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Abstract: The ecology of functional features highlights the importance of the leaf economic spectrum
(LES) in understanding plant trade-offs between conservative and commercial resource use. However,
it is still unclear whether changes in the plant attributes of various vegetative organs can be altered
and whether the plant economic spectrum (PES) is categorized by multiple vegetative organs. We
investigated a total of 12 functional features of 174 woody tree species, with leaf and stem attributes,
on Hainan Island. We used principal component analysis (PCA) to analyze the changes in attributes
and connections to understand how the plant trade-offs differ. We detected that stem organic
matter (SOM) and stem organic carbon (SOC) contributed most to the first principal component,
followed by leaf organic matter (LOM) and leaf organic carbon (LOC). Using Spearman correlation
analysis, we determined that leaf total nitrogen (LTN) and specific leaf area (SLA), LTN and leaf
total phosphorus (LTP), and finally stem total nitrogen (STN) and stem total phosphorus (STP) were
positively significantly correlated. These significant variations in the traits of nutrients are regulated,
while the morphological traits of aboveground vegetative organs are diverse. The coexistence of
species and community assembly can increase our knowledge on the tropical coastal secondary
forests. Furthermore, our outcomes can help us to better understand the restoration of habitats and
green infrastructure design, suggesting that selecting different species across multiple trait axes can
help ensure functionality at the maximum level.

Keywords: aboveground vegetative organs; nutrient traits; plant economic spectrum (PES); principal
component analysis (PCA); plant functional traits; tropical coastal secondary forest

1. Introduction

The functional features of plants independently or collectively determine the ecological
roles of species and the response of ecosystems to environmental change [1]. Consequently,
functional trait approaches have been utilized to better understand the spectrum of plant
functional strategies and their relationship with the environment [2,3]. Plant ecology
strategy schemes (PESSs) divide species into spectrums based on categories and ecological
traits, representing various trade-offs among species and types of resource investment
(such as in tissues, cells, and organs) [4–6].

Plants need both growth and defense in order to thrive and survive in nature, so the
trade-off between growth and defense has an important ecological consequence [7]. To
survive in hostile habitats, plants must manage available resources to achieve a delicate
balance between developmental and defensive processes. Plant scientists call this a strat-
egy [8]. Plants allocate resources to maximize fitness in the face of a variety of abiotic (such
as nutrient availability) and biotic (such as herbivory) constraints. A lack of resources
can lead to conflicting demands on such resources and, as a result, plants may not be
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able to invest in growth, reproduction, and defense simultaneously [9]. Various organs of
plants rarely modify classification with one another in relation to environmental conditions
on a local scale, alternating resource usage techniques to sustain growth as well as its
advancement [10]. Thus, the leaf economic spectrum (LES) demonstrates that variations
and correlations in leaf features reflect ecological trade-offs in the use of resources, which
is generally supported by many ecologists [11–13]. Nevertheless, whether stem and root
represent a similar one-dimensional strategic trade-off remains undetermined [14,15].

Functional traits are associated with individual plant organs, i.e., leaves [16–18] and
stems [19,20]. We have collected empirical evidence to support an incomplete set of possible
trait combinations. Other studies have documented the plant organs as rare, geographically
or taxonomically very rare, and often inconsistent. On the global scale, it is still unclear
how strictly whole-plant form and function are limited. Stem-specific density reflects
the trade-off between growth potential and the risk of mortality from hydraulic failure.
The balance of water and leaf energy is affected by leaf area (LA). Different features of
leaf resource attainment and conservation strategies are indicated by leaf nitrogen (LN)
concentration per unit mass (Nmass) and leaf mass area (LMA). LMA represents a trade-
off between carbon gaining and longevity, while Nmass represents a trade-off between
the advantage of photosynthetic capacity and the costs of capturing nitrogen as well as
suffering herbivory [21].

In addition, it is still under investigation whether there are coordinated changes in
attributes between aboveground and belowground parts of plants as a result of environmen-
tal changes. According to the morphological similarity hypothesis, the structural toughness
between the xylem and phloem tissue between root and stem functions is likely to be
related to root morphological characteristics (i.e., wood density). It is likely closely related
to stem morphological traits [22]. In the functional similarity hypothesis, root growth relies
on the carbohydrates supplied via leaves and leaf function relies on the nutrients and
water that are engaged from the roots, so traits of the roots are more important than those
of the stem, which are more closely related [13,23]. Some previous studies suggests that
leaves and roots respond to environmental conditions independently [24,25], causing a
multi-layered trade-off.

