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Jinqun Wu1 and Xuebiao Yu1*
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Research on understory plant diversity and its response to environmental factors

helps in the sustainable development of plantation forests. We investigated the

characteristics of understory plant diversity in Eucalyptus plantation forests

located in Dongfang, Ding'an, Tunchang, and Lingao on Hainan Island by

leveraging the plot survey method, and analyzing how the understory plant

diversity in these Eucalyptus plantation forests responds to environmental

factors. The results showed that a total of 124 plant species belonging to 62

families and 112 genera were recorded in the sampled plots of the Dongfang,

Ding’an, Tunchang, and Lingao regional sites on Hainan Island, among which

species of Fabaceae and Poaceae comprised the largest number of plants. The

number of species and plant diversity indices of the shrub layer and herb layer in

Eucalyptus plantation forests varied at different sites, The richest understory

vegetation in Tunchang, located in the center of Hainan Island, and the highest

a-diversity whether gauged by species or phylogenetically. The similarity of the

understory plant community species was greatest between Ding’an and

Tunchang, whereas the difference in composition was largest between

Dongfang and the other three sites. Phylogenetically, the understory plant

community at Ding’an had the most distant affinities among species, whereas

that at Tunchang had the closest affinities among species. The results of the

Mantel test and redundancy analysis revealed differing correlations between

plant diversity in the shrub layer versus herb layer and various environmental

factors. In particular, elevation and annual average temperature are the two main

factors influencing plant diversity in the shrub layer, and soil available nitrogen

and annual average sunshine duration are the two main factors influencing plant

diversity in the herb layer. Variance decomposition showed that the combined

effect of soil, climate, and topography factors is the main driver shaping plant

diversity in the shrub layer of the understory in Eucalyptus plantation forests,

while the combined effect of climate and soil factors is the main one determining

plant diversity in their herb layer.
KEYWORDS

Eucalyptus plantation, undergrowth vegetation, species diversity, phylogenetic
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1 Introduction

Since the mid-20th century, planting of monoculture plantation

forests has been prevalent worldwide because of the increasing

demand for timber and industrial raw materials (Malkamäki et al.,

2017). According to recent statistics, the world’s total forested area

is 4.06×109 ha, of which plantation forests cover 2.94×108 ha or

7.24% (Food and Agriculture Organization of the United Nations,

2020). However, when meeting the increasing demand for timber

and forest products, plantation forests have also caused many

ecological problems such as reduction in soil or water

conservation capacity and pronounced decline in biodiversity,

and, consequently, have contributed to a fragile ecological

environment (Xie et al., 2020). Yet some studies have shown that,

under the premise of sustainable management, the biodiversity of

plantation forests is not low, and it could also fulfill an important

ecological service function (Coote et al., 2012). Therefore,

identifying ways to implement the scientific management of

plantation forests, maintain and improve their biodiversity,

enhance their stability, and improve ecological service functions is

of generally great significance to global biodiversity conservation

and sustainable development.

Eucalyptus collectively refers to eucalypt tree species

(Eucalyptus spp.) in the myrtle family (Myrtaceae). Eucalyptus

has been widely used worldwide because of its high adaptability,

fast growth rate, and ease of management (Zhang et al., 2015; Cook

et al., 2016). Biodiversity decline is an ecological problem that is

often criticized during the operation andmanagement of Eucalyptus

plantation forests. Forestation measures such as excessive

application of herbicides, slash burning, and non-use of fertilizers,

coupled with the physiological characteristics of Eucalyptus trees

(high rate of water uptake and high soil nutrient depletion), could

mainly be responsible for the loss of plant diversity in the

understory of Eucalyptus plantation forests (Wen et al., 2010; Chu

et al., 2014; He et al., 2014; Zhou et al., 2018). Eucalyptus plantations

have always been an ecological issue of great concern to

governments, the public, and research community. Hence,

continuous and in-depth research on the ecology of Eucalyptus

plantation forests can provide guidance for their scientific

management and operation.

