples with a spa-
tial resolution of 1 km2. To test the correlation among the environ-
mental variables, we did a Pearson correlation test (r).

F I G U R E  2   Sample design: (a) the 
distribution of the areas with transects in 
each topographic category; (b) an example 
area with transects and its distance 
measurements; and (c) the method of 
sampling trees in each point-centered 
quarter, until two tree by quarter. *If the 
first sampling individual has less than 
30 cm of PBH (perimeter at breast height), 
we sampled another one with more than 
30 cm

TA B L E  1   Floristic surveys of six areas of mountain forest and four areas of Caatinga located in Ceará State used in this study

Locality Code Geographic coordinates (S;W) References

Baturité Windward WB 4°17′54″; 38°56′10″ Araújo et al. (2007)

Baturité Leeward LB 4°15′32″; 39°00′04″ Araújo et al. (2007)

Baturité Top TB 4°12′22″; 38°55′55″ Araújo et al. (2007)

Pacatuba MF1 3°59′04″; 38°37′12″ Not published

Ubajara MF2 3°51′16″; 40°55′16″ Not published

Araripe MF3 7°16′32″; 39°27′13″ Ribeiro-Silva et al. (2012)

Crateús CA1 5°7′; 40°2′22.79″ Costa and Araújo (2012)

Aiuaba CA2 6°36′01″; 40°19′19″ Sousa et al. (2007)

Iguatu CA3 6°19′46″; 39°22′38″ Lima et al. (2012)

Quixadá CA4 4°49′34″; 38°59′09″ Costa et al. (2007)

Note: Note that collected data are not included here.
Abbreviations: CA, Caatinga; LB, Leeward of Baturité; MF, Mountain Forest; TB, Top of Baturité; WB, Windward of Baturité.
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We used non-metric multidimensional scaling (NMDS) with 
the Jaccard index and a cluster dendrogram obtained by the aver-
age linkage method (UPGMA) using the Jaccard index to test for 
floristic similarities among Cearás' mountain forests and Caatinga 
(Table 1). These analyses were performed in PC-ORD 6.0 (McCune 
and Mefford, 2011).

3  | RESULTS

A total of 1,536 individuals belonging to 144 tree species distrib-
uted in 44 families and 93 genera were recorded in the six samples 
(Appendix S1). Myrtaceae (21 spp.), Fabaceae (17 spp.), Rubiaceae 
(15 spp.), Lauraceae and Sapotaceae (6 spp.), and Malpighiaceae and 
Euphorbiaceae (5 spp.) were the most species-rich families, which 
accounted for 52.1% of the species observed at the study site. 
Eugenia and Myrcia (7 spp.), and Inga, Senna, Ocotea and Byrsonima 
(4 spp.) were the richest genera. Many families and genera were 
represented by only one species each. Myrtaceae, Nyctaginaceae, 
Fabaceae, Lauraceae, Sapindaceae and Rubiaceae showed the high-
est IV and represented almost 50% of the total IV.

Although Myrcia splendens had the highest IV (7.5% of the total 
IV), number of individuals, relative density and relative frequency, 
its relative dominance was lower than that of Guapira nitida and 
Mollinedia ovata, which together represented 12.1% of the total IV 
(Appendix S1). Myrcia splendens, Guapira nitida, Myrcia ovata, Cupania 
impressinervia, Handroanthus serratifolius, Nectandra cuspidata, Inga 
bollandii, Guapira opposita, Pilocarpus spicatus, Cupania oblongifo-
lia, Margaritaria nobilis, Cinnamomum triplinerve had more than 30 
individuals and were the species with highest IV (43% of the total, 
Appendix S1). However, Neea floribunda had 19 individuals and pre-
sented a big IV value (5.47). The standing dead biomass was repre-
sented by 52 individuals and 3.5% of the total IV.

