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Abstract: Studying the patterns of changes in species diversity and soil properties can improve
our knowledge of community succession. However, there is still a gap in understanding how soil
conditions are related to plant diversity in tropical coastal secondary forests. We sampled plant
diversity and soil nutrients spanning two different years (2012 and 2019) to assess the patterns of
species diversity and relationships of soil nutrients and species diversity on Hainan Island, southern
China. Results showed that the soil pH and total nitrogen (TN) significantly decreased while the
soil organic matter (OM) and total phosphorus (TP) significantly increased from 2012 to 2019. Plant
species diversity was significantly higher in 2012 than in 2019, and the dominant species significantly
changed in two different years. Using multiple regression analysis, we determined that soil TP and
TN were significantly related to plant diversity in 2012 and 2019, respectively. Using CCA analysis,
TN and OM were the strongest predictors for dominant species in 2012, whereas the soil TP and TN
were the strongest predictors for dominant species in 2019. Our findings show a significant change in
plant diversity and dominant species after 7 years of development in the tropical coastal secondary
forest. The patterns of plant diversity and soil nutrients increase our knowledge of forest restoration
in coastal areas.

Keywords: soil nutrients; plant diversity; regression dominant species; tropical monsoonal forest

1. Introduction

Tropical forests tend to have a high level of biodiversity and aboveground biomass,
and they grow on strongly weathered soils. Even within a tropical region, the distribution
of plant species and soils is highly diverse [1]. Plant-soil interaction is a key internal
driver of ecosystem evolution. The unidirectional effects of soil nutrients on plant diversity
have been described in many studies [2]. Environmental factors such as climate, soil
characteristics, and herbivory have significantly influenced plant diversity [3,4], and plant
community growth is heavily dependent on soil nutrient availability [5]. Plant community
features such as plant biomass, vegetation cover, and species composition can be affected
due to changes in soil nutrients [6], resulting in compositional dissimilarity at the local,
landscape, and regional scales. However, there are still many gaps in our knowledge about
how soil nutrients affect tree species diversity in tropical forests [7].

From grassland to primary forest, an increase in organic matter (OM) and total ni-
trogen (TN) may have a positive effect on species diversity and lead to increased species
richness [8]. Despite low P availability in tropical forests, many low-P specialists have
indicated that plants can maintain high growth rates [9] and exhibit muted responses due
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to P addition [10]. Conversely, high-P specialists have revealed that plants have much
stronger responses due to P addition [10]. Soil properties influenced the existence and
quantity of dominating species in a tropical forest [11]. Limited resources either increase the
species richness such as the dominating species by reducing their competitive strength [12]
or decrease species richness by allowing a smaller number of species to endure the envi-
ronment [12]. Long et al. [13] found the greatest effects of soil nutrients OM, P, N, and
potassium (K) on dominant species in two different vegetation sites, forest and shrub.
However, we still lack a fundamental understanding of their causes and implications [14].

According to many recent studies on tropical forests, plant species richness is positively
associated with soil nutrient concentration [15]. Plant species diversity and soil content of
extractable phosphorus and potassium concentrations in the soil were discovered to have
a positive relationship [16]. A high positive relationship was found between tree species
richness and soil abiotic properties, i.e., nitrogen, phosphorus, and carbon concentrations
in a dry deciduous forest in western India [17]. Previous studies reported that lack of soil
nutrients [18] can affect the forest community structure. Contrarily, several studies have
shown contradictory results [19]. Therefore, in-depth studies must be conducted, especially
in tropical areas. In general, low soil nutrients and pH may be limiting factors for the
loss of species diversity [20]. Soils in neotropical forests have been linked to differences in
soil P limitation of plant growth [21]. It is demonstrated that differences in soil properties
are mechanistically linked to plant biomass [22]. Soil N and P are major regulators of
species richness, evenness, and community composition [23]. The effects of soil N and
soil P on plant community structure appear to be distinct [24]. Available soil N has a
positive association with the plant Simpson index [25], and soil P plays a significant role in
producing and maintaining plant diversity [26].