Given its substantial heterogeneity and complex stratification

structure, understory vegetation is an indispensable component of

forest communities and plays a central role in the dynamics of forest

ecosystems. The multifunctionality of forest ecosystems and their

provisioning of ecosystem services are mainly attributed to

biodiversity, especially the diversity of understory plants (Evy

et al., 2016). Accordingly, exploring and revealing the diversity of

forest communities and the key influencing factors is an imperative

task in both community ecology and conservation biology research,

and this is a “hotspot” of current ecological research (Grierson et al.,

2011; Ma, 2017). With progress and refinement of various analytical

methods, empirical studies of understory vegetation diversity in

relation to environmental factors in Eucalyptus plantation forests
Frontiers in Ecology and Evolution 02
have gradually increased in frequency. Yet, most of these studies

have focused on its relationship with soil factors in Eucalyptus

plantation forests at the local scale (Yang et al., 2007; Ye et al., 2010;

Li et al., 2014; Zhou et al., 2021), leaving relatively few studies

addressing its relationship with climatic factors and topographic

factors. Further, there is a lack of studies on the relationship

between understory plant species and phylogenetic diversity and

environmental factors in Eucalyptus plantation forests at the

regional scale. Therefore, this study aimed to address these

research questions: (1) Are there crucial differences in the

diversity of understory vegetation species and phylogenetic in

Eucalyptus plantation forests in different geographic regions of

Hainan Island? (2) What are the relationships or species diversity

or phylogenetic diversity of the understory vegetation in relation to

environmental factors? (3) What are the main environmental

factors driving understory plant diversity in Eucalyptus

plantations on Hainan Island?

2 Materials and methods

2.1 Study site

Hainan Island is the second largest island in China, located in

the northwestern part of the South China Sea (18°10′–20°10′ N,
longitude 108°37′–111°03′ E; Figure 1). Situated at the northern

edge of the tropics, there are small intra-annual differences in

temperature, but dry and wet seasons are pronounced, which are

part of a prevailing tropical oceanic monsoon climate. Here, the

average annual temperature is 22–27°C, and there is abundant

rainfall (annual precipitation of 1000–2600 mm) and abundant

irradiance. The soil type of Hainan Island is mainly brick red soil

(Ren et al., 2014). Wuzhishan Mountain and the Parrot RidgIn have

the highest elevation in the middle of Hainan Island, which

gradually descends to the surrounding mountains, hills, terraces,

and plains, forming a ring-stratified landform of medium height

around low. This unique topography has created a rich

environmental gradient across Hainan Island, leading to a variety

of vegetation types. Its natural vegetation types mainly include

tropical rainforest, monsoon rainforest, alpine cloud forest, and

tropical coniferous forest, in addition to plantation forests planted

with Hevea brasiliensis, Areca catechu, Eucalyptus, and Acacia

mangium (Yang et al., 2021).

Eucalyptus was introduced to Hainan Island at the start of the

20th century, serving as one of the most important afforestation

species at this island for more than 100 years (Zhang et al., 2006).

Thus far, Eucalyptus has been planted on at least 129 400 ha, with a

storage capacity of 5 556 000 m3 (State Forestry and Grassland

Administration, 2019).

Eucalyptus plantation forests are rich in terms of their

understory vegetation, with the main dominant species in the

shrub layer being Aporosa dioica, Clerodendrum cyrtophyllum,

Mallotus apelta, and Mallotus philippensis, among others, and

those in the herb layer being Oplismenus compositus, Praxelis
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clematidea, Chromolaena odorata, and Imperata cylindrica,

among others.
2.2 Plot set-up and survey

Based on the different rainfall distribution conditions and the

distribution of Eucalyptus plantations on Hainan Island, four sites

having a large plantation area of Eucalyptus in Dongfang, Ding’an,

Tunchang, and Lingao were selected as the study sites (Figure 1).

The Eucalyptus variety planted in these Eucalyptus plantations was

Eucalyptus urophylla. The age of the trees, as well as their

management methods, was relatively consistent across the sites

(Table 1). In August 2020, we randomly established 12 shrub layer

sampling plots (each 5 m × 5 m) at each study site, maintaining a

distance of minimum 20 meters between plots to survey and record

the species and number of woody plants. In the middle of each plot,

a single herb layer quadrat (1 m × 1 m) was set up to survey and

record the species and cover of herbaceous plants.
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2.3 Soil sample collection
and determination

In each herb layer quadrat, a ring knife (volume: 100 cm3) was

used to collect three soil samples from the 0–20 cm surface layer.