Tropical secondary growth forests cover nearly half of the world’s tropical forests and
play a key role in the conservation of biodiversity and carbon sequestration [26].

Tropical coastal secondary forests have been seriously affected not only by natural
disasters (e.g., typhoons), but also by human disturbances (i.e., slash and burn) [27]. The
natural forest flora of southern China has a rich diversity of various plants groups and
is represented by this tropical coastal secondary forest, which has a selected parallel
ecology [28–32]. Biodiversity conservation, monitoring of the natural environment, and
controlling typhoons are thus serious issues in this region [27]. However, there is limited
knowledge about the correlation and variation in plant functional traits and in leaf and
stem nutrients in tropical coastal secondary forests. We examined 12 functional features
(Table 1) of 174 species of woody trees in Tongguling National Nature Reserve (TNNR), a
tropical coastal secondary forest of Hainan Island, and examined their relationships and
variation with the help of multivariate and bivariate analyses. In particular, we evaluated
the leaf functional traits associated with resource gain plus defense [16,33], and measured
specific leaf area (SLA), wood density (WD), leaf thickness (LT), and relative leaf water
content (RLWC), among others.
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Table 1. A list of 12 functional properties and their ecological strategies.

Organ Attribute Abbreviation Unit Strategy

Leaf

Leaf thickness

Specific leaf area

LT

SLA

mm

mm2 g −1

Resource gain and defense
Resource acquisition and defense

Stem

Leaf total nitrogen
Leaf organic matter
Leaf organic carbon

Leaf total phosphorus
Relative leaf water content

Wood density
Stem organic matter
Stem organic carbon
Stem total nitrogen

Stem total phosphorus

LTN

LOM

LOC

LTP

RLWC

WD

SOM

SOC

STN

STP

g/kg

g/kg

g/kg

g/kg

%

g cm−3

g/kg

g/kg

g/kg

g/kg

Resource gain and defense
Resource gain and defense
Resource gain and defense
Resource gain and defense

Transport, structure, and defense
Resource gain and defense
Resource gain and defense
Resource gain and defense
Resource gain and defense

Overall, WD is crucial for plant productivity, survival, and capturing the primary
approach axes of variation [16,34]. WD, the dry matter per volume of fresh stems, is often
associated with plant defense and plant stability and is known to be the most important
functional trait [16]. On the other hand, physiological and chemical properties of leaves,
i.e., LT, SLA, and leaf dry matter content (LDMC), are morphological indicators that can
be easily measured to designate the resource strategies and adaptive traits of a plant
concerning its environment [35]. In this paper, we examine the following: (1) whether
tree stems and leaves in tropical coastal secondary forests would show a plant economic
spectrum (PES) for balancing and optimizing resource allocation; (2) whether aboveground
traits are linked to leaf and stem nutrients and which nutrient contributes the most to
community assembly.

2. Materials and Methods
2.1. Site Conditions

This research was carried out in the Tongguling National Nature Reserve (TNNR)
(19◦36′19◦41′ N 110◦58′111◦03′ E), of Hainan Island, southern China. The Tongguling
National Nature Reserve (TNNR) is a 44-square-kilometer nature reserve with an elevation
of 338 m above sea level and a tropical monsoonal climate. The wet season ranges from
May to October, while the dry season is from November to April, with an average annual
temperature of 23.9 ◦C and 1721.6 mm of rainfall. It has lateritic soil [36]. Before the year
1980, all of these forests had been logged and altered into shrubs, grassland, or secondary
growth forests. Deforestation was restricted once the Tongguling National Nature Reserve
(TNNR) was established in 1983, and forests were well covered [28]. The dominant or most
common tree species of the forests include the following: Sterculia lanceolata, Cryptocarya
chinensis, Garcinia oblongifolia, Arytera littoralis, Canthium horridum, Litsea glutinosa, Ficus
hispida, and Sapindus Saponaria.