Tropical coastal forests are typical of Hainan Island, off southern China’s northeastern
coast. Before 111 B.C., Hainan’s forest cover reached 90% [27]. However, the forests have
been severely affected by anthropogenic factors (slash and burn) and natural disasters such
as typhoons [13]. Tongguling National Nature Reserve (TNNR) is located at the land—sea
junction in Wenchang County of Hainan Province, surrounded by sea on three sides. This
tropical coastal forest is a natural forest flora in southern China with a small number
of parallel ecosystems [28]. Therefore, biodiversity conservation, natural environmental
monitoring, and typhoon mitigation are critical issues in this region [13]. However, little is
known about changes in forest diversity and soil conditions over different periods of time.
We collected a large data set including (a) species abundance and dominance and (b) soil
abiotic properties in a tropical monsoonal dwarf forest. We used plant diversity and soil
nutrient data for two different years and the following questions were addressed: (1) How
did species diversity, dominant species abundance, and soil abiotic properties change in
7 years? (2) Did soil nutrients influence the plant diversity and abundance of dominant
species? We predicted that the richness and abundance would increase in the two different
years. These variations might be associated with changes in forest ecosystem resources and
the quality of soil abiotic properties [29].

2. Material and Methods
2.1. Site Conditions

The present study was carried out in the TNNR 19°36-19°41' N, 110°58'-111°03" E
across the northeastern part of Hainan Island in southern China. TNNR is a 44 km? wide
natural reserve located at 338 m above sea level with a tropical monsoonal climate. The
rainy season lasts from May to October, whereas the dry season lasts from November to
April of the following year. The average annual temperature is 23.9 °C, with 1721.6 mm of
rainfall. The tropical evergreen monsoonal forest possesses lateritic soil type [30]. Before
1980, all of these forests were deforested and converted to shrubs or secondary forests.
After the establishment of TNNR in 1983, deforestation was prohibited, and forests were
well recovered.
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2.2. Data Collection

We randomly established nine 50 x 50 m (2500 m?) plots in the tropical evergreen
monsoonal forests in TNNR, with the distance between any two plots greater than 50 m.
Each plot was divided into 64 subplots of 20 x 20 m (400 m?) by the community size. The
following criteria were used for plot selection: (a) common age of vegetation; (b) common
comparison of the soil, geography, and original vegetation; and (c) without obvious addi-
tional interference. The background of each plot recovery was carried out based on official
records of the forestry department or interviews with local communities. In 2012 and
2019, we conducted ground surveys to collect data on plant diversity and soil conditions.
The two investigations were carried out by the same research group and kept a consistent
method. Woody plants with a diameter at breast height (DBH) (i.e., 1.3 m of the stem from
the ground) >1 cm were identified, tagged, and mapped. The DBH information of the
sampled trees was collected using a measuring tape and tree height was measured using a
laser rangefinder (Impulse 200, Laser Technology, Inc., Centennial, CO, USA). Flora of the
Republic of China assisted in the identification of species [31].

During the rainy season (August) of 2012 and 2019, soil pH, TN, soil OM, and soil TP
were measured by our research group. In each 20 x 20 m (400 m?) plot, four soil profiles
were selected at random and sampled. A topsoil sample (0-20 cm) was taken from each
soil profile after the trash or grass layer above the soil was carefully removed [32] along the
diagonal of each 400 m? plot. Each soil sample was ground and sieved to 2 mm, lightly
mixed, and analyzed following [33] with minor modifications.

2.3. Soil Analysis

For the measure of OM concentration, 0.5 g of soil was mixed with 5 mL of 1N potas-
sium dichromate (K,Cr,Oy) solution and 5 mL of 98% sulfuric acid (H,SO4) and then kept
at room temperature for half an hour. Second, deionized water and concentrated phos-
phoric acid (H3PO,) were added followed by an amalgamation titration with 0.5 mol L~!
ferrous ammonium sulfate (NHy),Fe (SO4);-6H,0) solution until the color changed from
purple-blue to green. Finally, the titration was repeated until the color changed to green
from violet-blue.

For the measure of pH concentration, 25 g of soil was added to de-ionized water and
carefully stirred. Second, pH of suspension was measured using the pH electrode (Phoenix
Electrode Company, Houston, TX, USA) at temperatures ranging from 20 °C to 25 °C.

For the measure of TN concentration, 1.0 g of soil was digested in 98% sulfuric acid
(H2SO4) with potassium sulfate, copper sulfate (K;SO4~CuSO4 % 5), and hydroxy selenide
(HyO-Se). Secondly, ammonium nitrogen in the digest was extracted using steam with an
excess of 0.1 mol L~! sodium hydroxide (NaOH) to increase the pH value. Thirdly, the
distillate was obtained in 2% H3BO? and titration was conducted with 0.05 H,SOj4 to obtain
a pH of 5.0. Finally, the TN concentration was calculated as per the volume change of a
0.05 M sulfuric acid (H,SOy) solution.

For the measure of TP concentration, 0.25 g of soil was mixed with 60% HCIO4
solution. Second, the mixture was diluted with a vanadium molybdate reagent, standard,
and sampled at 700 nm wavelength. Third, the calibration curve was used to determine TP.