The drying method (LY/T 1215-1999) was used to determine their

respective soil bulk weight, total soil porosity, and soil capillary

porosity. From each 0–20 cm soil sample, 150 g was collected at the

same time as the ring knife sampling and transported to the

laboratory in a self-sealing bag for the determination of soil

chemical properties. The potentiometric method (NY/T 1121.2-

2006) was used to determine the soil pH (in a water-to-soil ratio of

2.5:1). The potassium dichromate-sulfuric acid digestion method

(NY/T 1121.6-2006) was used to determine the soil organic matter

content. The Kjeldahl nitrogen fixation method (HJ717-2014) was

used to determine the soil total nitrogen content; the acid fusion-

molybdenum-antimony colorimetric method was used to

determine the total phosphorus content of the soil (LY/T 1232-

1999); alkali fusion-flame photometry (LY/T 1234-2015) was used
FIGURE 1

Location of the four study sites.
TABLE 1 General information of the four study sites.

Study
sites

Longitude Latitude
Soil
type

Planting density
(trees/ha)

Average tree
height (m)

Average diameter at breast
height (cm)

Dongfang 108°46′25.41”
18°
45′28.58″

Brick
red soil

2000.00 11.06 ± 0.30 11.92 ± 1.03

Ding’an 110°25′0.30”
19°
37′19.01″

Brick
red soil

2000.00 12.36 ± 0.41 9.79 ± 0.32

Tunchang 110°4′32.86” 19°24′6.46″
Brick
red soil

2000.00 11.72 ± 0.27 10.43 ± 0.11

Lingao 109°39′0.97” 19°
54′12.13″

Brick
red soil

2000.00 13.74 ± 0.81 12.74 ± 0.81
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to determine the soil total potassium content. The hydrochloric

acid-ammonium fluoride extraction-molybdenum-antimony

colorimetric method was used (LY/T 1232-2015) to quantify the

soil effective phosphorus content, while ammonium acetic acid

leaching-flame photometry was used for the determination of soil

quick-acting potassium content (LY/T 1234-2015), with the alkali

lysis diffusion method (LY/T 1228-2015) applied to determine soil

alkaline dissolved nitrogen content. Soil physical and chemical

properties were measured by referring to international standards.
2.4 Environmental factor selection
and calculation

A total of 18 factors were investigated, of which environmental

factors included topography, climate, and soil. The elevation (ELE),

slope degree (SD), and slope aspect (SA) data of each fixed sampling

plot were recorded as topographic factors; the SA was converted from 0°

~360° to 0~1 using the TRASP index (Roberts and Cooper, 1989). The

annual average temperature (TEMP), annual average relative humidity

(RH), annual average rainfall (PRCP), and annual average sunshine

duration (DH) of the plots from 2009 to 2019 were obtained from the

“Climate Research Unit 30′ × 30′ raster data set” as climatic factors of

interest (CRU TS v4.04,<www.cru.uea.ac.uk/>, Harris et al., 2020). The

experimentally measured soil bulk weight (SBD), soil total porosity

(STP), soil capillary porosity (SCP), soil pH (PH), soil organic matter

content (OM), soil total nitrogen (TN), soil total phosphorus (TP), soil

total potassium (TK), soil effective phosphorus (OP), soil immediate

potassium (AK), and soil alkaline nitrogen (AN) were the soil factors.
2.5 Selection and calculation of
phylogenetic and species diversity indices

Based on the plant survey data of plantation forest samples from

each study site, obtained using the TPL function of the “Taxonstand”

package (Cayuela et al., 2012), the Plant List website (http://

www.theplantlist.org) was visited to determine the information of

124 plant species found in the understory of Eucalyptus plantations.

The “S3” method of the “phylo.maker” function in the

“V.PhyloMaker2” package (Jin and Qian, 2019) was used to

construct the species-level phylogenetic tree of understory plants in

Eucalyptus plantations. The Faith phylogenetic diversity (PD) index

was used to measure the phylogenetic a-diversity of plants in the

sample data; the mean pairwise phylogenetic distance (MPD) and

mean nearest taxonomic unit distance (MNTD) were used to quantify

the phylogenetic b-diversity of plants in the sample data (Equations 1,

2; Faith, 1992; Webb, 2000).

MPD =
1
2
(ona

i=0fidib +onb
j=1fjdja) (1)

MNTD =
1
2
(ona

i=1fimin(dib) +onb
j=1fjmin(djb)) (2)

where i or j denotes the object species during traversal

calculations, na or nb represents the total number of species in

sample plots a or b, respectively; and min(d) and �d denote the
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minimum and average branch lengths, respectively, between any

species present in a given sample and all species in the other sample.

