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Abstract: Aggregating diverse plant species into a few functional groups based on functional
traits provides new insights for promoting landscape planning and conserving biodiversity in
species-diverse regions. Ecophysiological traits are the basis of the functioning of an ecosystem.
However, studies related to the identification of functional groups based on plant ecophysiological
traits in tropical forests are still scarce because of the inherent difficulties in measuring them. In this
study, we measured five ecophysiological traits: net photosynthetic capacity (Amax), maximum
stomatal conductance (gmax), water use efficiency (WUE), transpiration rate (Trmmol), and specific
leaf areas (SLA) for 87 plant species dominant in a chronosequence of secondary succession, using four
time periods (5 year-primary, 15 year-early, and 40 year-middle successional stages after clear
cutting and old growth) in the tropical montane rainforest on Hainan Island, China. These species
were grouped using hierarchical cluster analysis and non-metric multidimensional scaling. Finally,
the changes in the composition of functional groups and species richness along the chronosequence
were analyzed. Results showed that the plant species in the tropical montane rainforest could be
classified into eight distinct functional groups. The richness of functional groups was low during
the initial early stage and increased as the early and middle stages progressed, and then declined in
the late successional stage. The dominant functional groups in the primary stages had the highest
Amax, gmax, Trmmol, and SLA, as well as the lowest WUE, while those in the early and middle
successional stages had functional traits at a moderate level, and at the late stage they had the lowest
Amax, gmax, Trmmol, and SLA, and highest WUE. Our study showed that the diverse plant species in
the tropical montane rainforest could be grouped into a few functional groups according to major
ecophysiological traits, and the composition and relative abundance of different groups changed with
the successional dynamics of the forest ecosystem.

Keywords: plant functional group; forest dynamics; secondary succession; tropical montane rainforest

1. Introduction

Plant functional groups (PFGs) are groups of species that share similar morphological and
physiological attributes, use similar resources, and play similar roles in a particular ecosystem [1].
PFGs can be divided into functional effect and functional response groups based on each group’s
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function and/or adaptive responses to environmental variables in an ecosystem. The former refers to
groups with a similar effect on one or several ecosystem functions such as primary production and
nutrient cycling [2,3], and the latter refers to groups with a similar response to particular environmental
factors such as resource availability, disturbance, and drought stress [4–6]. Aggregating species into
functional groups is a common method useful for reducing the complexity of diverse ecosystems
(e.g., tropical rain forest communities) [7,8]. The identification of PFGs has been given priority in
international research agendas [9] for two reasons. First, in modeling vegetation under changing
climatic conditions, a widely recognized need exists to move away from single-leaf to whole-plant
approaches [10]. Second, in doing so, the enormous complexity of individual species and populations
needs to be summarized into a relatively small number of general and recurrent patterns [11,12].
Research studies on the characteristics that define the main functional groups of tropical trees and their
relationship to forest dynamics and regeneration have proliferated since the mid-1970s [13–15].

PFGs can be defined based on species functional traits, such as life form, maximum potential
height, successional status, and seed dispersal pattern [15–17], and on species’ associations with
particular environmental factors such as light, disturbance [18,19] or on the ecological strategy of
species resources use (e.g., competitors (C), stress-tolerators (S), and ruderals (R), C-S-R strategy) [20,21].
PFGs are most commonly defined based on functional traits. The distribution of functional traits in
a community and the magnitude of their differences among species can shed light on the relative
influence of environmental filtering and competition [22]. Functional traits can be defined as any
attributes that have a potentially significant influence on establishment, survival, and fitness of a
species [21,23], and plant ‘functional traits’ are considered to reflect adaptations to variations in the
physical environment as well as ecophysiological and/or evolutionary trade-offs among different
functions within a plant [24]. Westoby [25] proposed the leaf-height-seed scheme, to define PFGs based
on specific leaf area (SLA), canopy height, and seed mass. The output of the PFG method agrees very
well with field studies, indicating that a particular functional trait used for PFG identification in this
method can fully reflect the survival strategy of plants [20,25].