The total density for the three forest sites was 1,275 individu-
als/ha, the total dominance was 27.39 m2/ha, the total basal area 
was 26.53 m2/ha. The Shannon–Wiener index was 4.182, evenness 
was 0.841 and the Simpson index was 0.027. The LMA site showed 
the highest species level richness (95 spp.) and the WMA showed 
the highest density (522 individuals/ha). However, the WMA site 
showed the lowest dominance (29.15 m2/ha) and the TMA showed 
the highest basal area (28.374 m2/ha), while the LMA presented the 
highest Shannon–Wiener and evenness indices (Table 2).

From the 144 species sampled, 20 (13.9%) were present in the 
three sample areas, 16 (11.1%) between TMA and WMA, 5 (3.47%) 
between TMA and LMA, and 13 (9.03%) between WMA and LMA 
slopes. Thus, 12 (8.33%) species were found only in TMA, 17 (11.8%) 
only in WMA and 41 (28.5%) only in LMA. The CA ordination of 
forest sites by species abundance indicated a greater similarity be-
tween TMA and WMA. The inertia explained by the first two axes 
was 70.8% (Figure 3). Myrcia splendens was abundant in all sample 
areas, but was strongly associated with TMA and WMA, as well as 
Guapira nitida. Myrcia ovata and Inga bollandii were more associ-
ated with TMA areas, while Cupania impressinervia and Neoraputia 
magnifica with WMA areas. On the other hand, Pilocarpus spicatus, 
Handroanthus serratifolius and Senegalia polyphilla were more associ-
ated with LMA areas (Table 2 and Figure 3).

The tree stems in SEMA had an average height of 11.45 m ± 4.58 
and an average diameter of 58.67 cm ± 43.59. The average height 
was not significantly different among the sites, although the diam-
eter (H = 187.4521, p < 0.001) in TMA was significantly higher than 
in WMA and LMA. The WMA and LMA sites were similar in terms 
of the proportion of multi-stemmed individuals at breast height, 
13.36% and 12.34%, respectively, whereas the TMA showed a 
higher proportion (23.75%) of stems per individual than the other 
sites (χ2 = 18.766, p = 0.0005, df = 2). The Shannon–Wiener (H′) 
and evenness (J) were higher in LMA, followed by WMA and TMA 

TA B L E  2   Richness, Shannon–Wiener (H′), Simpson index (D), Pielou's evenness (J′), species and families with highest IV (importance 
value) among each topographic category and the whole mountain

Richness
Species/Families H’ D J’ Species highest IV

Families 
highest IV

Top (TMA) 54/25 3.233 0.062 0.810 Mollinedia ovata Nyctaginaceae

Myrcia splendens Myrtaceae

Guapira nitida Monimiaceae

Windward (WMA) 78/35 3.859 0.031 0.886 Myrcia splendens Myrtaceae

Guapira nitida Nyctaginaceae

Cupania 
impressinervia

Rubiaceae

Leeward (LMA) 95/34 4.033 0.024 0.887 Handroanthus 
serratifolius

Bignoniaceae

Pilocarpus spicatus Rutaceae

Senegalia polyphylla Fabaceae

SEMA 144/44 4.182 0.027 0.841 Myrcia splendens Myrtaceae

Guapira nitida Nyctaginaceae

Mollinedia ovata Fabaceae
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respectively, whereas the Simpson index (D) was higher in TMA 
(Table 2).

The LMA showed distinct horizontal structure when compared 
to WMA and TMA, whereas these two are quite similar. LMA had 
the highest richness (S) (T = 4.679, p = 0.0003, df = 9), and high-
est diversity according to the Shannon–Wiener index (H′) (U =0.00, 
Z[U] = 3.607, p = 0.002); however, the total density per hectare was 
the lowest (T = −3.478, p = 0.0017, df = 9). TMA had the highest 
total dominance per hectare (T = 1.067, p = 0.00012, df = 9). WMA 
had the highest total density per hectare (T = 2.149, p = 0.0023, 
df = 9). On the other hand, the leeward slope of Baturité mountain 
had the lowest richness and diversity per hectare, whereas the top 
presented higher density than TMA, richness and diversity per hect-
are (see Araújo et al., 2007). However, Baturité and Maranguape 
mountains have one similarity: the leeward slopes of both have the 
lowest density.