The Margalef, Shannon–Wiener, Simpson, and Pielou indices

were used to measure the a-diversity of plant species in the

understory of Eucalyptus plantation forests (Equations 3–6; Ma

and Liu, 1994).

Margalef =
S − 1
lnN

(3)

Simpson = 1 −oS
i=1Pi

2 (4)

Shannon –Wiener = −oS
i=1Piln Pi (5)

Pielou =
−oS

i=1Piln Pi
lnS

(6)

where S is the total number of species in the sample, N is the

total number of individuals in the sample, and Pi is the ratio of the

total number of individuals of the ith species to the total number of

individuals in the community.

The Jaccard index was used to measure the b-diversity of

community species (Equation 7; Ma and Liu, 1995).

Jaccard =
mj

ma +mb −mj
(7)

where ma denotes the number of species in community A, mb

denotes the number of species in community B, and mj denotes the

number of species shared by communities A and B.
2.6 Statistical analyses

One-way analysis of variance was used to compare the species

and phylogenetic diversity indices among the four study sites and to

test for significant differences. The “linkET” package (Guillot and

Rousset, 2013) was used to analyze the species a-diversity,
phylogenetic diversity, and environmental factors of the shrub and

herb layers in Eucalyptus plantations, using the Mantel test. Canoco

5.0 software was used to implement the redundancy analysis (RDA)

of species a-diversity, phylogenetic diversity, and environmental

factors in shrub and herb layers of Eucalyptus plantations. The

variance decomposition method in the “vegan” package (Stoffel

et al., 2017) for R 4.3.1 was used to quantitatively analyze the

explanatory contribution of the climatic, and topographic, and soil

factors, and their interactions as environmental factors for the

diversity of understory plants in Eucalyptus plantations.
3 Results

3.1 Species composition of
understory plants

The species composition of the surveyed shrub and herb layers

in the understory of Eucalyptus plantations in Hainan Island was
frontiersin.org
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rich. A total of 124 species of plants belonging to 62 families and

112 genera were recorded and investigated. The developmental

composition of the species lineages is relatively discrete, with the

ratio of species to genera being 1.11 (Figure 2). The dominant

groups of Eucalyptus plantations in Hainan Island are mainly

Fabaceae (12 spp.) and Poaceae (7 spp.). Although these two

families account only for 3.22% of the total number of plant

families encountered, they harbor 15.32% of the total number of

species found, indicating that these two families have traits

conferring significant fitness advantages in the Eucalyptus

plantations on this island. The angiosperms were the largest in

number, with 112 species accounting for 90.32% of the total, plus 11

species of ferns (8.87%), and gymnosperms represented by a single

species. Differences were observed in the number of plant species in

Eucalyptus plantations at different sites. Among them, Tunchang

had the most differences, where 67 species belonging to 41 families

and 63 genera were recorded, followed by Lingao, where 41 species

belonging to 30 families and 41 genera were recorded, and then by

Dongfang, where 31 species belonging to 24 families and 29 genera

were recorded. The least number of species was found at Ding’an,

where 21 species belonging to 17 families and 21 genera

were recorded.
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3.2 Alpha and beta diversity of understory
plant species

The species a-diversity values of the shrub and herb layers in

Eucalyptus plantations in different regions of Hainan Island are

shown in Figure 3. For the shrub layer, the ranking of the Margalef

index was Tunchang > Dongfang > Ding’an > Lingao, while all three

Shannon–Wiener, Simpson, and Pielou indices were ranked as

follows: Tunchang > Lingao > Ding’an > Dongfang. The Margalef

index, Shannon–Wiener index, and Simpson index of Tunchang

were significantly higher (P< 0.05) than those of Dongfang,

Ding’an, and Lingao; conversely, the Simpson and Pielou indices

of Dongfang were significantly lower (P< 0.05) than those of

Tunchang, Ding’an, and Lingao. For the herb layer, the Margalef,

Shannon–Wiener, and Simpson indices showed the following

ranking: Tunchang > Lingao > Dongfang > Ding’an, while the

Pielou index was ranked as Dongfang > Tunchang > Lingao >

Ding’an. However, all four indices were similar (not significantly

different) between Tunchang and Lingao; the Margalef, Shannon–

Wiener and Simpson indices of Ding’an were significantly lower

than those of Tunchang, Lingao, or Dongfang (P< 0.05). No

significant difference was observed in the Pielou index between
FIGURE 2

Phylogenetic tree of understory plant species in Eucalyptus plantations on Hainan Island.
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Dongfang and Tunchang, but it was significantly higher at

Dongfang than at either Lingao or Ding’an (P< 0.05). The above

results showed that the a diversity of understory plant species in the

Eucalyptus plantation of Tunchang was the highest.