Based on the definition of a functional group, the most appropriate way to determine the PFG of a
species is to group species based on the role of various species in ecosystem processes (e.g., the cycling
of carbon, water, and nitrogen). The plant–atmosphere interactions that are of prime interest for
regional and global simulations are the carbon, water, and nitrogen cycles. These cycles are strongly
linked to the ecophysiological process of different groups of plant species. Although the body of
literature available concerning PFGs is substantial, studies focused on tropical forest vegetation are
still scarce [26] and few studies were found addressing the identification of functional groups based
on ecophysiological attributes, especially in tropical forest ecosystems. Two of the most important
reasons why such studies are rarely conducted are that measuring the ecophysiological traits for
numerous individual species is difficult, and it is hard to control the comparability between individual
plant species. Furthermore, different PFGs are expected to play different roles in ecosystem processes.
Therefore, the identification and the estimation of their abundance are relevant to the assessment of
ecosystem function [27–29].

Plant communities recover from disturbances through ecological succession, a process that implies
sequential changes occur in the community attributes over time [30]. Although many studies have
been conducted to aid in understanding the processes of secondary forest succession in the tropics, few
studies have applied concepts related to PFGs to plant community succession in tropical forests. Letcher
et al. found that successional habitat specialization is a conserved trait for tropical forests, which
associate with many different pioneer lineages and a concomitant diversity of functional traits [31].
To assess plant community succession, an assessment of the changes in PFGs based on functional traits
during succession is necessary. Through the use of technologies designed to detect changes in plant
functional traits, we can also develop tools for inferring the functions and successional status of plant
communities [32]. This is especially important for tropical systems, where functional recovery has
been poorly explored.
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In the present study, we attempted to define functional groups of a tropical montane rain forest
(TMRF) on Hainan Island, China, based on five ecophysiological traits: net photosynthetic capacity
(Amax, µmol m−2 s−1), maximum stomatal conductance (gmax, mol m−2s−1), water use efficiency
(WUE, µmol mol−1), transpiration rate (Trmmol, mmol m−2 s−1), and specific leaf area (SLA, m2 kg−1).
These traits are directly related to plant–atmosphere interactions as well as plant resource acquisition
and use. Amax refers to the net photosynthetic rate of a mature leaf under saturated irradiances
that directly indicate the interception and assimilation of resources. gmax, WUE, and Trmmol are
traits that are directly related to the plant–atmosphere interactions, and plants have to modulate
their photosynthetic and transpiration rates in differing environmental conditions by adjusting their
stomatal conductance. SLA is the ratio between leaf area and leaf dry mass, and it is related to resource
interception and use. This ratio gives a measure of a plant’s investment into photosynthetic processes
as well as into a plant’s participation in the carbon and water cycles

PFGs were identified using standard multivariate analysis techniques based on these five
ecophysiological traits. Then we explored the variation of functional group compositions during
ecological succession. The composition of PFGs and the dynamics along differing successional stages
of TMRF were analyzed based on identified functional groups. The objectives of the study were: 1)
To aggregate the diverse tree species in the TMRF of Hainan island into a few functional groups based
on the field measured functional traits so that future studies related to the ecosystem functioning and
their simulation at different scales could be simplified or made more convenient. 2) To understand the
change of functional group composition during the process of succession to provide some theoretical
bases for the sustainable management and effective restoration of tropical montane forests on Hainan
Island, southern China.

2. Materials and Methods

2.1. Study Sites and Sampling

The research site was located in the TMRF near the Jianfengling Long-term Research Station of
Tropical Forest Ecosystems (18◦20′–18◦57′N, 108◦41′–109◦12′E) (JRSTF, hereafter) at approximately
800–960 m elevation in Southwest Hainan, China. The region’s tropical monsoon climate has a distinct
dry and wet season, a mean annual temperature at the study site of 19.7 ◦C, a mean annual rainfall of
2651.6 mm, and a mean annual potential evaporation of 1303.7 mm [33]. The study site has a lateritic
yellow soil [34].