The distribution of samples in the CCA diagram clearly separates 
four groups, with windward and top of each mountain displayed in 
two different groups and each leeward as a unique group, reflecting 
the vegetation variation from the seasonal semideciduous montane 
forest to the dense ombrophilous forest. Temperature and precipi-
tation were the main ecological parameters driving the species dis-
tribution in these mountains. Comparing the topographic categories, 
TMA and WMA had greater values for temperature and precipita-
tion, whereas TB (top of Baturité) and WB (windward of Baturité) 
had the same greater values for precipitation, but lower ones for 
temperature. LMA had greater values for temperature, but was 
lower for precipitation, and LB (leeward of Baturité) had lower values 
for both variables (Figure 4).

The environmental parameters are mainly correlated with axis 
2. The main correlation concerning axis 1 is with the temperature 
(−0.715), followed by precipitation (−0.580). The closest envi-
ronmental parameters related to axis 2 are precipitation (0.802), 
temperature (0.415) and slope (0.190) (Table 3). Therefore, axis 1 

was presentative of temperature and axis 2 of precipitation, which 
indicates higher temperatures on Maranguape mountain than 
on Baturité and higher precipitation on top and windward than 
leeward.

The cluster dendrogram showed two different groups: one with 
TB, WB, TMA, WMA, LMA, MF1, MF2 and MF3, and another one 
with LB and CA 1, CA2, CA3 and CA4 (17.5% of information remain-
ing, Figure 5). In a higher resolution, the leeward slope of Baturité 
was grouped with all Caatinga areas, except for CA2. Maranguape, 

F I G U R E  3   Correspondence analysis 
by the abundance of species for the three 
sample areas at Serra de Maranguape, 
northeastern Brazil. Eigenvalues: Axis 
1 = 50.5%, and Axis 2 = 20.3%. p-Value 
= 0.001 in both axes

F I G U R E  4   Canonical correspondece analysis between 
environmental parameters and species distribution of leeward, 
windward and top sides from Baturité and Maranguape mountains. 
Eigenvalues: Axis 1 = 68.8%, and Axis 2 = 60%. p-Value = 0.025 in 
both axes
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MF1, TB and WB were grouped together. MF2 and MF3 formed the 
last group (Figure 5). The correlations between the cophenetic sim-
ilarities and the Jaccard original similarities were strong (0.78), con-
firming the reliability of the UPGMA analyses.

The NMDS ordination provided a two-dimensional solution, 
with both axes being significant (p = 0.01), and explained 79% of 
the correlations between the distances in the original space and the 
ordination distances. After 38 iterations, the final stress value was 
13.71, which is a satisfactory result (McCune and Grace, 2002). The 
NMDS diagram showed a clear separation among all the mountains 
and Caatinga areas with three groups formed (Figure 6). The NMDS 
analysis ordered the same groups from the UPGMA, revealing a 
great correspondence between them.

There was no correlation between the geographical distance and 
the floristics among topographical sites (r = 0.12; p = 0.32). On the 
other hand, there was a strong correlation between the geographical 

distance and the floristics among the mountain forests (r = 0.63; 
p < 0.01).

4  | DISCUSSION

4.1 | Leeward areas have higher diversity and 
richness than windward and top

The results of our study were largely inconsistent with those of 
several other floristics studies in Ceará state, mainly because of the 
Caatinga areas, where the species richness is lower and Fabaceae 
is the richest family (Queiroz, 2006; Lima et al., 2012a; Moro et al., 
2014). On the other hand, we found some similarities among the 
mountain forest areas of Ceará, such as the higher number of spe-
cies, Myrtaceae as the richest family and Myrcia splendens as the 
most common species (Araújo et al., 2007; Ribeiro-Silva et al., 2012). 
Maranguape and Baturité mountains share many species, including 
similar richness, H′, IV, density, frequency and dominance because of 
their geographical proximity and same crystalline origin. Moreover, 
those similarities also occur with mountain forests located in other 
states from northeast Brazil (Diogo et al., 2019).