The Jaccard Index differences between the four sites are

presented in Table 2. The disparity in the Jaccard index of the

shrub layer and the herb layer for Ding’an in relation to Tunchang

was greatest overall (0.150 and 0.194, respectively), while that of the

shrub layer between Dongfang and Tunchang was smallest (0.059),

and that of the herb layer between Dongfang and Lingao was

smallest (0.056). The smaller the Jaccard index value was, the

greater the difference in species composition was between

different site regions.
3.3 Understory plant phylogenetic a- and
b-diversity

The phylogenetic a-diversity of the shrub layer and the herb

layer of Eucalyptus plantations at different sites is shown in Figure 4.

For the shrub layer, its PD was ranked as Tunchang > Dongfang >

Ding’an > Lingao. Tunchang showed a significantly higher PD than
Frontiers in Ecology and Evolution 06
Dongfang, Ding’an, and Lingao (P< 0.05). Likewise, Dongfang

demonstrated a significantly higher PD than both Ding’an and

Lingao (P< 0.05). However, Ding’an and Lingao exhibited similar

PD values. For the herb layer, its PD took this ranking: Tunchang >

Lingao > Ding’an > Dongfang. Although similar, Tunchang and

Lingao were each significantly higher than either Dongfang or

Ding’an (P< 0.05), but no significant difference was observed

between Dongfang and Ding’an. Altogether, these results showed

that the phylogenetic a-diversity of understory plants in Eucalyptus

plantations in Tunchang was highest.

The phylogenetic b-diversity of the shrub and herb layers under
Eucalyptus plantations in different regions is shown in Figure 5. For

the shrub layer, its MPD was ranked as Dongfang > Ding’an >

Lingao > Tunchang, with no significant difference between

Dongfang, Ding’an, and Lingao. However, Dongfang had a

significantly larger MPD than Tunchang (P< 0.05), whereas the

differences between Ding’an, Tunchang, and Lingao were not

significant. For MNTD, its ranking was Ding’an > Lingao >

Dongfang > Tunchang, with no significant difference between

Ding’an and Lingao and between Dongfang and Tunchang.

However, the MNTD values of Ding’an and Lingao significantly

surpassed those of Dongfang and Tunchang (P< 0.05). For the herb
A B

DC

FIGURE 3

Species a-diversity of understory plants in Eucalyptus plantations in four regions of Hainan Island. Margalef index (A); Shannon–Wiener index (B);
Simpson index (C); Pielou index (D). Lower-case letters (a–d) indicate significant differences (P< 0.05).
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layer, its MPD was ranked as Ding’an > Tunchang > Lingao >

Dongfang, with significant differences among Ding’an, Tunchang,

Lingao, and Dongfang (P< 0.05). For MNTD, its ranking was

Ding’an > Dongfang > Lingao > Tunchang, with no significant

difference between Ding’an and Dongfang; Ding’an and Dongfang

each significantly higher than Lingao or Tunchang (P< 0.05); and

Lingao was significantly higher than Tunchang (P< 0.05). To sum

up, these results showed that the phylogenetic b-diversity of the

shrub and herb layers at Ding’an was highest, while that in

Tunchang was lowest.
3.4 Relationship between understory plant
diversity and environmental factors

Figure 6 shows the results of the Mantel test analyses of plant

diversity in the shrub and herb layers of Eucalyptus plantation forests in

relation to their environmental factors. The plant diversity index in the

shrub layer of the Eucalyptus plantation forest was significantly and

positively correlated with OM and RH (P< 0.001), with SD and ELE

(P< 0.01), and with TK and TEMP (P< 0.05) but did not significantly

correlate with any other environmental factor. Plant diversity in the

herb layer of the Eucalyptus plantation forest was significantly and
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positively correlated with SCP, DH, and TEMP (P< 0.001), with STP,

AN, TP, and PRCP (P< 0.01), and with PH, OP, and AK (P< 0.05) but

did not significantly correlate with other environmental factors.