2.2. Data Collection

We established nine 50 × 50 m (2500 m2) plots in the Tongguling National Nature
Reserve, with a distance of 50 m or more between adjacent plots. Then, each plot was
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divided into sixty-four 20 × 20 m (400 m2) by the community size. Using a clinometer,
all individual trees in each plot with a dbh ≥ 5 had their height and DBH (diameter at
breast height) recorded. A total of 12 functional attributes of leaf and stem linked with
plant resource strategy were identified for three woody plants of each species present in
the investigated plots (Table 1).

To determine plant functional traits, two to three newly sprouted sun leaves (growth
from the current year) from each individual were taken and measured for three standard
woody trees of each species. A vernier caliper with a digital display was used to measure
the leaf thickness (SF2000, Guilin, China; Franche-Comté, 1637). Additionally, the leaf area
was measured using a leaf area meter (LI-COR 3100C Area Meter, LI-COR, Lincoln, NE,
USA). The leaves were first dried at 70 ◦C for at least 72 h to a constant weight and weighed
on a digital balance (Ohaus Adventurer AR2140 Analytical Balance, Hayward, CA, USA);
the LMA (leaf mass area) (mg mm2) as well as specific leaf area (SLA) (mm2 mg−1) for each
tree were then calculated using leaf area and dry mass.

To identify species WD (g cm−3), three branches (1 cm ≤ dbh ≤ 2 cm) were taken
respectively and examined for leaf properties. After removing the pith and phloem along
with the bark, we used water displacement to estimate the fresh volume of the rest of
the branches and calculated the dry matter after drying at 70 ◦C for 72 h [37]. Branch
density is the dry matter of the remaining portion of that branch (excluding the bark, pith,
and phloem) divided by its volume, and showed a strong relationship with the core stem
density for mature trees within the Tongguling National Nature Reserve (TNNR) [38].
Consequently, branch density can be used to indicate the wood density, in order to avoid
legal damage when obtaining the tree rings with a growth cone drill. The RLWC was
estimated with the following equation:

water content (%) =
fresh weight−dry weight

fresh weight × 100 [39]. Each sample was measured in
biological triplicate. The nitrogen content was calculated with the Kjeldahl method, whereas
the phosphorus content was degraded using the HClO4-H2SO4 decomposition method
and determined using the key-blue colorimetry method [40]. Leaf carbon concentrations
were determined using an elemental analyzer (PE2400 SeriesII, PerkinElmer Inc., Waltham,
MA, USA).

2.3. Data Analysis

The mean values were calculated for 12 functional attributes of 174 species present in
the sixty-four 20 × 20 m (400 m2) plots, respectively (Table 1). The trait variations as well as
Pearson and Spearman’s correlations were evaluated using multivariate and bivariate anal-
yses. We specifically computed the species-level mean values for each of the 12 functional
traits and performed PCA (a matrix with 12 traits × 174 species) to assess multivariate
trait relationships and reveal the dimension of variation in traits. Additionally, we used
Spearman correlation analysis for further investigation of the statistical implications of
correlations in functional traits. Variables with significant connections were visualized
as scatter plots, where the trend line shows how strongly the variables are connected. It
has been identified as a suitable statistical tool for evaluating positive non-causal bivariate
correlations [41]. For Figure 1, the biplot using the “factoextra” package was used, and
for Figures 2–4, the “ggpubr” and “ggplot2” package was used. All data analyses were
completed in R version 4.0.2.
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Figure 1. PCA of 174 tree species according to their functional traits. See Table 1 for trait abbreviations.

Figure 2. The bivariate relationship among morphological features of woody species’ aboveground
vegetative parts in tropical coastal secondary forest. The R and p-values for (A) LTP-WD, (B) LOC-
SLA, (C) LTN-SLA, (D) STP-LT, and (E) STP-SLA were derived from linear regression analyses.
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Figure 3. Pearson correlation coefficients of 12 plant functional traits within various components.

Figure 4. The bivariate association of morphological features of woody species’ aboveground vege-
tative parts in tropical coastal secondary forest. Showed the relationship between (A) logWD and
logSLA, (B) logRLWC and logWD, (C) logSLA and logLT, and (D) logRLWC and logLT. SLA (specific
leaf area), WD (wood density), LT (leaf thickness), and RLWC (relative leaf water content) show a
significant relationship at the levels of p < 0.05 and p < 0.01 individually.
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Descriptive statistics of the plant functional traits of woody plant species in the tropical
coastal secondary forest in Tongguling, China were presented in (Supplement, Table S1).

