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Functional trait ecology demonstrates the significance of the leaf economics spectrum
in understanding plants’ trade-off between acquisitive and conservative resource
utilization. However, whether trait variations of different vegetative organs are
coordinated and whether the plant economics spectrum is characterized by more
than one vegetative organ remain controversial. To gain insights into these questions,
within a tropical cloud forest in Hainan Island, a total of 13 functional traits of 84 tree
species were analyzed here, including leaf, stem and root traits. By using standardized
major axis (SMA) regression and principal components analysis, we examined the trait
variations and correlations for deciphering plants’ trade-off pattern. We found decreases
of leaf phosphorus content, leaf nitrogen content and specific leaf area and increases
of leaf mass per unit area (LMA), wood density and leaf thickness along the first
principal component, while there were decreases of specific root length and specific
root area and increases of root tissue density along the second principal component.
Root phosphorus and nitrogen contents were significantly positively associated with the
phosphorus and nitrogen contents of both stem and leaf. Wood density was significantly
positively associated with LMA and leaf thickness, but negatively associated with leaf
thickness and specific leaf area. Our results indicate that, in the tropical cloud forest,
there is a “fast–slow” economic spectrum characterized by leaf and stem. Changes of
nutrient trait are coordinated, whereas the relationships of morphological traits varied
independently between plant above- and below-ground parts, while root nutrient traits
are decoupled from root morphological traits. Our findings can provide an insight into
the species coexistence and community assembly in high-altitude tropical forests.

Keywords: plant economic spectrum, resource use strategy, nutrient traits, morphological trait, above- and
below-ground correlations

INTRODUCTION

Plant functional traits individually or jointly indicate species ecological functions and ecosystem
response to environmental changes (Cornelissen et al., 2003). Thus, the functional trait approach
has been used as a tool to comprehend the spectrum of plant functional strategies and
their relationships with the environment (Westoby and Wright, 2006; Garnier and Navas,
2012). In the Plant Ecology Strategy Schemes (PESS), species are arranged in several spectra
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according to category and ecological attribute, representing the
multiple trade-offs of resource investment (to cells, tissues, and
organs) among species (Grime, 1977; Westoby, 1998; Westoby
et al., 2002; Diaz et al., 2004; Freschet et al., 2010).

As a response to the local environmental conditions, different
plant organs often develop in coordination with each other,
alternating the resource utilization strategies to maintain growth
and development (Reich et al., 1997; Ryser and Eek, 2000; Poorter
et al., 2012). For example, the leaf economic spectrum (LES)
revealed by Wright shows that the variation and correlation of
leaf traits reflect an ecological trade-off in resource utilization,
which has been widely confirmed by ecologists (Reich et al., 1998;
Enquist et al., 1999; Santiago et al., 2004; Poorter et al., 2008;
Cornwell and Ackerly, 2009; Baraloto et al., 2010). However,
it remains controversial whether the stems and roots also
display such a one-dimensional strategic trade-off (Freschet
et al., 2010; Prieto et al., 2015). Reich and Cornelissen (2014)
reveal a one-dimensional trade-off among traits related to
resource acquisition and storage in fine roots (i.e., a root
economic spectrum, RES), caused by selection pressure of the
external environmental and biophysical constraints. The multi-
dimensional hypothesis of roots, on the contrary, states that
there is no one-dimensional trade-off among root traits (Kramer-
Walter et al., 2016; Weemstra et al., 2016). Such a reality suggests
that more attempts should be done for testing whether the trade-
off is one-dimensional.

Moreover, for plants, it is still unclear whether there
is a coordinated trait change between above- and below-
ground organs (in response to e.g., environmental change). The
morphological similarity hypothesis holds that because there is
anatomical continuity between the xylem and phloem tissues
between the root and stem systems (Tyree and Ewers, 1991;
Pratt et al., 2007), and that the root morphological traits (e.g.,
wood density) will coordinate with the stem morphological traits.
But the functional similarity hypothesis states that root traits
closely coordinate with leaf traits, rather than with stem traits,
because the leaf function depends on the water and nutrients
absorbed by the roots, and the root growth in turn depends on
the carbohydrates produced by the leaves (Chapin, 1980; Poorter
et al., 2008; Baraloto et al., 2010). Recent studies have found that
leaves and roots evolve independently to adapt to environmental
conditions (Kramer-Walter et al., 2016; Weemstra et al., 2016),
resulting in a multi-dimensional trade-off. Such a controversy
suggests that more studies are needed to test the correlations
between above- and below-ground traits.

