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Abstract: An understanding of how species diversity, structural pattern, and species distribution
vary across different environmental regions is crucially important for tropical ecology. In this study,
we explored how these ecological parameters vary across various rainfall regions in the tropics
with annual rainfall levels ranging from 843 to 2035 mm. Diversity, similarity, structure, and forest
classification, and their correspondence with rainfall regions were tested. We found that species
diversity, site class, and structural complexity increased with rainfall, with differences of 1000 mm
having significant effects on diversity. The structure and heterogeneity of forests were higher in the
high rainfall regions than the low rainfall regions. The forest structure was significantly correlated
with rainfall, and the structure differed substantially where annual rainfall differed among sites by
approximately 200 or 400 mm. Forests could be classified into two types according to whether they
had high annual rainfall (1411–2035 mm) or low annual rainfall (843–1029 mm). In addition, the
dominance of species changed noticeably from high- to low-rainfall regions, with Tectona hamiltoniana
and Terminalia oliveri only being abundant in the low rainfall region. Species diversity and richness
were significantly correlated with rainfall and average temperature. These findings will provide
invaluable information for forest management and ecological phytogeography.
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1. Introduction

Species diversity and stand structure are essential for forest biodiversity because trees provide the
basic needs and habitat for other species [1–3]. It has been broadly accepted that species distribution
and structure and their response to environmental factors are core concepts for ecological study [4–6].
In addition, an understanding of the diversity and stand structure of forests is critical for climate
change regulation because their manipulation can allow creation of forests that absorb more carbon
dioxide [7,8]. Therefore, it is important that forests are constantly monitored to determine whether
diversity is being maintained. However, although much attention has been given to biodiversity
conservation and how biodiversity varies between different forest conditions [1,9], we still only have a
limited understanding of how forest diversity and structure vary between different rainfall regions
because such forests always occur in different regions with different climates [9–12].
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Recent studies have examined the relationship between species diversity and climatic effects [13–16].
For example, models that describe the broad-scale relationships between climate and woody plant richness
have been developed by Field et al. [13] and, for angiosperms, by Francis and Currie [14]. Field et al. [13]
demonstrated that species richness increased with temperature up to a maximum, beyond which water
deficiency then tended to reduce richness [13,17], while Goldie et al. [18] found that water availability
played a key role in the evolutionary processes of woody plants in arid regions, with persistent drought
reducing the rate of these processes. Sixty-three and sixty-eight percent of global variability in angiosperm
and woody plant family richness, respectively, were explained by rainfall [13–15].

Similarly, it has been found that species richness increased with precipitation until it reached
4000 mm in a neotropical region [16]. Moreover, rainfall has been shown to have a positive effect on
the diameter, basal area [7,19], and carbon storage [20] of forests. In addition, Wang et al. [21] observed
that the number of species and the rate of species turnover increased with temperature within a range
of −12 ◦C to 20 ◦C. However, the relationship between temperature and species richness has been
shown to be negative under limited water availability [17].

Forest structure may also show marked variation among continents [16]. For example, a negative
relationship has been found between latitude and the annual net primary productivity of forests [22].
Tropical forests are rich in biodiversity and contain a significant proportion of global biodiversity [23,24],
and they vary geographically depending on evolutionary history and climate [7,23,24]. Thus, knowledge
of how the diversity, distribution, and structure of tropical forests varies between rainfall regions is
critical for tropical ecology. Furthermore, species–environmental relationships can be used as indicators
of environmental conditions, and the diversity and patterns of forests can be used to elucidate ecological
phytogeography [25,26]. However, despite the importance of this information, few detailed data have been
obtained for tropical forests [26]. Thus, the floristic diversity and distribution patterns in tropical forests in
Southeast Asian regions, especially in Myanmar, remain poorly understood, even though several studies
have been conducted under different management techniques [27–29] or in individual regions [29,30].

Myanmar has some of the richest biodiversity in the Indo-Pacific region and one of the highest
forest proportions in the Southeast Asian region, with forests covering 44.2% of the total land area [31].
In addition, there is a variety of climatic conditions throughout the country. Therefore, in this study,
we examined the species distribution, stand structure and diversity of forests in different rainfall
regions of Myanmar. The main goal of this research was to improve our understanding of ecological
phytogeography in this region. The results of this study may provide insight into forest management
and ecological study that would be applicable to other tropical countries. To achieve the main goal of
this study, we addressed two main questions: (1) do forest diversity and stand structure vary across
different rainfall regions in the tropics; and (2) If so, how do the species distribution and stand structure
of forests vary with different rainfall regions?