3. Results
3.1. Principal Component Analysis (PCA) of Plant Functional Traits

In Figure 1, a total of 174 species are represented by circular black dots, while 12 func-
tional traits are represented by vectors, and these vectors are connected to the PCs’ origin
(Dim1 = 21.4% and Dim2 = 18.9%) (Figure 1). In the year 2020, the levels of heterogeneity
in different species were recorded. LOM and LOC were increased, but LT, WD, SLA, and
RLWC were decreased along this axis. In other words, one end of this axis is characterized
by high LOM and LOC, while another end is characterized by low RLWC. In one extreme,
negative values with the high values of traits (LTN and LTP) were positively correlated
with one another and representative of the resource acquisition strategy. At the opposite
extreme (positive value) were species with high LOM and LOC. These traits were also
positively correlated with one another and indicative of the resource conservation strategy.
On the other hand, the second axis of the PCA is defined by the covariance between STN
STP, SOC, and SOM. STN and STP were significantly negatively correlated with SOC and
SOM, while positively correlated with one another.

3.2. Multivariate Relationship between Morphological Traits and Nutrient Functional Traits

There was no significant relationship between the plant morphological features (e.g.,
stems and leaves) and nutrient functional features (Figure 3). Nevertheless, LTN with SLA
and STP with LT were positively correlated (n = 174; r = 0.34, p = 0.00; r = 0.12, p = 0.12;
Figure 2C,D and Figure 3), and LTP with WD, LOC with SLA, and STP with SLA were
negatively correlated (n = 174; r = −0.24, p = 0.00; r = −0.18, p = 0.01; r = −0.16, p = 0.04;
Figure 2A,B,E and Figure 3). On the other hand, LOC was positively linked to LOM and
had a greater value, and SOC with SOM was also likely positively related and shows a
higher value. STN was negatively correlated with SOM, SOC, and LOM and had a weak
relationship (Figure 3).

3.3. Bivariate Relationship between Functional Features

There were no significant connections between plant morphological attributes (Figure 4).
However, logSLA with logWD (r = −0.19, p = 0.00), logRLWC with logWD (r = −0.28,
p = 0.00), logSLA with logLT (r = −0.67, p = 0.00), and logRLWC with logLT (r = −0.22,
p = 0.00) were significantly negatively correlated.

3.4. Bivariate Relationship between Nutrient Functional Attributes of Aboveground
Vegetative Organs

There were no significant correlations between the nutrient functional attributes of
woody species and aboveground vegetative parts in the tropical coastal secondary forest
(Figure 5). However, logLOC with logLOM (r = 1, p = 0.00), logLTP with logLTN (r = 0.7,
p = 0.00), logSOC with logSOM (r = 0.98, p = 0.00), and logSTP with logSTN (r = 0.52,
p = 0.00) were significantly positively correlated (Figure 5). Meanwhile, logLTN with
logLOM (r = −0.25, p= 0.001), logLTP with logLOM (r =−0.26, p = 0.00), logLTN with
logLOC (r =−0.25, p = 0.00), logLTP with logLOC (r = −0.27, p = 0.00), logSTN with
logSOM (r = −0.24, p = 0.00), logSTP with logSOM (r = −0.37, p = 0.00), logSTN with
logSOC (r = −0.22, p = 0.00), and logSTP with logSOC (r =−0.35, p = 0.00) were significantly
negatively correlated (Figure 5).
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Figure 5. The associations between nutrient functional attributes of woody tree species’ aboveground
vegetative parts in the tropical coastal secondary forest. LOC, LOM, LTN, LTP, SOC, SOM, STN,
STP, and concentration. Showed the relationship between (A) logLOC and logLOM, (B) logLTN and
logLOM, (C) logLTP and logLOM, (D) logLTN and logLOC, (E) logLTP and logLOC, (F) logLTP and
logLTN, (G) logSOC and logSOM, (H) logSTN and logSOM, (I) logSTP and logSOM, (J) logSTN and
logSOC, (K) logSTP and logSOC, (L) logSTP and logSTN.