Tropical cloud forests are mainly distributed in tropical parts
of the Americas, Africa, and Asia (Stadtmüller, 1987; Bubb et al.,
2004). Compared with low-altitude tropical forests, tropical cloud
forests are characterized by low temperature, strong winds, high
frequency of clouds and fog, low soil phosphorus, and intense
ultraviolet radiation (Long et al., 2011a). Trees in the tropical
cloud forest usually have curved trunks, with relatively small
height and diameter, and high density. They also have compact
canopies and small leathery and stiff leaves with a higher specific
leaf area (SLA; Long et al., 2011b). A recent study further found
that there was a positive correlation between the leaf mass per
unit area (LMA), plant height (H), and wood density (WD) of

tropical cloud forest trees (Long et al., 2020), indicating great
carbon investment differences in leaf-stem and stem height-stem
density. However, it is not clear whether plants in the tropical
cloud forest also possess a plant economic spectrum (PES) for all
vegetative organs, and how plants balance and optimize resource
allocation among roots, stems, and leaves.

To address these issues, we measured 13 functional traits
(Table 1) of 84 tree species in the Bawangling tropical
cloud forest, Hainan Island, and analyzed their variations
and correlations by using multivariate and bivariate analyses.
Specifically, we measured the leaf traits related to resource
acquisition and defense (Wright et al., 2004; Agrawal and
Fishbein, 2006), the root traits related to nutrient absorption,
transportation, and defense, and the stem traits related to nutrient
transportation and defense (Pratt et al., 2007; Chave et al., 2009).
We tested the following two hypotheses in the tropical cloud
forest: (1) tropical cloud forest tree roots, stems, and leaves would
show a PES to balance and optimize resource allocation, and that
(2) the resource investment between above- and belowground
traits of vegetative organs would be coordinated.

MATERIALS AND METHODS

Site Conditions
This study was conducted in the tropical cloud forest of
Bawangling Mountain (19◦04′57.93′′ N, 109◦12′13.93′′ E),
Hainan Island, south China. Tropical cloud forest in Hainan
Island is composed of primary growth forest (no history of
human disturbance) ca. 0.40 km2 in area, mainly distributed as

TABLE 1 | List of the 13 functional traits, as well as their ecological strategies.

Organ Trait Abbreviation Unit Strategy

Fine
root

Specific root length SRL cm g−1 Resource capture

Specific root area SRA mm2 mg−1 Resource capture
and defense

Root tissue density RTD g cm−3 Transport,
structure, and
defense

Root nitrogen content RN % Resource capture
and defense

Root phosphorus content RP % Resource capture

Leaf Leaf thickness LT cm Resource capture
and defense

Specific leaf area SLA mm2 g−1 Resource capture
and defense

Leaf mass per unit area LMA g cm−2 Resource capture
and defense

Leaf nitrogen content LN % Resource capture
and defense

Leaf phosphorus content LP % Resource capture

Stem Wood density WD g cm−3 Transport,
structure, and
defense

Stem nitrogen content WN % Resource capture
and defense

Stem phosphorus content WP % Resource capture
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mountaintop islands starting above altitudes of 1,250 m. The
mean daily air temperature in the rainy season (May–Oct.) ranges
from 17.6 to 24.8◦C, and the mean daily relative humidity in
the rainy season ranges from 87.88 to 100%; Specifically, the
mean daily air temperature in the dry season (Nov–Apr.) ranges
from 15.2 to 22.6◦C, and the mean daily relative humidity in
the rainy season ranges from 57.68 to 100% (Long et al., 2011a).
The main soil types are lateritic soil and mountainous red soil.
The study forest is located on an eastern slope located on
the steep slopes (36–45◦). Average tree height is 4.8 ± 2.8 m,
and tree densities were 9,633 stems ha−1 [for all trees with
dbh (diameter at breast height) ≥ 1 cm] (Long et al., 2011a).
Dominant tree species include Pinus fenzeliana, Distylium
racemosum, Syzygium buxifolium, Engelhardia roxburghiana, and
Rhododendron moulmainense.