Field measurements were carried out within areas of the TMRF located close to the JFSTF by
establishing sampling plots in secondary stands with differing times after clear cutting and in old
growth stands. For convenience, four successional stages were arbitrarily defined based on time since
harvest: primary (stage I), early (II), middle (III), and late successional or old-growth forest stages (IV)
with time since harvest = 5 years, 15 years, 40 years, and old growth (no recent harvest), respectively.
A total of 70 plots were previously delimited: three were 10 × 10 m2 with abandonment ages of 5 years,
30 were 10 × 10 m2 with abandonment ages of 15 years, 12 were 10 × 10 m2 with abandonment ages
of 40 years, and 25 were 20 × 20 m2 old growth sites (Table 1). At the beginning of the study, all
free-standing plants (trees, shrubs, and herbs) in each plot were recorded, identified, mapped and
measured to the lowest possible taxonomic level between November, 2005 and March, 2006. Based on
the results, we selected 87 of the most abundant and representative vascular plant species in the TMRF
of JRSTF and measured ecophysiological traits.
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Table 1. Sampling plots for the stands of different successional stages.

Successional Stage Time Years Since Harvest No. of Plots Plot Size (m2)

I Primary 5 3 10 × 10
II Early 15 30 10 × 10

III Middle 40 12 10 × 10
IV Late Old growth 25 20 × 20

2.2. Measurement of Ecophysiological Traits

Measurements were made on 2–6 individuals for each species and 3–5 leaves per individual in
low- to mid-crown positions of trees (≤5 m in height). All measurements were taken on fully spread
mature leaves and we spent 3–5 min for each leaf in an attempt to ensure that photosynthetic induction
had already occurred. Leaf gas-exchange rates were measured in the field in April and May 2006
using an LI-6400 portable photosynthesis measurement system (LI-6400, Li-Cor, Lincoln, NE, USA);
Amax, gmax, and Trmmol were measured under ambient CO2 concentrations and relative humidity [35].
The saturating irradiances (1000 µmol m−2s−1) were obtained using an artificial LED light source
(LI-6400). The saturating irradiances were identified by the light response curve of light-demanding
species, such as Sapium discolor. The measurements were carried out over 9:00–12:30 and 14:00–15:30
on clear days to minimize the influence of depressed stomatal conductance, which may lead to a
reduction in CO2 assimilation.

Leaves were harvested after measurements were obtained and single-sided leaf areas were
measured for each fresh leaf with a leaf area meter (LI-3100, LI-COR and then leaves were oven dried to
a constant weight at 65 ◦C. These data were used for the calculation of SLA. Averaged field parameters
of each species or individual were used for statistical analysis. The ecophysiological traits related to
photosynthesis of major tree species of differing recovery stages were measured in April–May, 2006.

2.3. Data Analysis

Ecophysiological traits of 87 species were measured in stands of different age, as harvest and
averages of parameters for individual species were used for statistical analysis. PFGs were defined
based on five functional traits by applying hierarchical cluster analysis. Data were log transformed to
meet normality prior to the hierarchical cluster analysis. The relative Euclidean distance and Ward
Linkage methods were used in the analysis, and cluster analysis using other distances and linkage
methods was also carried out; the results were generally in agreement with each other.