4. Discussion
4.1. Principal Component Analysis (PCA) of Plant Functional Traits

Prior studies have extensively investigated the LES, although it is still controversial
if PES is completely present in leaves [13,15]. By analyzing the variations along with
correlations in leaf and stem properties in tropical coastal secondary forests, we found that
stems and leaves collectively evolved along a fast–slow economic spectrum, supporting
our hypothesis. Whereas it has been confirmed in a few studies that there is a decoupling
of evolutionary and ecological adaptations between leaves and stems [42], the coordinated
variations between leaves and stems attributes are consistent with the findings of earlier
studies [43,44] (Figure 1).

Our investigation demonstrated patterns of 12 functional attributes of plant variations.
This is important for understanding succession and community assembly processes in the
tropical coastal secondary forests of Hainan Island.

A positive relationship was found between plant functional traits such as SLA, LN,
and LP, while a negative relationship was found with LMA, LT, and WD [40]. Based on
the concept of leaf economic spectrum, leaf nitrogen and phosphorus content are expected
to be strongly positively linked to the SLA of woody tree species found in dry tropical
forests [16]. The above findings were not corroborated with our results. We determined
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that SLA, LTN, and LTP had a negative association with each other, whereas they had a
positive relationship with WD, LT, and LOC (Figure 1).

4.2. Multivariate Relationship between Morphological Traits and Nutrient Functional Traits

These coordinated trait differences show an ecological trade-off between the use of
accumulative and conservative resources [45]. With the higher LT, WD, and LOC, the
resource-acquisitive species (i.e., Bridelia balansae and camellia furfuracea) are categorized
by a strong photosynthetic volume and rapid growth rates in a short lifecycle. In contrast,
SLA, LTN, and LTP (e.g., Pterospermum heterophyllum, Ficus subpisocarpa, and Clerodendrum
cyrtophyllum) are categorized by a weak photosynthetic volume, slow growth rate, and
long lifecycle [45]. Moreover, LT was significantly positively correlated with WD, while
negatively related to SLA [41] (Figure 3). Long et al. (2020) [45] found a positive significant
association between LMA (leaf mass area) and WD, while in our results, we found a
negative association between SLA and WD (Figure 3).

These patterns could be explained by the distinct natural environmental conditions
present in the tropical monsoonal dwarf forest, i.e., typhoon disturbances and human
disturbances such as slash and burn [27]. Some species provide more stem structure to
modulate stem and leaf strength (or persistence) and improve flora stability [42]. Some
species require resource efficiency and resilience when the microenvironment is challenging.
For example, species that live in the canopy or species that are common on windward sides
need to adapt to natural disasters (e.g., stronger winds and typhoons) [46]. Furthermore,
these woody trees may decrease their tissue density and rigidity, for instance, to strengthen
their resilience, but this comes at the expense of using fewer resources for photosynthesis
and respiration [34,47].

4.3. Bivariate Relationship between Functional Features and Nutrient Functional Features of
Aboveground Vegetative Organs

Bivariate correlation between plant morphological traits such as LMA versus WD
was found to be significantly positively correlated [45]. Nonetheless, we found dissimilar
results that logSLA versus logWD had a significantly negative association (Figure 4A). Some
functional traits such as WD and SLA are globally considered to be fundamental functional
traits that explain plant growth rates [48]. A high WD is related to a slow potential
growth rate, indicating a high level of competitive tolerance and a strong competitive
effect. Moreover, specific leaf area (SLA) is an important functional trait that reflects
trade-offs between resource acquisition and conservation and has been found to play an
important role in plant community assembly [49]. Conversely, it is revealed that there
is a negative connection between logSLA and logLT [41,50,51] (Figure 4C). Water stress
limits transpiration, such as stomatal closure and the evaporation of water from the leaf
surface, so leaf water content is a very important parameter in determining plant drought
and salinity tolerance. Water stress also affects plant photosynthesis and productivity [52].
Aguilar-Peralta et al. (2022) [53] further found a positive association between LDMC
(leaf dry matter content) and LT, while our findings did not corroborated them. Similarly,
logRLWC had a negative association with logLT (Figure 4D). Marod et al. [54] revealed
that WD was negatively related to LDMC. Our results also indicated the same findings that
logRLWC has a negatively significant relationship with logWD (Figure 4B).