2.4. Data Analysis

The Shannon-Wiener index (H), Pielou’s evenness index (E), and species richness
were used to calculate the plant species diversity of each plot (50 x 50 m). The number
of species was used to calculate species richness, and H and E were computed using the
formula below:

Shannon-Wiener index: .

H' = - pilInPi
i=1
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Pielou’s evenness index:

Simpson diversity index:
D=1-Y"_(Pi)

where S is the total number of species in the plots under investigation, and Pi denotes the
relative richness of abundance of species (i) in the total number of species.

Dominant species were determined as species with an important value (IV) greater
than 1.

The Importance Value Index (IVI) was calculated using the following criteria:

Important value index (IVI) = Relative density + Relative frequency + Relative dominance

Firstly, we derived a sample size formula for stratified Fisher’s exact (1935) test using
the values of the same input parameters as Mantel-Haenszel’s test by Jung et al. [34].
Secondly, Wilcoxon’s rank test was used to evaluate the variations in species diversity,
evenness, and soil nutrients from 9 random plots (50 x 50 m) having 64 subplots (20 x 20 m)
in the years 2012 and 2019.

Thirdly, simple regression was used to measure the relationship between plant di-
versity and soil conditions. The optimal model was determined through statistical model
comparison approaches; R2 and the difference between the 3 coefficient values are exam-
ples of such metrics. The soil nutrient effects on the most common or dominant species
were evaluated by using canonical correspondence analysis (CCA) at each stage of recov-
ery. Finally, principal component analysis (PCA) was performed to identify the strongest
correlation and covariation among soil variables spanning seven years. The graphical pre-
sentation was carried out by using “ggplot2”, “stat”, and “agricole” for Figure 1, factominer
and factoextra packages for Figure 2, factoextra package for Figure 3, and “stat” package for
Supplementary Table S1 in R software 2.9.3 [35].
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Figure 1. Bar plot showing soil pH values and organic matter, total nitrogen, and total phosphorus
concentrations in 2012 and 2019. Error bars are the standard errors. Different letters indicate
significant differences between the investigation years according to Wilcoxon’s rank test (p < 0.05).
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Figure 2. Canonical correspondence analysis (CCA) between dominant species richness (red species
abbreviation) and soil nutrients (blue nutrient abbreviation) in the secondary tropical evergreen
monsoon forest in 2012 (A) and 2019 (B). OM, organic matter; TN, total nitrogen; TP, total phosphorus.
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Figure 3. Principal component analysis (PCA) of soil variables in two different years (2012 and 2019).
Blue and yellow dots show the sites. pH, soil pH; OM, organic matter; TN, total nitrogen; TP, total
phosphorus.

3. Results
3.1. Patterns of Soil Nutrients and Effects on Plant Diversity in Two Different Years

In the forest community of TNNR, the pH (F = 22.5, p = 0.01) and TN (F = 98.54,
p = 0.01) significantly decreased, while OM (F = 239.86, p = 0.01) and TP (F = 16.44, p = 0.01)
significantly increased from 2012 to 2019 (Figure 1).

The Shannon-Wiener index (W = 6100.0, p = 0.01), Simpson index (W = 5907.0, p = 0.01)
and species richness (W = 6462.5, p = 0.00) were significantly higher in 2012 than in 2019
(Table 1). Furthermore, Pielou’s evenness (W = 4608.0, p = 0.63) remained the same in the
two different periods and was highly non-significant.
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Table 1. Comparison of species richness, Shannon-Wiener Index, species evenness, and Simpson
index between the two years (2012 and 2019). Values are mean =+ standard deviation, N = 64.

Two Years’ Difference Wilcoxon’s Rank Test
Parameters
2012 2019 w p-Value
Shannon—Wiener index 3.21 +0.02 2.84 + 0.09 6100.0 0.01
Simpson index 0.94 +0.01 0.88 4= 0.02 5907.0 0.01
Species richness 45.07 £ 0.8 35.92 + 1.56 6462.5 0.00
Pielou’s evenness 0.85 £+ 0.01 0.85 £+ 0.01 4608.0 0.63

Based on multiple regression analysis, we found that soil TP was the strongest pre-
dictor for plant diversity in 2012, whereas soil TN was the strongest predictor for species
diversity in 2019. The R2 values showed the greatest strength for the species richness in
both years (Supplementary Table S1).