2. Materials and Methods

2.1. Study Area

The studies were conducted in five study areas with different mean annual rainfall levels, ranging
from 843 to 2035 mm (Figure 1): site 1 in “Yaedashae” (19◦15′–19◦23′ N, 95◦51′–95◦58′ E); site 2 in
“Gyobingauk” (18◦15′–18◦24′ N, 95◦49′–95◦59′ E); site 3 in “Nattalin” (18◦28′–18◦46′ N, 95◦49′–95◦57′

E); site 4 in “Pauk” (21◦38′–21◦49′ N, 94◦19′–94◦24′ E); and site 5 in “Seikphyu” (21◦02′–21◦11′ N,
94◦18′–94◦22′ E). All of the study sites contained tropical deciduous forests that were protected
as reserve forests, and diverse species and a variety of structures were distributed throughout the
region. These forests provide habitats for endangered tree species such as Dipterocarpus grandifloras
(critically endangered; CR), Dalbergia oliveri (endangered; EN), and Dalbergia cultrata (nearly threatened;
NT) [32,33]. The forests are also home to several protected animals, such as elephant (Elephas maximus,
EN), deer (Rucervus eldii, EN), gibbon (Hylobates lar, EN), green peafowl (Pavo muticus, EN), and clouded
leopard (Neofelis nebulosi, vulnerable [VU]) [32,34]. The forests include economically important species
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and are managed sustainably by the Myanmar selection system. Illegal cutting was found in some
places, which we avoided collecting data from.
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Figure 1. Location map of the study sites in Myanmar.

This region has a tropical savanna climate. During 1982–2014, the mean annual rainfall levels at
study sites 1, 2, 3, 4 and 5 were 2035 mm, 1600 mm, 1411 mm, 1029 mm and 843 mm, respectively
(Department of Meteorology and Hydrology of Myanmar, unpubl. data), while the average maximum
rainfall was 476 mm (August), 323 mm (June), 290 mm (June), 200 mm (September), and 191 mm
(September), respectively. The rainy season is from May to October. The mean annual temperatures at
study sites 1, 2, 3, 4 and 5 were 27 ◦C (maximum 38.1 ◦C), 27 ◦C (maximum 38.7 ◦C), 27.2 ◦C (maximum
38.8 ◦C), 24.1 ◦C (maximum 34.6 ◦C), and 25.7 ◦C (maximum 36.2 ◦C), respectively, indicating that
there was little variation in temperature among the study sites. The warmest month of the year was
April (May at site 5) and the coldest month of the year was January. In this study, we used the term
“high-rainfall region” to describe site 1 and “low-rainfall region” to describe site 5, with sites 2–4 falling
between these extremes.

2.2. Sampling Procedures and Data Analysis

Sampling plots (50× 50 m; 2500 m2) were established at each study site using the stratified random
sampling method. A preliminary site investigation was carried out in each of the selected areas before
establishing the sample plots, following which the forests were stratified according to the appearance of
tree density, coverage and the presence of minor disturbance. The plots were then established randomly
in each stratum so that they encompassed all levels of these variables within the selected forests. To
ensure that the sample size was sufficiently large to represent the entire population, we developed
species-area curves to determine the minimum representative area for each population (Figure 2). This
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is a widely accepted method whereby the minimum sample size is considered to be the point where
the curve becomes flattened [30,35,36]. Based on these curves, we sampled 2.75 ha (11 plots) at site 1,
2.25 ha (9 plots) at site 2, 2.5 ha (10 plots) at site 3, 2.5 ha (10 plots) at site 4 and 1.5 ha (6 plots) at site 5.
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We measured the diameter at breast height (dbh) and height of all trees with a diameter >5 cm in
each of the sample plots, and used this to calculate the quadratic mean diameter of forests and to group
the trees into diameter classes at 10-cm intervals. The height layers were also divided into three groups:
upper layer (>2/3 of top height), middle layer (<2/3 to >1/3 of top height), and lower layer (<1/3 of top
height) [37,38]. To determine the heterogeneity of the forest, we constructed frequency diagrams based
on the occurrence of species in each frequency class (frequency class I = 1–20%, II = 20–40%, III = 40–60%,
IV = 60–80% and V = 80–100%) [30,38]. The frequency of a given species was calculated as its percentage
occurrence across all of the sample plots in a particular area. We also calculated the importance value
index (IVI) for each species to determine the dominant species in each forest [37,38]. To characterize the
forests, we determined the relative density, basal area, relative frequency and relative coverage of each
forest type per hectare. Identification of species was performed using “Forest flora of British Burma” [39]
and completed at the Plant Taxonomy and Seed Storage Division, Forest Research Institute, Myanmar.
We estimated species richness using Jackknife species richness [40].