The RDA ranking plot of understory plant diversity and

environmental factors in Eucalyptus plantation forests is shown in

Figure 7. Together, DH, RH, TEMP, ELE, PH, TP, OM, OP, AK, and

TK—a total of 10 environmental factors—accounted for 99.99% of

the total variance in plant diversity information for in the shrub layer

of the Eucalyptus plantation forests, with the first and second ranked

axes contributing to 66.35% and 23.83%, respectively, for a

cumulative 90.18% of the overall variance explained. Particularly,

ELE and TEMP contributed to 59.00% (p = 0.002) and 21.60% (p =

0.004) of the variance in the shrub layer plant diversity information,

respectively. These two environmental factors mainly influenced the

plant diversity of the shrub layer in the Eucalyptus plantation forest

understory. Ten environmental factors, namely DH, RH, PRCP,

TEMP, SA, AN, TK, PH, SCP, and AK, together explained 100% of

the total variance in plant diversity information in the herb layer of

Eucalyptus plantation forests. In this regard, the first and second

sorting axes contributed to 66.28% and 27.15%, respectively, together

explaining 93.43% of the variance information. Notably, explanatory

contribution of soil AN and sunshine for the variance in plant

diversity information in the herb layer was 55.60% (p = 0.002) and

25.10% (p = 0.006), respectively. These two environmental factors

mainly influenced the diversity in the herb layer in the understory of

Eucalyptus plantation forests on Hainan Island.

According to the above RDA results, the environmental factors

influencing the shrub and herb layers could be divided and

examined in terms of soil, climatic, and topographic factors. Next,

the variance decomposition method was applied to quantitatively

analyze the relative contribution of these environmental factors

toward shaping the diversity of understory plants in Eucalyptus

plantation forests. As shown in Figure 8, for the shrub layer, the

independent contribution of climatic factors was the largest, at

6.61%, followed by soil factors, at 4.55%, while that of topographic

factors was the smallest, at 3.22%. The coupling effect of climatic
A B

FIGURE 4

Phylogenetic a-diversity of understory plants in Eucalyptus plantations in four regions of Hainan Island. Shrub layer PD (A). Herb layer PD (B). Lower-
case letters (a–d) indicate significant differences (P< 0.05).
TABLE 2 Species b-diversity of understory plants in Eucalyptus
plantations in four regions of Hainan Island.

Sample points Shrub layer Herb layer

Dongfang−Ding’an 0.103 0.118

Dongfang−Tunchang 0.059 0.100

Dongfang−Lingao 0.097 0.056

Ding’an−Tunchang 0.150 0.194

Ding’an−Lingao 0.130 0.121

Tunchang−Lingao 0.067 0.107
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FIGURE 6

Mantel test of plant diversity index and environmental factors in the understory of Eucalyptus plantation forests. SBD, STP, SCP, PH, OM, AN, OP, AK,
TN, TP, TK, DH, RH, TEMP, PRCP, SD, SA, and ELE respectively are soil bulk density, soil total porosity, soil capillary porosity, soil pH, soil organic
matter, soil available nitrogen, soil available phosphorus, soil available potassium, soil total nitrogen, soil total phosphorus, soil total potassium,
annual sunshine hours, annual air humidity, annual air temperature, annual rainfall, slope degree, slope aspect, and elevation.
A B

DC

FIGURE 5

Phylogenetic b-diversity of understory plants in Eucalyptus plantations in four regions of Hainan Island. Shrub layer MPD (A); herb layer MPD (B);
shrub layer MNTD (C); herb layer MNTD (D). Lower-case letters (a-d) indicate significant differences (P< 0.05).
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and soil factors contributed to 16.37%, whereas that of topographic

and climatic factors, as well as that of topographic and soil factors,

each contributed to<0.01%. In stark contrast, the contribution

arising from coupling the effects of all three sets of factors was

73.18%. This indicated that the interaction of climatic factors, soil

factors, and topographic factors plays a major role in the changing

the shrub layer plant diversity in the sampled Eucalyptus

plantations. For the herb layer, the independent contribution of

climatic factors was the largest, amounting to 10.59%, followed by

soil factors, at 3.17%, whereas that of topographic factors was the

smallest, at 1.93%. The coupling effect of climatic and soil factors

contributed to 66.94%, but that of topographic and climatic factors,

as well as that of topographic and soil factors, was<0.01%. The

contribution attained from the coupling effect of all three sets of

factors was 21.78% and much lower than that for the shrub layer.
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This indicated that the combined effect of climatic and soil factors

played a major role in altering plant diversity in the herb layer of

Eucalyptus plantations on Hainan Island.
4 Discussion

Species diversity and phylogenetic diversity of communities can

be understood better by analyzing their species composition

(Aldana et al., 2017). The species composition of the understory

shrub and herb layers of the Eucalyptus plantation forests on

Hainan Island is evidently rich, with a total of 124 plant species,

belonging to 62 families and 112 genera, recorded in our survey.