MRPP (multi-response permutation procedures) are non-parametric procedures for testing the
hypothesis of no difference between two or more groups of entities. The MRPP algorithm first calculates
all pairwise distances in the entire dataset, then calculates δ. It then permutes the sampling units and
their associated pairwise distances, and recalculates them based on the permuted data. It repeats the
permutation step 999 times. The significance test is the fraction of permuted deltas that are less than
the observed delta, with a small sample correction. The function also calculates the change-corrected
within-group agreement A = 1 – δ E(δ), where E(δ) is the expected δ assessed as the average of
dissimilarities. A value greater than 0 indicates that the difference between groups is greater than the
difference within the groups, and less than 0 indicates that the difference within the groups is greater
than the difference between groups.

We used the function “agnes” in the {cluster} R package [36], available on CRAN (https://svn.r-
project.org/R-packages/trunk/cluster), to accomplish the Hierarchical Cluster analysis. Multi-Response
Permutation Procedures (MRPP) were accomplished using the function “MRPP” in the {vegan} R
package [37], available on CRAN (https://cran.r-project.org, https://github.com/vegandevs/vegan).

https://svn.r-project.org/R-packages/trunk/cluster
https://svn.r-project.org/R-packages/trunk/cluster
https://cran.r-project.org
https://github.com/vegandevs/vegan
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3. Results

3.1. Plant Functional Groups of the TMRF

The 87 main species in the TMRF in Jianfengling, Hainan Island were aggregated into eight PFGs
based on five functional traits (Amax, gmax, WUE, Trmmol, and SLA) using hierarchical cluster analysis
(Figure 1). The results of MRPP showed a significant difference between the groups (p = 0.001) and the
difference between groups is greater than the difference within the groups (A = 0.5197), which indicated
that the functional groups classified by the ecophysiological traits were distinct groups.
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Sp12 Winchia calophylla A. DC. Sp41 Psychotria rubra (Lour.) Poir. Sp70 Trema angustifolia (Planch.)
Bl.

Sp13 Lithocarpus brachystachyus
Chun Sp42 Castanopsis fissa (Champ. ex

Benth.) Rehd. et Wils Sp71 Neolitsea phanerophlebia Merr.

Sp14 Parapyrenaria multisepala
(Merr. et Chun) Chang Sp43 Cyclobalanopsis blakei (Skan)

Schott. Sp72 Dillenia pentagyna Roxb.

Sp15 Ardisia nervosa Walker Sp44 Ormosia semicastrata Hance f.
litchifolia How Sp73 Castanopsis chinensis Hance

Sp16 Polyosma cambodiana
Gagnep. Sp45 Reevesia pubescens Mast. Sp74 Artocarpus styracifolius Pierre

Sp17 Eupatorium odoratum L. Sp46 Pithecellobium lucidum Benth. Sp75 Glochidion coccineum
(Buch.-Ham.) Muell. Arg.

SP18 Elaeocarpus dubius A. DC. Sp47 Heliciopsis lobata (Merr.)
Sleum. Sp76 Pinanga discolor Burret

Sp19 Diplospora dubia (Lindl.)
Masam. Sp48 Eurya groffii Merr. Sp77 Melastoma candidum D. Don

Sp20 Ervatamia hainanensis Tsiang Sp49 Machilus salicina Hance Sp78 Olea dioica Roxb.

Sp21 Lasianthus curtisii King et
Gamble Sp50 Ardisia quinquegona Bl. Sp79 Cinnamomum burmanni

(Nees et T.Nees) Blume

Sp22 Lindera kwangtungensis
(Liou) Allen Sp51 Melastoma sanguineum Sims Sp80 Symplocos pseudobarberina

Gontsch.

Sp23 Lithocarpus fenestratus
(Roxb.) Rehd. Sp52 Ilex pubilimba Merr. et Chun Sp81 Alseodaphne hainanensis Merr.

Sp24 Lindera robusta (Allen) H. P.
Tsui Sp53 Beilschmiedia laevis Allen Sp82 Canthium dicoccum (Gaertn.)

Teysmann et Binnedijk

Sp25 Helicia hainanensis Sp54 Syzygium jambos (L.) Alston Sp83 Castanopsis tonkinensis Seem.