We used one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test
(DMRT) to determine differences in diameter, height, basal area, and density of trees among study sites
and an independent-samples t-test to examine differences in species composition between lower and
higher frequency classes. Cluster analysis was applied to determine the variation between frequency
classes at all study sites.

The diversity of forests was assessed using two common species diversity indices: the Shannon
index [41] and the Simpson index [42]. The Shannon diversity index favors rare species, while the
Simpson diversity index favors more abundant species [37,43,44]. We also calculated the Shannon
evenness to define how close in numbers each species was in an environment [41]. One-way ANOVA
followed by DMRT was then used to determine whether there were any significant differences in these
indices among sites.

The similarity among different forest types was evaluated using both presence/absence and
abundance measures. Sorenson’s similarity index [38], Lamprecht modification’s index [38] and
Sorenson’s quantitative index [45] were used in this study. The forest type was classified using cluster
analysis based on the ecological distance (Bray measure) among forests in the R program.

Variation in the species distribution and abundance across the study forests was illustrated by
correspondence analysis (CA) using both species and site scores. The statistical relationship between
climatic variables (such as mean annual rainfall, maximum rainfall, mean annual temperature, and the
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maximum–minimum difference between the warmest and coldest month [T dif]) and the attributes of
diversity, richness, diameter and height of forests were evaluated by Pearson’s correlation coefficients.

All statistical analyses in this study were performed in the R program and SPSS statistical software.

3. Results

3.1. Species Diversity

The Jackknife estimates for species richness at sites 1, 2, 3, 4, and 5 were 75.83, 73.79, 69.73, 49.81,
and 23.00, respectively. A total of 75 species (31 families), 73 species (29 families), and 69 species
(25 families) were found at sites 1, 2 and 3, respectively, while 49 species (24 families) and 22 species
(12 families) were found at sites 4 and 5. Thus, species richness was higher at site 1 than at the other
sites with lower annual rainfall.

Diversity of forests was determined using the Shannon and Simpson diversity indices (Table 1).
The Shannon diversity index, evenness and Simpson diversity index tended to increase with increasing
rainfall and significantly differed among forests (ANOVA, p < 0.05), with sites 1–3 exhibiting
significantly higher diversity than sites 4 and 5 (DMRT, p < 0.05) (Table 1).

Table 1. Different diversity indices of the five study sites.

Site Shannon
Diversity Index

Simpson
Diversity Index

Shannon
Evenness

No. of Species
Per Plot

Jackknife
Species Index

Site 1 3.05 (0.25) a 0.95 (0.02) a 93.65 (1.84) a 26.36 (5.24) a 75.83 a,*
Site 2 3.16 (0.24) a 0.96 (0.02) a 94.74 (2.26) a 28.44 (5.08) a 73.79 a,*
Site 3 3.20 (0.06) a 0.96 (0.01) a 95.33 (1.52) a 29.00 (2.26) a 69.73 a,*
Site 4 2.26 (0.54) b 0.87 (0.08) b 87.93 (7.87) b 14.10 (6.42) b 49.81 b,*
Site 5 2.03 (0.41) b 0.83 (0.10) b 87.56 (7.65) b 10.83 (3.76) b 23.00 c,*

Data are expressed as the mean (standard deviation). Different lowercase letters show significant differences among
the study sites using Duncan’s multiple range test (DMRT) in ANOVA at a 95% confidence interval. Asterisks
(*) indicate that a classification analysis was used in the comparison of Jackknife species index values among
study sites.