3.2. Patterns of Dominant Species and Effects of Soil Nutrients on Dominant Species (Based on
Their Basal Area and Abundance)

We collected a total of 203 species from 57 families in 2019, and 218 total species of
71 families in 2012. In 2012, S. octophylla, A. oligophlebia, S. buxifolium, A. acuminatissima,
O. dioica, E. sylvestri, S. buxifolioideum, X. longispinosa, P. phaeocosticta, and L. variabilis
were dominant species based on their basal area, (Supplementary Table S2). In 2019,
H. hainanensis, A. acuminatissima, A. chinensis, C. furfuracea, S. octophylla, K. hainanense,
O. dioica, S. buxifolium, L. verticillate, and A. oligophlebia were dominant species
(Supplementary Table S3).

Dominating species abundance was closely related to TN and OM in 2012 (Figure 2A),
and to TP and TN in 2019 (Figure 2B), using canonical correlation analysis (CCA).

3.3. Variation in Soil Nutrients in Two Different Years

In Figure 3, plot numbers are represented by circular and triangular symbols repre-
senting the years 2012 and 2019, respectively, and soil nutrient indices are plotted as vectors.
These vectors are pinned at the origin of PCs (Dim1 = 50.2% and Dim?2 = 26.8%) (Figure 3).
In the two different years, 2012 and 2019 heterogeneity levels were recorded for different
sites. In 2012, pH, TN, and OM had a greater contribution to PC2 (Dim2), while TP had
little influence on Dim1. Moreover, OM and TN have a negative relationship in both years.
There is no significant difference in soil abiotic properties. Soil TP and OM significantly
improved in 2019 and had a strong positive correlation. The soil pH was closely related to
TN and had a positive association in 2012.

4. Discussion
4.1. Patterns of Soil Nutrients and Their Effects on Species Diversity in Two Different
Sampling Years

The changes in soil properties affect the soil functions such as nutrient transportation
and redistribution to various parts of the plant for growth and development [36]. Therefore,
pH and soil nutrients, including N and P, are important regulators of plant growth (e.g.,
shoot and root growth) [37]. From grassland to the primary forest stage, an increase in
organic matter (Figure 1) may lead to increased richness [30]. Similarly, Long et al. [30]
found that the concentration of OM was increased in the tropical monsoonal forest. Our
observations are consistent with these findings, as soil OM increased from 2012 to 2019,
and TN and pH decreased in 2019 as compared to 2012 (Figure 1).

Soil P is the main nutrient balancing plant productivity and better development in
the forestland ecosystem [38]. The species adapted to low-phosphorus soils grow fast
in tropical forests [39,40]. Total phosphorus is generally a limiting factor, because the
H2PO*-anion forms poorly soluble compounds with Al3+ and Fe3+ in tropical soils. As
a result, topsoil soluble phosphorus concentrations remain low. Furthermore, the regular
loss of phosphorus during long-term soil and ecosystem development may result in very
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low total phosphorus levels [41,42]. Our results also show that the total soil phosphorus
was decreased (Figure 1) in the year 2012 with higher species diversity and not significantly
correlated with diversity attributes in 2012 (Supplementary Table S1).

Soil pH has been demonstrated in several studies to have a significant effect on plant
diversity, and the combination of acidic soil and low-temperature climatic conditions
limits the distribution of many tropical species [43]. Furthermore, Liu et al. [20] showed
the correlation between the species distribution and soil pH at the three sites. Overall,
low soil nutrients and soil pH may be limiting factors for the decline in species diversity
(Table 1) [20]. Our findings support the nutrient gradient hypothesis, as general mecha-
nisms underlying the change patterns in soil properties such as pH were lower from 2012 to
2019 (Figure 1). Steege et al. [44] reported a decrease in plant diversity in tropics. A similar
decreasing trend in plant diversity was observed in our study in 2019. This decrease in
plant diversity may possibly be due to various natural or anthropogenic factors, including
invasive species dominance, habitat fragmentation, and deforestation (Table 1) [45].

It is usually hypothesized that N availability in lowland tropical forest soils exceeds
plant requirements [46]. This hypothesis was challenged by two ecologists [47] who con-
cluded that N limitation was equally strong in temperate and tropical forests. Our findings
also demonstrated TN limitation for tropical forest communities in 2019 as compared to
2012. In addition, neither total soil nitrogen nor its available mineral forms of ammonium
and nitrate decreased over time. Because forest biomass was larger in older plots, the
lack of a noticeable drop in soil N could be related to litter accumulation over time since
abandonment. Our results also identified this, where the TN was not decreased (Figure 1)
in 2012 and it was negatively correlated with species diversity (Supplementary Table S1).
Organic matter contains many key elements, i.e., nitrogen. As a result, increases in OM
and TN are expected to help to increase species diversity. In contrast, the limited resources
of soil nutrients such as total nitrogen will limit plant growth and influence community
diversity [48].