Functional traits include LN and LP concentrations, N/P ratios, and leaves. Plants
evolve by both ecological filtering and evolution [55]. It is known as a quantitative indicator
of fitness. SLA is the focus of more consideration [56,57]. Nutrient functional traits, e.g.,
N and P concentrations in leaves (based on mass or based on area), indicate the TN and
TP content per unit of dry mass (mass-based, mg g1) or per unit of leaf area (area-based,
g m−2). In contrast, SLA is the one-sided area of the leaf (cm2 g1) per unit of dry mass [58],
and reflects the expected yield rate (shaded or light-blocking area) per unit of resource
(such as carbon and nutrients) increased investment [28]. Species-specific attributes like
SLA and the number of nutrients in the leaves are species-specific attributes that change
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across environmental gradients [35,59]. Yang et al. (2021) [51] documented the positive
bivariate relationship between SLA with LN and SLA with LP. Our result also shows that
SLA was positively and significantly linked to LTN (Figure 2C), while SLA was negatively
linked to STP (stem total phosphorus) (Figure 2E). Moreover, Messier et al. [60] reported
that LT with LPC as well as LCC with LMA had a negative association. Meanwhile, we
found that logLT was positively linked to logSTP, but logLOC was negatively related to
logSLA (Figure 2B,D).

Drenovsky et al. (2013) [61] revealed that plants had a lower LP (leaf phosphorus)
content with low availability of water. Conversely, plants facing this treatment showed
a high photosynthetic P utilization efficiency. This is a particularly important trait for
species derived from serpentine soil, where seeds tend to have much less availability
of P collected [61]. It is possible that, because of the mobility of these nutrients, they
could create differences in leaf chemistry. Hao et al. [62] demonstrated that LN (leaf
nitrogen) and LC (leaf carbon) had a negative association. Our findings also show a
negative correlation between logLTN and logLOC (Figure 5D). Soil nutrients such as
nitrogen have high mobility. It can be easily absorbed from the soil because it continues to
transpire even under drought conditions. Contrarily, phosphorus is relatively immobile,
which limits the quantity that can be absorbed, especially in low water situations [63].
LogLTN was significantly positively connected with logLTP (Figure 5F) [64]. On the other
hand, a negative relationship was found between LPC and LCC [61]. Our observations are
supported by these findings, as logLOC and logLTP were significantly negatively correlated
(Figure 5E). The variation and distribution of nutrients between organs of the plant have
been affected by several factors, i.e., environmental control, plant functional groups, and
evolutionary history [65–68]. Although metabolic organs (leaves) and structural organs
(roots and stems) play an important role in different ways, concentrations of N and P have
been consistently associated with different plant nutrient organisms [66]. Luo et al. [69]
reported that N and P concentrations were all greater in leaves as compared with stems
and roots among different life forms. In contrast, the logSTP versus logSTN relationship
was found to be positively and significantly increased (Figure 5L).

5. Conclusions

We discovered a PES with leaf and stem traits in the Tongguling National Nature
Reserve (TNNR) tropical coastal secondary forest, reflecting a trade-off between resource-
acquisitive and resource conservation management (Figure 6). Such a significant ecological
trade-off can be generated because of extreme environmental pressure that species must
modify on a regional scale. We also detected that LTN and STP were significantly pos-
itively linked to plant aboveground vegetative organs, e.g., SLA and LT. Our evidence
suggests that whole plants in this secondary forest may react to environmental condi-
tions on a regional scale in composite ways by evolving multiple strategies associated
with various features and parts. This may be because of the fact that there are several
factors associated with environmental stress in this tropical secondary forest. Overall, by
considering the morphological and nutrient properties of stems and leaves, our results
contribute to an awareness of PES and ecological trade-offs in tropical coastal secondary
growth forest communities and contribute to the development of this forest. This study
may provide important insights into species’ coexistence and community assembly in
coastal areas. Moreover, these results can guide habitat restoration and green infrastructure
design, suggesting that selecting different species across multiple trait axes can help ensure
maximum functionality.



Diversity 2022, 14, 823 11 of 14

Figure 6. Conceptual illustration of the plant economic spectrum (PES).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d14100823/s1, Table S1: Shifts in community vegetative
organs and their dissimilar trade-off patterns in a tropical coastal secondary forest, Hainan Island,
Southern China.
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