3.2. Species Composition and Distribution

The basal area and density of species varied both within and among forests. For example, at site
1, the basal area of Quercus brandisiana was 0.004 m2 ha−1, while that of the dominant species, Xylia
dolabriformis, was 6.13 m2 ha−1. By contrast, the basal area of X. dolabriformis was only 2.78 m2 ha−1 at
site 2, despite also being one of the dominant species at this site.

Xylia dolabriformis, Tectona grandis, Protium serrata, Mitragyna rotundifolia, and Lagerstroemia tomentosa
were the five most dominant species in terms of IVI values at site 1, where the annual rainfall was
2035 mm. However, where annual rainfall differed among sites by approximately 400 mm or more,
the dominant species and their proportions also differed substantially. For example, we found that
X. dolabriformis, Cordia grandis, M. rotundifolia, Dalbergia cultrata, and Lannea grandis were the dominant
species at site 2, where the annual rainfall was 1600 mm, while T. grandis, which was one of the five most
dominant species at site 1, was the ninth-most dominant species here. Similarly, the species dominance
at site 3 was different from site 1 and site 2, with X. dolabriformis, Terminalia tomentosa, M. rotundifolia,
Tectona grandis, and P. serrata being the five most dominant species, among which Terminalia tomentosa
was in the 24th and 26th position of the species dominance at site 1 and site 2, respectively.

At site 4, where the annual rainfall was approximately 1000 mm lower than that at site
1, X. dolabriformis, Pentacme siamensis, Terminalia tomentosa, Shorea oblongifolia, and Dipterocarpus
tuberculatus were the most dominant species, among which P. siamensis did not occur at sites 1 to
3. Finally, at site 5, where the annual rainfall was approximately 1200 mm lower than that at site
1, the most dominant species changed completely. The most dominant species were T. hamiltoniana,
X. dolabriformis, Terminalia oliveri, Terminalia tomentosa, and Anogeissus acuminata (see at site 5), while
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P. serrata, which was the second-most dominant species at site 1, did not occur. The IVI, relative density,
relative frequency, and relative coverage of 20 dominant species in the forests at the five study sites are
shown in Tables S1–S5. The family composition and frequency also varied among the five study sites
(Table 2), with the most frequently occurring families at sites 1, 2, 3, 4, and 5 being Fabaceae (12.2%),
Fabaceae (9.7%), Anacardiaceae (8.7%), Combretaceae (10.4%), Mimosaceae (19%), respectively.

Frequency diagrams were used to illustrate the heterogeneity of the forests—a forest stand
is considered heterogeneous when most of the species are found in the lower frequency classes.
Reciprocally, when most of the species occur in higher frequency classes, then that stand can be
considered homogeneous. In this study, frequency diagrams showed the complete representations of
species in all of the frequency classes at all of the study sites (Figure 3), showing the number of species
varied among frequency classes at all of the study sites (cluster analysis). Moreover, the significantly
higher numbers of species in the lower frequency classes than the higher frequency classes (t = 4.255,
p = 0.001) demonstrated that all of the forests were heterogeneous. However, forests at sites 1–4 had
greater heterogeneity than that at site 5, as indicated by the higher ratio of lower classes to higher
classes (>50% of species fell in lower frequency classes and a maximum of 23% fell in higher frequency
classes at sites 1–4, compared with 44% and 35%, respectively, at site 5).
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Table 2. Frequency of the five most commonly occurring families at five study sites.

Site 1 Site 2 Site 3 Site 4 Site 5

Family F (%) Family F (%) Family F (%) Family F (%) Family F (%)

Fabaceae 12.2 Fabaceae 9.7 Anacardiaceae 8.7 Combretaceae 10.4 Mimosaceae 19
Lythraceae 8.1 Bignoniaceae 8.3 Euphorbiaceae 8.7 Anacardiaceae 8.3 Combretaceae 14.3

Mimosaceae 8.1 Lythraceae 8.3 Fabaceae 8.7 Fabaceae 8.3 Dipterocarpaceae 14.3
Combretaceae 6.8 Mimosaceae 8.3 Rubiaceae 8.7 Mimosaceae 8.3 Verbenaceae 9.5
Anacardiaceae 5.4 Anacardiaceae 6.9 Bignoniaceae 7.2 Dipterocarpaceae 6.3 Euphorbiaceae 4.8

F (%) = the percentage of the number of occurrences of one family relative to the total family occurrence.