Considering the slopes, it is worth noting that, although they 
are geographically close, each one has a distinctive flora with some 
exclusive species (Hoorn et al., 2018). The greater richness and di-
versity of species on the leeward slope of SEMA is relatively dif-
ferent from Gentry’s (1982, 1988) findings, which demonstrated 
that a greater diversity would be expected in wetter areas. Araujo 
and Scarano (2007) and Fernández-Palacios and Nicolás (1995) 
also found a positive correlation between precipitation and species 
richness and diversity, with the windward areas being the most di-
verse. On the other hand, our findings agree with some studies on 

TA B L E  3   Pearson correlation test (r) of passive ecological 
variables with axes 1 and 2 of correspondence analysis

Ecological variables Axis 1 Axis 2

Temperature −0.715* 0.415*

Precipitation −0.580* 0.802*

Elevation −0.086 −0.058

Slope −0.095 0.190*

*Significant at the 0.01 level. 

F I G U R E  5   Unweighted pair group 
method with arithmetic mean with 
Jaccard coefficient as distance measure, 
illustrating the similarity in floristic 
patterns at the species level among 
Mountain Forests and Caatingas of Ceará 
state. Cophenetic coefficient = 0.78 See 
Table 1 for locality names

F I G U R E  6   Non-metric multidimensional scaling yielded by the 
species data showing the floristic connections among Mountain 
Forests and Caatingas of Ceará state. Eigenvalues: Axis 1 = 55.7%, 
and Axis 2 = 23.3%. p-Value (proportion of randomized runs with 
stress ≤ observed stress) = 0.01 in both axes. Final stress = 13.71. 
See Table 1 for locality names
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Fabaceae in Baturité, Brazil (Lima et al., 2012b), with floristic com-
position in a rainforest in Taiwan (Liao and Chen, 2017) and with 
altitudinal patterns of vegetation on Tenerife (Fernández-Palacios 
and Nicolás, 1995).

Although we found a greater richness and diversity for the 
total flora in the drier areas of the Maranguape Mountain Range, 
this result was not observed when the analysis was carried out at 
the family level. For instance, Myrtaceae has a higher richness and 
diversity in wetter areas such as the Atlantic rain forest (Murray-
Smith et al., 2009; Lucas and Bünger, 2015), Amazonia (Pitman et al., 
2002) and the windward slope, whereas Fabaceae has the opposite 
pattern, with higher richness and diversity in the drier areas such 
as the Caatinga (Moro et al., 2014) and the leeward slope. The rich-
ness and diversity of species vary according to the taxonomic group 
analyzed and its evolutionary history (Murray-Smith et al., 2009; 
Schouten et al., 2009), each family responds differently according 
to the climate and topography. For instance, temperature is the most 
important climatic variable for Fabaceae, but for other families, such 
as Myrtaceae and Bignoniaceae it is precipitation (Punyasena, 2008). 
The forest composition change found when comparing windward 
and leeward was also observed in the corresponding pollen assem-
blages of those slopes (Montade et al., 2016). The windward slope is 
an area which is under the influence of orographic rainfalls and has 
features of ombrophilous forest as its dominant type of vegetation, 
as we see an increase of Myrtaceae, Lauraceae and Nyctaginaceae 
families. The leeward slope is an area with lower precipitation and 
higher temperatures and has semideciduous seasonal forest as 
vegetation type with an increase of Fabaceae, Bignoniaceae and 
Rutaceae families.