4.2. Soil Properties Differences in Two Different Years

In the assessment of the integrated soil fertility quality index (SFQIpca), principal
component analysis (PCA) has been widely used [49]. According to PCA, such variations in
the relative significance of a strategy could be mediated by changes in soil conditions [50].
Soil nutrients, such as soil TP, contributed positively to the primary axis of PCA [50]. On
the other hand, Chen et al. [49] reported that first PC (PC1) was highly correlated with TN.
Hence, in the current study, PCA loadings also indicated that the first PC (PC1) was highly
positively correlated with TP while PC (PC1) was not correlated with TN (Figure 3).

4.3. Plant Species Diversity and Dominant Species Role in Two Different Sampling Years and Their
Relationship to Soil Nutrients (2012 and 2019)

A strong positive and significant correlation was found between tree species richness
with TN, TP, and OM in tropical coastal secondary forests in southern China [13]. Higher
concentrations of TN and OM can maintain the loss of soil nitrogen and increase the diver-
sity of species and the richness of dominant species [51]. We concluded that availability of
soil nutrients is a key element inducing species distribution. Hence, our findings also show
that the abundance of dominant species was greatly influenced by soil nutrients in the two
different years (soil TN, TP, and OM) (Figure 2). In 2012, soil nutrients such as OM and TN
contributed more with dominant species (Figure 2A). In 2019, the soil nutrients TN and TP
contributed more with dominant species (Figure 2B). The same results were found in that di-
versity and richness of dominant species decreased at later stage of succession due to severe
human activities such as slash and burn, as well as changing natural environmental condi-
tions, i.e., typhoon disturbances [13], on Hainan Island in southern China. The identities of
dominant species and their influence on their environments are key to linking diversity pat-
terns to ecosystem function, as well as predicting impacts of species loss and other aspects of
global change on ecosystems [52]. Likewise, the important value index (IVI) of dominated
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species was found in recent studies, proving that each species has its own role in promoting
the balance of the ecosystem [53], and important values were used to classify major and
constructive species to vegetation sites in different years. Furthermore, in 2012, we also de-
termined the important value index (IVI) of the following dominant species based on their
basal area: S. octophylla, A. oligophlebia, S. buxifolium, A. acuminatissima, O. dioica, E. sylvestri,
S. buxifolioideum, X. longispinosa, P. phaeocosticta, and L. variabilis (Supplementary Table S2).
In 2019, we estimated the important value index (IVI) of the following dominant species:
H. hainanensis, A. acuminatissima, A. chinensis, C. furfuracea, S. octophylla, K. hainanense,
O. dioica, S. buxifolium, L. verticillate, and A. oligophlebia (Supplementary Table S3).

Species richness is usually controlled by the same period of climate within the global
biosphere [54], which helps to stabilize the hydraulic energy system in the ecological pe-
riod [55]. In addition, our results showed that plant diversity and abundance of species
were dominant in 2012. Individual dominating species were found in the tropical mon-
soonal forest during the two different periods of time, which could be due to changes in
predominant species responses to soil nutrients (Figure 2) [56]. The decline in the dominant
species in the two different years changed; the species with greater decline ratios may be
removed in the future for forest restoration. Moreover, it is reported that the species with
lower decline ratios possibly conserve for longer periods of time [57]. Nonetheless, these
species possibly create enough space for dominant species during their maturity. However,
the forest has a very complicated ecosystem, and the ecological drivers affecting species
co-occurrence and replacement during the restoration period may be highly diverse [58].
Therefore, further research is needed to gain insight into the species co-occurrence tech-
niques during second-growth species forest restoration processes.

5. Significance for Conservation

The tropical secondary forest in TNNR is well protected and had high species richness
in 2012 (over 70 species in 2500 mz). Since TNNR was established in 1983, forest have
helped understand the usefulness of protection. The plant species diversity in the second-
growth forest suggests that restoration was not advanced in 2012 and 2019 in this area on a
large scale because of poor management practices and natural disturbances. Furthermore,
evidence showed that soil nutrients (OM and TN) are closely related to the dominant
species in 2012, which suggests that soil nutrient management or restoration would be a
top driver in the management methods of these protected areas. Lastly, the richness of the
most common or dominant species with time progression can help us identify the most
suitable tree species for restoring coastal windbreaks in the area.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13030376/s1, Table S1: Regression analysis between plant diversity
and environmental variables (2012&2019); Table S2: Species IVIs for year 2012; Table S3: Species IVIs
for year 2019.
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