3.3. Stand Structure

Stand structure relates to the distribution of tree growth or species within a forest stand and can
thus reflect the interaction between vegetative growth and environmental conditions [46,47]. In this
study, we focused on both horizontal and vertical stand structures.

Basal areas and densities of the forests varied among the sites. The basal areas were 43.41 ± 2.2,
41.11 ± 2.18, 39.66 ± 2.20, 20.23 ± 2.98, and 8.92 ± 0.82 m2 ha−1 at sites 1–5, respectively, while the
densities were 336 ± 36.55, 368 ± 30.03, 325 ± 24.30, 322 ± 33.85, and 229 ± 23.11 trees ha−1, respectively.
Site 5 had a significantly lower basal area and density than the other sites (DMRT, p < 0.05) (Table S6).

The quadratic mean diameters of the forests were 40.58 cm, 37.69 cm, 39.40 cm, 28.30 cm, and
22.28 cm for sites 1–5, respectively. The distribution of diameters had a positive skewness in all of the
forest stands. However, the diameter size classes decreased in the order of sites 1 to 5, with diameter
size classes >100-cm dbh comprising 6.41 m2 ha−1 (14.76%) of the total basal area at site 1, 2.06 m2 ha−1

(5.02%) at site 2, and 0.33 m2 ha−1 (0.82%) at site 3, and the largest diameter size class being 61–70 cm
at site 4, which covered 0.26 m2 ha−1 (1.27%) of the total basal area, and 51–60 cm at site 5, which
covered 0.58 m2 ha−1 (3.33%) of the total basal area (Figure 4). The composition of trees was highest in
the 21–40-cm dbh class at sites 1 and 2, the 31–40-cm dbh class at site 3, the 21–30-cm dbh class at site 4,
and the 11–30-cm dbh class at site 5.

As with horizontal structure, the vertical structure in terms of the height, diameter, basal area,
and tree density through the upper, middle and lower layers of forests exhibited a decreasing trend
from site 1 to site 5 (Table 3), with average tree heights of the upper, middle, and lower layers ranging
from 49.45 m, 23.35 m, and 12.6 m, respectively, at site 1 to 14.17 m, 8.96 m, and 5.09 m, respectively, at
site 5, which represented 28.65%, 38.37%, and 40.40% of the site 1 heights. In addition, the top height
of the forest was greatest at site 1 (55.37 m) and the lowest at site 5 (18.15 m).

All of the forests had the lowest density in the upper layer (2.06%, 6.63%, 15.50%, 8.33% and 11.66%
of total coverage at sites 1–5, respectively) and the highest basal area in the middle layer (54.24%, 62.42%,
55.27%, 71.41% and 64.08% of total basal area at sites 1–5, respectively). However, the basal area of the
lower stratum at site 1 where the highest rainfall occurred, represented a significantly higher percentage of
the total basal area (27.02%) than that of the other lower rainfall regions ( DMRT, p < 0.05) (Table 3).

Table 3. Stand characteristics of forests in accordance with different height layers.

Site Parameter Upper Layer Middle Layer Lower Layer Top Height

Site 1

Avg. H (m) 49.45 (10.09) a,A 23.35 (4.17) b,A 12.06 (3.98) b,A 55.37 (7.80) A

Avg. D (cm) 119.64 (26.74) a,A 52.18 (10.55) b,A 23.93 (9.87) b,A

Density per ha 6.91 (5.25) c,C 105.82 (38.09) b,C 222.91 (61.58) a,A

BA per ha 8.14 (8.63) b,B,C 23.55 (7.05) a,A 11.73 (4.02) b,A

Site 2

Avg. H (m) 29.98 (3.82) a,B 17.82 (3.22) b,B 8.57 (2.72) c,B 38.52 (2.21) B

Avg. D (cm) 76.77 (13.57) a,B 40.15 (8.81) b,B 16.67 (6.49) c,B

Density per ha 24.44 (9.89) c,B 193.33 (20.98) a,A 150.67 (37.09) b,B

BA per ha 11.66 (3.98) b,B 25.66 (2.95) a,A 3.79 (1.12) c,B

Site 3

Avg. H (m) 25.86 (3.21) a,C 16.61 (3.07) b,C 7.23 (2.20) c,C 33.50 (1.92) B

Avg. D (cm) 63.58 (10.42) a,C 36.99 (8.18) b,C 13.46 (5.18) c,C

Density per ha 50.40 (8.88) c,A 194.40 (21.92) a,A 80.40 (21.94) b,C

BA per ha 16.43 (2.33) b,A 21.92 (2.25) a,A 1.31 (0.27) c,C
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Table 3. Cont.