The type of forest located closer to the mountain top differs 
partly in its structure and composition from the forests located just 
below, which demonstrates typical features of forests under the in-
fluence of clouds, such as low canopy height, low species richness, 
high proportion of multi-stemmed individuals at breast height, high 
tree diameter and high dominance (Falkenberg and Voltolini, 1995; 
Hamilton et al., 1995; Meireles et al., 2008). Among the sampled 
species, an increase of pioneer and heliophilous trees is observed, 
such as Alchornea glandulosa, Pourouma guianensis and Miconia mi-
rabilis (Souza et al., 2006; Pessoa et al., 2012), as well as an increase 
of species with a narrow geographical distribution, which occurred 
only in forest formations of high-altitude mountain ranges, such as 
Clusia melchiorii and Clusia paralicola (Araujo and Scarano, 2007). The 
increase in the representation of those taxa in both vegetation and 
pollen rain (Montade et al., 2016), may be a consequence of the ex-
istence of specific environmental conditions on the mountain tops 
or areas located close to it, such as different soil conditions related 
to the rocks. Moreover, although rainfall would reach its maximum 
close to the mountain tops, local environmental conditions induce 
lower diversity and richness and higher density when compared 
to forests located a few tens of meters below. The higher Simpson 
index for surveys of tops suggests a higher concentration of individ-
uals within a few species as altitude increases (Martins and Santos, 
1999).

The lower richness, diversity index and density on the leeward 
slope of Baturité are related to the more restrictive environmental 
conditions, such as high temperatures and a small amount of rain-
fall (Mantovanni, 2006). Furthermore, LB is greatly influenced by 
Caatinga flora (Cereus jamacaru, Croton blanchetianus, Jatropha mol-
lissima and Mimosa caesalpiniifolia). It suggests that those areas share 
some characteristics, such as shallow-depth soils with high pH, max-
imum and minimum temperatures above the average for mountain 
forests, and annual rainfall concentrated in a few months of the year 
and below the average for mountain forests (Araújo et al., 2007). 
Although the leeward slope of Maranguape has the lower density, 
it presents a greater mix of species with some species of Caatinga 
(Anadenanthera colubrina and Poincianella bracteosa), Amazon rain 
forest (Abarema jupunba and Coccoloba latifolia) and Atlantic rain 
forest (Alseis floribunda and Celtis spinosa). Besides sharing species 
with windward and top areas, more than 20% of the species of 
Maranguape mountain occu only in LMA.

4.2 | Temperature, rainfall and slope angle are the 
main variables influencing the distribution

Our study indicates that many of these species seem to prefer a given 
area, and those divergences might be a response to climate condi-
tions: temperature and precipitation changes induced by the altitu-
dinal gradient (Homeier et al., 2010; Dodds et al., 2019; Nascimento 
et al., 2020). Both faces have different mean annual temperature and 
precipitation forming specific communities growing in distincts envi-
ronments. Those climate variables are the chief factors determining 
the distribution of the vegetation around the world and are usually 
associated with rapid transitions among ombrophilous forest and 
semideciduous seasonal forests (Oliveira-Filho, 2006).

The precipitation changes are controlled by the elevation of 
air masses on the windward side, which act as \ barriers generat-
ing orographic precipitation. Many of these air masses, which de-
crease rainfall and increase evaporation, do not reach the leeward 
side. This mechanism is called the rain shadow effect and is com-
monly observed on tropical mountainous islands (Duarte et al., 
2005; Giambelluca et al., 2013). The variation in the floristic com-
position among different plant formations in the Maranguape moun-
tain range is also observed on a larger scale, as in the southeastern 
and northeastern regions of Brazil (Oliveira-Filho and Fontes, 2000; 
Ferraz et al., 2004) and even in South America (Oliveira-Filho, 2006).