Sp26 Nephelium topengii (Merr.) H.
S. Lo Sp55 Cryptocarya chingii Cheng Sp84 Linociera ramiflora (Roxb.)

Wall. ex G. Don

Sp27 Adinandra hainanensis Hayata Sp56 Pentaphylax euryoides Gardn.
et Champ. Sp85 Cryptocarya chinensis (Hance)

Hemsl.

Sp28 Drypetes indica (Muell. Arg.)
Pax et Hoffm Sp57 Evodia lepta Sp86 Ardisia crenata Sims

Sp29 Lithocarpus fenzelianus
A.Camus Sp58 Prismatomeris tetrandra

(Roxb.) K. Schum. Sp87 Thysanolaena maxima (Roxb.)
Kuntze)

Figure 1. Dendrogram depicting functional groups derived from data of 87 species. Variables used
to create cluster include net photosynthetic capacity (Amax), maximum stomatal conductance (gmax),
water use efficiency (WUE), transpiration rate (Trmmol), and specific leaf areas (SLA). Plant functional
groups (PFGs).

The composition and functional traits of different PFGs varied greatly (Table 2). PFG1 included
one species: Eupatorium odoratum L., an invasive ruderal in deforested areas in tropical forest areas.
Their main functional traits were comparatively high Amax, gmax, Trmmol, SLA, and low WUE. PFG2
also included one species: Evodia glabrifolia (Champ. ex Benth.) Huang, a fast-growing species,
had comparatively high Amax, Trmmol, and SLA but moderate gmax and low WUE. The group PFG3
was mainly composed of shrubs and tall grasses of the Poaceae, along with pioneer species with higher
than average Amax, moderate gmax, Trmmol, WUE, and SLA. The group PFG4 was mainly composed of
evergreen trees and shrubs, such as Elaeocarpus petiolatus (Jack) Wall. ex Kurz and Adinandra hainanensis,
characterized by comparatively lower gmax, moderate Amax, WUE, Trmmol, and lower SLA. PFG5 and
PFG6 included most of the tree species in the genera and families typical of the TMRF. Representative
species such as Cryptocarya chinensis (Hance) Hemsl., Diplospora dubia (Lindl.) Masam, and Lithocarpus
brachystachyus Chun, were mostly common species in the middle successional stages. Functional traits
of these two groups were low Amax, gmax, Trmmol, and moderate SLA, while the WUE of PFG5 was
generally higher in contrast with PFG6. The groups PFG7 and PFG8 were mainly composed of late
successional species, such as Dillenia pentagyna Roxb. and Nephelium topengii (Merr.) H. S. Lo. They had
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similar functional traits such as low Amax, gmax, and Trmmol values and higher WUE, while the SLA
of PFG8 were relatively higher than that of PFG7.

Table 2. The distributions of the five traits in each plant functional group (Number of species in each
PFGs indicated in brackets).

PFGs Growth Form Characteristic of Functional Traits Representative Species

PFG1(1) Perennial herbs
High Amax (>10), High gmax (>10),

Low WUE (<10), High Trmmol (>5),
High SLA (>20).

Eupatorium odoratum L.

PFG2(1) Trees
High Amax (>10), Middle gmax
(1–10), low WUE (<10), High

Trmmol (>5), High SLA (>20).

Evodia glabrifolia (Champ. ex Benth.)
Huang

PFG3(5) Shrubs and herbs
High Amax (>10), Middle gmax

(1–10), Middle WUE (10–20), High
Trmmol (>5), Middle SLA (10–20).

Sapium discolor (Champ. ex Benth.) Muell.
Arg.

Thysanolaena maxima

PFG4(4) Evergreen Trees and
shrubs

Middle Amax (5–10), Low gmax (<1),
Middle WUE (10–20), Middle

Trmmol (2–5), Middle SLA (10–20).