Site Parameter Upper Layer Middle Layer Lower Layer Top Height

Site 4

Avg. H (m) 19.53 (2.11) a,D 12.46 (2.29) b,D 5.96 (1.28) c,D 25.85 (0.54) C

Avg. D (cm) 47.33 (5.55) a,D 28.85 (5.95) b,D 11.99 (3.32) c,C,D

Density per ha 26.80 (13.47) c,B 212.00 (29.15) a,A 82.80 (20.75) b,C

BA per ha 4.78 (2.66) b,C 14.45 (1.64) a,B 1.01 (0.35) c,C

Site 5

Avg. H (m) 14.17 (1.99) a,E 8.96 (1.57) b,E 5.09 (0.63) c,E 18.15 (1.79) D

Avg. D (cm) 36.00 (5.66) a,E 21.29 (4.42) b,E 10.46 (1.75) c,D

Density per ha 26.67 (11.77) b,B 154.00 (39.09) a,B 48.00 (14.75) b,C

BA per ha 2.78 (1.54) b,D 5.72 (1.29) a,C 0.42 (0.14) c,C

Data are expressed as the mean (standard deviation). Different lowercase letters show significant differences among
layers, and different uppercase letters show significant differences among the study sites using Duncan’s multiple
range test (DMRT) in ANOVA at a 95% confidence interval. Upper layer = height greater than two-thirds of the
top height of the forest; Middle layer = height greater than one-third of the top height of the forest, but lower than
two-thirds of the top height; and Lower layer = height lower than one-third of the top height of the forest. Avg. H,
Avg. D and BA indicate the average height, average diameter and basal area, respectively.
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3.4. Similarity of Forests

Sorenson’s index, the Lamprecht modification index, and Sorenson’s quantitative index showed
that the study forests differed according to the presence/absence and abundance of species, with
sites 1, 2, and 3 having >55% similarity, and site 5 showing the least similarity to sites 1–4 (Table 4).
However, the percentage similarity between sites 5 and 4 was higher than that between site 5 and
sites 1–3.
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Table 4. Similarity indices of forests between the five study sites.

Site 5 Site 4 Site 3 Site 2

Sorenson’s index

Site 4 42.25
Site 3 24.18 37.29
Site 2 27.37 50.82 59.15
Site 1 26.80 43.55 56.94 59.46

Lamprecht
modification index

Site 4 20.86
Site 3 11.04 32.20
Site 2 11.69 29.41 59.67
Site 1 9.74 25.68 50.50 55.68

Sorensosn’s
quantitative index

Site 4 26.50
Site 3 24.91 32.78
Site 2 23.04 29.88 56.08
Site 1 23.38 29.07 51.32 48.97

The forests could be classified into two groups based on ecological distance (Figure 5).
A dendrogram showed that the ecological distances were closer between sites 1–3 and between
sites 4 and 5, indicating that the forests with an annual rainfall of 1411–2035 mm could be considered as
one group while those with an annual rainfall of 843–1029 mm could be considered a separate group.
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3.5. Effects of Climate on Diversity, Distribution, Diameter and Height of Forest

The diversity, richness, diameter, and height of forests were affected by environmental factors
such as annual rainfall, annual temperature, and T dif. Species diversity and richness were significantly
correlated with annual rainfall, maximum rainfall and average temperature. There were also significant
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positive correlations between forest diameter and height and rainfall parameters such as mean annual
rainfall and maximum rainfall (p < 0.01; Table 5). Rainfall had a stronger effect on forest structure
than temperature within a rainfall range of 843–2035 mm and a temperature range of 24.1 ◦C–27.2 ◦C,
although both rainfall and temperature were important for forest structure. T dif did not vary greatly
among the five sites (22.2 ◦C–23.3 ◦C) and so did not have a significant effect on forest structure.