Among them, the species of Fabaceae and Poaceae have the highest

representation (number of spp.) in the composition of understory
A B

FIGURE 8

Variance decomposition of the effects of environmental factors upon understory plant diversity in Eucalyptus plantations. Shrub layer (A). Herb layer (B).
A B

FIGURE 7

RDA ranking of understory plant diversity indices of Eucalyptus plantation forests with environmental factors. Shrub layer (A); Herb layer (B). SBD, STP,
SCP, PH, OM, AN, OP, AK, TN, TP, TK, DH, RH, TEMP, PRCP, SD, SA, and ELE respectively are soil bulk density, soil total porosity, soil capillary porosity,
soil pH, soil organic matter, soil available nitrogen, soil available phosphorus, soil available potassium, soil total nitrogen, soil total phosphorus, soil total
potassium, annual sunshine hours, annual air humidity, annual air temperature, annual rainfall, slope degree, slope aspect, and elevation.
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vegetation of Eucalyptus plantation forests, which may be attributed

to the fact that members of these two families, such as Codariocalyx

motorius, Acacia mangium, Archidendron lucidum, Oplismenus

compositus, and Lophatherum gracile, among others, are well

adapted to the environment and are widely distributed in

different regions of Hainan Island (Chen, 1964). In addition, their

dominance may be related to the insensitivity of Fabaceae and

Poaceae to chemosensory substances of Eucalyptus (Chen et al.,

2003) Therefore, we infer that Fabaceae and Poaceae play an

important ecological role in the understory plant community of

Eucalyptus plantation forests on Hainan Island.

By analyzing the differences in species composition, species

diversity, and phylogenetic diversity of the understory vegetation of

Eucalyptus plantation forests in different regions of Hainan Island,

we showed that the environmental gradient has an important effect

on plant species composition and diversity. Because of the

topographic features of Hainan Island, whose elevation is high in

the middle region and surrounded by mountainous terrain, hilly

areas and plains, and tableland landscapes, which make the

environmental factors such as climate, soil, and topography of its

various regions have clear differences (Zhang et al., 2020). For

example, mountain ranges act as barrier that can cause changes in

the local climate, soil, and runoff, which could lead to differences in

species composition and diversity in different regions (Rahbek et al.,

2019). In the present study, the number of species and a-diversity
indices of the understory shrub and herb layers of Eucalyptus

plantation forests differed among the sampled sites. Notably,

Tunchang, which is located in the central region of Hainan

Island, harbored significantly more shrub species and greater

diversity than the other three regional sites, which may be related

to its higher rainfall and soil organic matter.

Species b-diversity describes the similarity of species composition

between communities or the rate of replacement along an

environmental gradient. The similarity of plant communities often

shows a significant distance decay pattern with an increasing distance

(Liu et al., 2015; Murphy et al., 2016). Here, the Jaccard index of the

shrub and herb layers reached its largest disparity between Tunchang

and Ding’an, but its disparity was smallest between Dongfang and

Tunchang for the shrub layer and between Dongfang and Lingao for

the herb layer. This shows that as the spatial distance increases, the

similarity of species composition of understory plants in Eucalyptus

plantations in different regions of Hainan Island gradually decreases.

Environmental filtering can lead to phylogenetic clustering (Wiens

and Graham, 2005), while competitive exclusion may lead to

phylogenetic dispersion (Burns and Strauss, 2011). We found

regional differences in both the MPD and MNTD of the shrub and

herb layers in the Eucalyptus plantations; hence, we may infer their

understory vegetation is shaped by both environmental filtering and

competitive exclusion. The MNTD of the shrub layer and MPD and

MNTD of the herb layer are highest overall at the Ding’an site, while

MPD and MNTD index of the shrub layer and MNTD of the herb

layer are the lowest at the Tunchang site. This pattern indicates a

farther phylogenetic relationship between understory plant species in
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the Eucalyptus plantation at Ding’an, whereas a closer phylogenetic

relationship characterizes Tunchang’s Eucalyptus plantation.