Slope angle could also influence vegetation distribution, because 
it leads to a gradual removal of dissolved materials from the linear 
slope and, consequently, to the accumulation of these materials near 
the creek site. However, it is a relevant factor only at values over 
40° (Fernández-Palacios and Nicolás, 1995; Montade et al., 2016). 
Nevertheless, the distribution of individuals in a given environment 
is not only determined by abiotic factors, but may also result from 
biological interactions such as competition, and mutualismssuch as 
herbivory, dispersal and pollination (Wisz et al., 2013; Diogo et al., 
2016).
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4.3 | Leeward areas are closest to Caatinga, 
whereas top and windward areas are closest to the 
other mountain forests

When the flora of SEMA was compared to the main plant formations 
of Ceará state, a grouping appeared varying from drier to wetter 
areas. It is worth noting that the leeward of Baturité is clearly more 
similar to thorny woodland areas and deciduous forests (Santos 
et al., 2007 and Araújo et al., 2007 found similar results). For in-
stance, 34% and 32% of its exclusive Fabaceae species can be found 
in seasonal forests areas and thorny woodland (Bauhinia cheilantha 
and Libidibia ferrea), respectively, but only 4% occur in ombrophilous 
areas (Copaifera duckei) (Lima et al., 2012b). Whereas the leeward 
of Maranguape is more similar to semideciduous and ombrophilous 
forest, with species that can be found in both forest formations, in-
cluding the other mountain forests, such as Anadenanthera colubrina, 
Ixora brevifolia and Randia armata, it still has thorny woodland spe-
cies, Poincianella bracteosa for example. This difference between lee-
ward slopes can be explained by the distance from the coast: while 
Maranguape is only 30 km away, Baturité is 80 km. The precipitation 
generated by maritime trade winds is distributed along a gradient: a 
decrease from the coast to the interior. Thus, the leeward slope of 
Maranguape receives a greater amount of rainfall and, consequen-
tely, has better conditions so different species can grow there.

On the contrary, the windward and top areas of Baturité and 
Maranguape are more related to Pacatuba, Araripe and Ubajara, 
sharing some species, such as Eugenia florida, Inga bollandii, Inga in-
goides, Miconia prasina, Myrcia splendens, Ocotea longifolia, Psychotria 
carthagenensis and Vismia guianensis. Those forests have similar 
climatic conditions and are clearly more humid and receive higher 
amounts of precipitation, which contribute positively to the species 
distributed there. In addition, Maranguape, Baturité and Pacatuba 
are closer because of their similar crystalline origin and they are geo-
graphically approximate.

On the other hand Araripe and Ubajara are closer because of 
their sedimentary origin. During the Quaternary, the semiarid region 
of Brazil experienced episodes of climatic fluctuations (Behling et al., 
2000) and the forested vegetation could have established in moun-
tain forests as humid refugia during the driest periods (Auler et al., 
2004), which could explain the similarity among these mountains.

There are few studies of the endangered northeastern mountain 
forests, and we expect that our results may be useful as an exam-
ple of fine-scale topographical effects, to understand the structure, 
composition and distribution in these forests.

5  | CONCLUSION

The huge environmental and climatic heterogeneity (temperature 
and precipitation) observed in the Maranguape mountains may ex-
plain the high diversity and variation in floristic composition among 
slopes and top because it enables the coexistence of different spe-
cies. Such patterns are also observed on a regional scale. Our study 

provides a better knowledge of flora, species distribution, and forest 
relationships of the mountainous massifs in northeastern Brazil. Since 
we studied an endangered, heavily explored and poorly known region, 
our outcomes can be extrapolated to better understand the mountain 
forests in the middle of the semiarid zone (brejos de altitude).

However, there are still areas in the northeastern mountain for-
ests where no floristic or quantitative surveys have been conducted. 
As these areas can be considered as refugia of tropical rain forest 
in the middle of a semiarid region, our results will be useful for con-
servation and restoration purposes. Knowledge of the flora in these 
regions can bring new insights to the species distribution of forests 
under the influence of temperature and precipitation along altitudi-
nal gradients.
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