CA indicated that there was a clear correlation between both species distribution and abundance
and annual rainfall (Figure 6). The first and second CA axes explained 65.28% of the total fitted
variation. The weighted average scores of species under different rainfall levels varied to a great extent
in terms of abundance and distribution, spreading into different quarters of the ordination graph. Sites
for which the rainfall parameter is located close to the species on the graph are expected to have a high
abundance of that species. For example, Pentacme siamensis (Pens) was abundant in the region where
rainfall was 1029 mm (Figure 6), whereas the region with 2035 mm rainfall was not an appropriate
habitat for that species. A small vector angle between species indicated a strongly positive association,
and a 180-degree vector angle between species indicated a negative correlation.
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Table 5. Pearson correlation coefficients of species richness, diversity and forest structure relative to
environmental factors.

Parameter Avg. R Max. R Avg. T T dif

Diameter (upper) 0.981 ** 0.994 ** 0.604 0.503
Diameter (middle) 0.995 ** 0.971 ** 0.643 0.631
Diameter (lower) 0.959 ** 0.983 ** 0.552 0.430
Height (upper) 0.974 ** 0.991 ** 0.580 0.472
Height (middle) 0.994 ** 0.968 ** 0.656 0.646
Height (lower) 0.980 ** 0.993 ** 0.603 0.500

Species richness 0.659 ** 0.575 ** 0.733 ** 0.806
Shannon diversity 0.650 ** 0.569 ** 0.714 ** 0.783
Simpson diversity 0.571 ** 0.504 ** 0.595 ** 0.651
Shannon evenness 0.434 ** 0.380 ** 0.530 ** 0.565

** Correlation is considered significant at a 0.01 level. Avg. R = mean annual rainfall, Max. R = maximum rainfall,
Avg. T = mean annual temperature, and T dif = the difference between the highest temperature of the warmest
month and the lowest temperature of the coldest month of the year.

4. Discussion

It has previously been shown that stand structure can be predicted by climatic factors at both
the local and regional levels [8,16,48,49], while species diversity is significantly influenced by the
structure and composition of forests [2]. Furthermore, the diversity and composition of forests may
vary with different forest types and stages [43,50–53]. The results of our study are in agreement with
these findings, as the diversity, distribution, and composition of forests varied between regions with
different annual rainfall levels but similar annual temperatures variations. Thus, it appears that rainfall
has a strong effect on the diversity, richness and evenness of forests, with each of these tending to
decrease with a decrease in rainfall (Table 1). The results of this study were consistent with the findings
of Osland et al. [54] and Staver et al. [55]. In addition, significant differences in species diversity and
richness were observed among forests with an annual rainfall of 843–1029 mm and those with an
annual rainfall of 1411–2035 mm (Table 1).

This study was conducted in areas where the annual rainfall ranged from 843 mm to 2035 mm.
The species diversities at each of the study sites was higher than previously observed in dry Diospyros
forests (1.71) [30] and Acacia forest (0.43) [30] of the central dry zone in Myanmar, but similar to those
found by Oo [37] in similar forests types in Myanmar.

Species belonging to the families Fabaceae, Lythraceae, Mimosaceae and Combretaceae primarily
occurred at site 1 (high rainfall), but only one species of the Lythraceae family was found at site 5 (low
rainfall). By contrast, the families Mimosaceae, Combretaceae, Verbenaceae and Diptocarpaceae were
primarily found at site 5 (low rainfall), while only one species of Lythraceae and a low abundance
of Fabaceae were found here. Some families were absent from low-rainfall areas. For example,
Sterculiaceae and Anacardiceae were present at site 1 (annual rainfall = 2035 mm) but absent from
site 5 (annual rainfall = 843 mm). Furthermore, although Anacardiceae was observed at site 4 (annual
rainfall = 1029 mm), Sterculiaceae was not. Therefore, Anacardiceae could be found in regions with
annual rainfall of 1029–2035 mm, while Sterculiaceae was present in regions with annual rainfall of
1411–2035 mm.