Elaeocarpus petiolatus (Jack) Wall. ex Kurz
Adinandra hainanensis

PFG5(28) Shrubs, Trees and Liana
Low Amax (<5), Low gmax (<1),

High WUE (>20), Low Trmmol (<2),
Middle SLA (10–20).

Cryptocarya chinensis (Hance) Hemsl.
Diplospora dubia (Lindl.) Masam.

PFG6(5) Evergreen Trees and
Shrubs

Low Amax (<5), Low gmax (<1), Low
WUE (<10), Low Trmmol (<2),

Middle SLA (10–20).

Lithocarpus brachystachyus Chun
Cyclobalanopsis blakei (Skan) Schott.

PFG7(34) Shrubs or small trees
Low Amax (<5), Low gmax (<1),

High WUE (>20), Low Trmmol (<2),
Middle SLA (10–20).

Dillenia pentagyna Roxb. Nephelium
topengii (Merr.) H. S. Lo

PFG8(9) Shrubs or saplings
Low Amax (<5), Low gmax (<1),

High WUE (>20), Low Trmmol (<2),
High SLA (>20).

Blastus cochinchinensis Lour. Ervatamia
hainanensis Tsiang

3.2. Analysis of Species Richness and Occurrence Frequency of PFGs

The occurrence frequency in the plots at different times after harvest for the different functional
groups of TMRF was analyzed (Figure 2. table S). The result showed that almost all high occurrence
species were present in PFG5 and PFG7.
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Lithocarpus brachystachyus 
Chun Cyclobalanopsis blakei 

(Skan) Schott. 

PFG7(34) Shrubs or 
small trees 

Low Amax (＜5), Low gmax (＜1), High 
WUE (＞20), Low Trmmol (＜2), 

Middle SLA (10–20). 

Dillenia pentagyna Roxb. 
Nephelium topengii (Merr.) H. 

S. Lo 

PFG8(9) 
Shrubs or 
saplings  

Low Amax (＜5), Low gmax (＜1), High 
WUE (＞20), Low Trmmol (＜2), 

High SLA (＞20). 

Blastus cochinchinensis Lour. 
Ervatamia hainanensis Tsiang 
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The occurrence frequency in the plots at different times after harvest for the different functional 
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3.3. PFGs Richness and Functional Composition in Different Successional Stages

The richness of PFGs varied significantly within differing successional stages (χ2 = 213.774, df = 21,
p < 0.001). The statistical analysis showed that the richness of PFGs was lowest in the primary stage.
The dominant PFGs of this stage were PFG3 and PFG4 (high relative abundance), while PFG5, PFG6,
PFG7, and PFG8 were not found. PFG richness increased rapidly after the restoration of the forest
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environment and PFG richness of the early and middle successional stages were highest; the dominant
PFGs of these stages were PFG5 and PFG7. The richness of PFGs decreased in the late successional
stage as a result of the disappearance of pioneer species; the dominant PFGs of this stage were PFG5
and PFG7 (Figure 3).
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successional stages.

3.4. Relative Abundance of PFGs along the Successional Stages

Generally, the relative abundance of PFG1, PFG2, PFG3, and PFG4 decreased as time progressed
through the successional stages, and that of PFG5 peaked at late stage while the relative abundance
of PFG6, PFG7, and PFG8 increased during the successional stages (Figure 4). The PFG1 and PFG2
occurred only in the primary stage, while PFG3 and PFG4 were dominant in the primary stage.
The species found in these four stages were most found in the early and middle successional stages.
The relative abundance of PFG5, PFG6, PFG7, and PFG8 increased gradually as time progressed
through, PFG5, PFG6, and PFG7 dominated PFGs of the late successional stages, while PFG8 dominated
in the middle stage.
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4. Discussion