Previous studies have shown that non-biological determinism

tends to increase with an increase in spatial scale, while biological

determinism tends to reduce with a decrease in the spatial scale.

Abiotic determinism is more important than interactions between

species in the conservation of biodiversity at the regional scale

(Cardillo, 2011; Villalobos et al., 2013; Yang et al., 2014). The RDA

results show that the environmental factors’ contribution is high, in

that they explain much of the diversity of the shrub and herb layers

in the Eucalyptus plantations, which suggests that the variation in

this plant diversity on Hainan Island basically depends on changes

in the abiotic environment. This may be related to the short rotation

period of Eucalyptus plantations, the short time span of understory

vegetation formation, and the lack of long-term interaction

between species.

In this study, differences emerged in the relationship between

plant diversity and environmental factors in the herb versus shrub

layers of Eucalyptus plantation forests. According to the Mantel test

results, when compared with the herb layer, the shrub layer plant

diversity is more closely related to the topographic factors ELE and

SD. Furthermore, the RDA results show that ELE and TEMP are the

two environmental factors mainly influencing the plant diversity of

the shrub layer in the understory of Eucalyptus plantation forests,

for which ELE explained 59.00% of the variance (P=0.002). This

result suggests that ELE strongly shapes the shrub diversity of

Eucalyptus plantation forests, an effect that is extremely important.

It is widely accepted that species diversity declines with increasing

elevation (Tang and Fang, 2004), but some studies have shown that

plant diversity can exhibit different trends in response to increasing

elevation (Xing et al., 2010; Zhong et al., 2022). In the present study,

the shrub layer diversity of Eucalyptus plantations was positively

correlated with ELE, which may be related to the distribution of

vegetation types as well as the seed dispersal and spread of woody

plant species on Hainan Island. The distribution of secondary and

primary forests having higher species richness at higher elevation in

the central region (Yang et al., 2021) should enable more woody

plants to settle into the Eucalyptus plantation community through

seed dispersal dynamics.

In this study, herb layer plant diversity was closely related to soil

and climatic factors, but no significant correlation was found with

topographic factors. This may be due to the direct impact of soil factors

and climatic factors on the diversity of herbaceous plants, which

weakens the indirect ecological effects of topographic factors (Wu

et al., 2013; Xu et al., 2014). In the Mantel test analysis, soil AN, OP,

and AK were significantly and positively correlated with herbaceous

plant diversity, and the RDA showed that soil AN explained 55.60% (p

= 0.002) of the variance in herbaceous plant diversity. This suggests

that the fast-acting nutrient content of the soil plays an important role

in maintaining and enhancing the plant diversity of the herb layer in

the understory of Eucalyptus plantation forests.

There are often complex interactions between environmental

factors affecting community species composition and diversity,
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which can lead to overlapping effects in the interpretation of

community species composition and diversity by different

environmental factors (Lin, 2021). Variance decomposition is

often relied on to explain the contribution of different

environmental factors, either individually or interactively, to

shaping community composition and diversity (Zhao et al., 2020;

Zhang et al., 2022). In this study, the variance decomposition results

showed that the combined effect of soil, climatic, and topographic

factors is what predominantly influences the plant diversity of the

shrub layer in the understory of Eucalyptus plantation forests. For

the herb layer, however, it is the combined effect of climatic and soil

factors that chiefly influences its plant diversity in the understory of

Eucalyptus plantation forests.
5 Conclusions

A total of 124 species of plants were recorded in the understory

of Eucalyptus plantations sampled at four sites, among which those

in the Fabaceae and Poaceae families were the most abundant. The

species composition and diversity of understory plants in

Eucalyptus plantations in different regions of Hainan Island are

not alike. The species composition at Tunchang, located in the

central part of Hainan, is the richest (highest number of spp.), and

its plant diversity is generally the greatest overall. The species

similarity of Eucalyptus plantations at different regions increases

as the spatial distance is shortened. Environmental factors (climate,

soil, and topography) are the main factors affecting the diversity of

understory plants in Eucalyptus plantations. The responses of the

shrub and herb layers of Eucalyptus plantations to environmental

factors were, however, different. The shrub layer’s diversity is

mainly affected by elevation (ELE) and annual average

temperature (TEMP), which are the two main factors affecting its

plant diversity. The herb layer’s diversity is chiefly affected by soil

alkali-hydrolyzable nitrogen and annual average sunshine hours

(DH), which are the two main factors affecting its plant diversity.
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