Species distribution was strongly correlated with climatic variation and was more affected by
annual rainfall than temperature [4]. Relative abundance has been shown to vary with geographic
distribution and vegetation zones [3]. Based on the results of our study, Tectona hamiltoniana represented
the forests in the region with approximately 800 mm of annual rainfall, along with the associated
species X. dolabriformis and Terminalia oliveri (Table S5), with a relative coverage of 45.44% of the
total. By contrast, an equal association of Pentacme siamensis, X. dolabriformis and Terminalia tomentosa
represented the forest in the region with approximately 1000 mm of annual rainfall (relative coverage
= 42.54%). In the regions with approximately 1400 mm of annual rainfall, the predominant species
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were X. dolabriformis, Terminalia tomentosa, Mitragyna rotundifolia, Tectona grandis, Protium serrata, and
Salmalia insignis (relative coverage = 34.78%), whereas the region with 1600 mm of annual rainfall was
represented by several species including X. dolabriformis, Cordia grandis, M. rotundifolia and Tectona
grandis (relative coverage of the 10 dominant species = 38.37%). Finally, the region where the annual
rainfall was approximately 2000 mm was dominated by X. dolabriformis, Tectona grandis, Protium serrata,
M. rotundifolia and Lagerstroemia tomentosa (relative coverage = 39.39%).

High-rainfall regions (1411–2035 mm) did not contain Tectona hamiltoniana and Terminalia oliveri
and those species also rarely occurred in regions with 1029 mm of annual rainfall (relative coverage
= 0.57%). However, these species were abundant in regions with 843 mm of annual rainfall (relative
coverage = 34.56%).

Both species richness and forest structure were significantly correlated with rainfall, and species
richness was also significantly correlated with average temperature (Table 5). We found that the
number of species was higher at high rainfall regions than the low rainfall regions, with site 1, which
had the highest rainfall among the five sites, also having the greatest species richness (1.5- and 3.4-fold
higher than at sites 4 and 5, respectively, where the annual rainfall was approximately 1000 mm and
1200 mm lower) (Table 1).

The number of species that were found at site 1 (75 species, 31 families) was similar to the previous
findings for subtropical evergreen forests in Japan (77 species, 33 families) [56] and tropical forests in
Central Africa (73 species, 25 families) [57]. However, the number of species at other sites (sites 1–4)
were lower than observed in these forests. A comparison of the species richness between the forests in
Myanmar shows that the richness observed in this study was approximately 2.5–5 times lower than
that in national parks containing tropical evergreen forests [37] and 2–6 times higher than that in dry
Diospyros forests of the dry zone [30].

These findings have important implications for phytogeography and ecology, giving insight into
the effects of annual rainfall on the species distribution, diversity, richness, structure, and coverage in
tropical regions.

The critically endangered species Dipterocarpus grandifloras only occurred at site 1, where it had
a relative coverage of 0.56%. The endangered species Dalbergia oliveri occurred at sites 1 and 5, with
a relative coverage of 0.05% and 1.09%, respectively, while the nearly threatened species Dalbergia
cultrata covered at sites 1–3, with a relative coverage of 0.18%, 4.52% and 3.96%, respectively. These
species need to be protected and managed for their survival in these tropical forests.

5. Conclusions

In this study, we found that the species diversity and structure of tropical forests in Myanmar
varied with rainfall region. This finding supports the previously proposed hypothesis that species
diversity is correlated with climate factors. In these forests, the basal area, size class, and stand
structure consistently decreased from high- to low-rainfall regions, as did species richness. The species
dominance also differed from high- to low-rainfall regions. Furthermore, a difference in annual rainfall
of approximately 600 mm among sites did not significantly affect species diversity in this savanna
climate (annual rainfall = 843–2035 mm), but a difference of approximately 1000 mm had significant
effects. Based on our findings, species richness was significantly correlated with rainfall and average
temperature, while forest structure was significantly correlated with rainfall. Given that rainfall and
temperature are the key variables for productivity, our finding is consistent with studies showing a
positive relationship between productivity and species richness in forests. Species distribution varied
markedly between high- and low-rainfall regions; for example, Xylia dolabriformis and Tectona grandis
could spread from high- to low-rainfall regions, but exhibited reduced growth in the latter, whereas
Tectona hamiltoniana and Terminalia oliveri were abundant only in the low rainfall region. The results
from this study will help to further our understanding and development of ecological phytogeography
and management techniques in tropical regions.
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