The concept of PFGs has been regarded as a framework for predicting ecosystem response to
environmental changes on a global scale, without detailed information about each species [8,38].
Therefore, research related to PFGs is strongly tied to the modeling of ecosystem processes [39].
The challenge in functional grouping is how to find the most appropriate indices and methods to use
for the aggregation of PFGs. PFGs are commonly defined based on a series of related quantitative
traits [39–41]. Theoretically, one can properly define PFGs based on ecophysiological traits related
to plant–atmosphere interactions. A study of shrub vegetation in Florida showed that PFGs based
on physiological traits were spatially and temporally robust [42]. A study in the eastern Amazonian
region demonstrated that ecophysiological traits were significantly different between functional groups.
Additionally, PFGs identified by combining hard traits (ecophysiological traits) with soft traits (e.g.,
leaf chemical, anatomical characteristics) were highly consistent with groups based on life forms [26].
One can reasonably, practically, and feasibly define functional groups using ecophysiological traits [43].
However, measuring large sets of ecophysiological parameters in the field for grouping is time intensive
and expensive, making it necessary to find one or a set of easy-to-measure soft traits that can be used
as substitutes of ecophysiological traits, and the grouping result based on these indicators are expected
to agree with that of the ecophysiological traits. A study of shrub habitat in Florida [44] 50showed
that groups defined by life forms were similar to ecophysiologically-based groups. We attempted to
identify PFGs based on a set of ecophysiological traits related to photosynthetic parameters obtained
from field measurements. These traits are indices of plant–atmosphere interaction (gas and water
exchange), and are therefore directly related to plant use of light, water, and other resources. Thus,
this grouping is expected to enable successful prediction of responses to environmental variations in
climate, atmospheric chemistry, or site disturbances.

Community structure can strongly influence ecosystem function [44], and the functions of species
in ecosystems are highly related to the size and density of the individual species [45]. According to
López-Martínez’s study [46], variation in floristic composition was greatest for shrubs and lowest
for trees. We found that most of the species with higher occurrence frequency were smaller than
the relatively rare species in the same group. For example, in group 7, Heliciopsis lobata (Merr.)
Sleum, Cryptocarya chingii Cheng, and Antidesma montanum Bl. occurred only in the middle and
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late successional stages were larger than relatively found shrubs like Lasianthus chinensis (Champ.)
Benth., Symplocos paniculata (Thunb.) Miq., and Pentaphylax euryoides. Meanwhile, we can interpret
varied community characteristics along the succession gradient by studying key functional traits of
dominant species. Similarly, community characteristics can be interpreted by studying their functional
compositions and the main characteristics of functional groups [8]. We attempted to study succession
by comparing sites of various ages in the montane rain forest in Jianfengling using an approach called
a “space for time substitution.” Our results indicate that the richness of PFGs is lowest in the primary
successional stage, increases rapidly after the restoration of a forested environment, and peaks during
the early and middle stages then decreases in the late stage. The results indicate that the influence of
an established species in its habitat is the main force driving succession [47] and the establishment
and growth of new species strongly depends on particular physical environments created by earlier
species [48]. The establishment of new species will cause changes to the existing habitats. Lucía et al.
found that although almost all species can be established along the complete environmental gradient,
species that dominated early in succession had acquisitive functional traits, while those that dominated
at later successional ages and hills showed more conservative traits [24].The establishment of PFGs
during the primary stage facilitates the establishment and growth of new PFGs, which conversely
inhibit the survival of former; the decrease in functional richness during the late successional stage is
probably caused mainly by the heavily shaded original forest environment, which is unfavorable for
the growth and regeneration of light-demanding pioneer species. This constitutes a foundation for
further exploration of the application of remote sensing technologies to the study of tropical succession.

Community changes during succession include not only the increase in functional group richness
but also changes in the composition of PFGs. Statistical results show that the relative abundance of
PFG1, PFG2, PFG3, and PFG4 decrease as ecological succession progresses and that PFG5 peaks at the
late stage while the relative abundances of PFG6, PFG7, and PFG8 increase as succession continues.
Analysis shows that the dominant PFGs of the primary stage are those with higher photosynthetic
capacity, fast-growing rates, and low water use efficiency. These PFGs appear to be associated with
relative high values of Amax, Trmmol, and SLA, as well as with lower values of WUE. This particular
combination of traits generally occurs as a response to a particular combination of environmental
conditions: low water availability, high light availability, and high temperature [49]. Dominant PFGs
of the early and middle stages were those with moderate photosynthetic capacity and WUE and
comparatively high growth rates; the main PFGs of the late successional stage were those with low
Amax, high WUE, and low growth rates.

We found that the SLA, which had been above average throughout the succession, rose above
20 in group 8 again, possibly because group 8 was mainly composed of shade tolerant species in
the middle and late succession. The facilitation and inhibition model of succession proposes that
early successional species are more vulnerable to variety of physical and biological factors that cause
mortality. Thus, the relative abundance of PFGs with pioneer species (gap species) decreases during
succession, while that of PFGs, mainly composed of shade-tolerant species, increases during ecological
succession. Surprisingly, in PFG3, a shrub-like herbaceous C4 plant thysanolaena maxima, which looks
like bamboo, is grouped with three other shrub species. This may be part of the reason, as it may
have some important leaf trait differences with shrubs. This difference points to a potential problem,
in that using leaf traits to define PFGs is somewhat limited. It may be more meaningful and useful
to add dimensions to the leaf traits we studied such as heights and seeds; these could perhaps be
used in addition to leaf traits to define them [42]. Zhang and Zang [13] classified tropical forest
vegetation of Hainan Island, China into six functional groups based on successional status and potential
maximum height. There is still much room for research and in-depth exploration on leaf traits in
the future. Variation of dominant PFGs in differing stages indicates that what really determines the
occurrence and relative abundance of PFGs in a particular community is the diversity of microhabitats
and the abundance of shaded and gap habitats in the meta community over long periods of time.
The replacement of species will cause variations in the functional groups present and the variations



Forests 2019, 10, 1134 11 of 14

in the richness and relative abundances of PFGs and in the progress of ecological succession of a
community are cause and effect related.

5. Conclusions

Based on five field measured ecophysiological traits, major plant species in the TMRF of
Jianfengling, Hainan Island, were grouped into eight PFGs by applying quantitative techniques.
MRPP tests indicated that the identified PFGs are distinct groups with high heterogeneity between
groups but high homogeneity within each group. The richness of PFGs and functional groups
composition of TMRF in the Jianfengling areas varied significantly during ecological succession.
Species composition and PFGs richness were relatively low in the primary stage as the closed canopy
forested environment was lacking, and because the plant community of this stage was dominated by
fast-growing pioneer groups with high Amax and low WUE. The richness of PFGs increased rapidly
after establishment of a forested environment and reached a peak in the middle successional stages.
Additionally, the related dominant PFGs of both these stages were faster-growing species with moderate
Amax and lower WUE. The richness of PFGs decreased in the late successional stage because the dense
canopy limited the regeneration of light-demanding species, and the dominant PFGs of this stage were
slow-growing species with low Amax, but high WUE. A functional approach should be incorporated
as a regular descriptor of forest succession because it provides a richer understanding of vegetation
dynamics than is offered by either the floristic or structural approach alone.

Tropical montane rainforests are one of the most highly diverse types of forests in the world,
and they are considered extremely vulnerable to disturbance and climate changes. Our study, which
aggregated the diverse plant species into a few functional groups based on ecophysiological functional
traits, provided new insights elucidating the structure and function of tropical forest ecosystems [13]. It
is also an effective way of making further landscape planning, improving forest conservation planning
and conserving biodiversity in species-rich tropical forests [50].

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/12/1134/s1,
Figure S1: Box plot for the distributions of the five traits in each plant functional group, Table S1: The 87 species
correspongding to each symbol.
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