Data Collection
Twenty-one 20 m × 20 m plots were established in the
Bawangling tropical cloud forest, with more than 50 m distance
between adjacent fields. Each 400 m2 field was divided into four
10 × 10 m subplots and 16 5 × 5 m quadrats using the neighbor
grid method. We record the species, height and DBH (diameter at
breast height) of all individual trees appearing in the study plots,
with dbh ≥5 cm using a clinometer. A total of 13 root, stem,
and leaf functional traits, related to plant resource strategies, were
determined for three trees of each species in the field (Table 1).

To determine leaf traits, we collected and measured 2–3
recently expanded sun leaves (current year’s growth) from each
individual for three standard trees of each species. The leaf
thickness was measured with digital display vernier caliper
(SF2000,Guilin, China). Leaf area was quantified using a leaf
area meter (LI-COR 3100C Area Meter, LI-COR, United States).
Leaves were then dried to a constant weight at 70◦C for
at least 72 h and weighed by electronic balance (AR2140,
OHAUS, United States); leaf area and dry mass were then
used to calculate LMA (mg mm−2) and specific leaf area
(mm2 mg−1) for each tree.

To characterize species WD (g cm−3), we sampled three
branches (1 cm ≤ dbh ≤ 2 cm) from each corresponding
individual that was sampled for leaf traits. We removed the pith,
phloem and bark, measured fresh volume on the rest of the
branch using water displacement and determined dry mass after
drying for 72 h at 70◦C (Cornwell et al., 2006). Branch density is
the dry mass of the rest of the branch (minus the pith, phloem,
and bark) divided by its volume, and has been demonstrated to
be closely related to core stem density for adult trees in BNR
(R2 = 0.93; Bu et al., 2014). Therefore, the branch density can be
used to represent the wood density, so as to avoid the damage by
using the growth cone drill to get the tree rings.

For fine root sampling, following the same procedure as in
Guo et al. (2008), three root samples for each species (one
sample from each of the three chosen trees) were collected from
0 to 20 cm of soil. A 1 × 1 m subplot was first identified
within a 2-m distance of the tree stem. Then a fork was used
to loosen the soil in the sampling area. Root branches were
followed to the tree stem and cut from the main lateral woody
roots. Roots were then rinsed, placed onto a mesh tray filled

with distilled water and spread out to avoid any overlap between
roots. The absorption roots (diameter < 2 mm) were scanned
by EPSON EXPRESSION 700XL colored scanner (dots per
inch = 400). The scanned images of each segment allowed us to
measure root morphological traits using WinRHIZO Pro 2012
b software. All scanned roots were then oven-dried for 72 h
at 80◦C and weighed to determine their root dry matter. And
then calculated the Specific Root Length (SRL, cm g−1), Root
Tissue Density (RTD, g cm−3), and Specific Root Surface Area
(SRA, cm2 g−1).

The nitrogen content was determined by Kjeldahl method,
and the phosphorus content was decomposed by HClO4-H2SO4
digestion method, and then measured by Key-blue colorimetry.

Data Analysis
The average values of 13 functional traits for each of the 84 species
occurring in the 21 plots were calculated (Table 1). Multivariate
and bivariate analyses were used, as a complement to each other,
for assessing trait variations and correlations. Specifically, for
each of the 13 functional traits, the average values were measured
at the species level, and then a principal component analysis
(PCA) was performed on these data (a matrix with 13 traits× 84
species), for evaluating the multivariate trait correlations among
species, and for revealing the dimensionality of trait variations.
The missing values in the dataset were processed with the
missMDA package prior to PCA. To further examine the
statistical significance of trait correlations, we performed pairwise
Spearman correlation tests. For functional traits with significant
correlations (p < 0.05), their bivariate relationships were carefully
assessed using a SMA regression. It is known as a proper statistical
technique for assessing the bivariate relationships without clear
direction of causality (Warton et al., 2006). All data analyses were
performed in R v4.0.2.

RESULTS

PCA of Plant Functional Traits
The PCA analysis of 13 functional traits showed that root
morphological traits (e.g., RTD, SRL, SRA) is orthogonal to leaf
and stem morphological and chemical traits (Figure 1). The first
two principal components explained 57.3% of the total variance
(Figure 1). SLA, LN, RN, WN, LP, RP, and WP decreased but
LT, LMA, and WD increased along this axis. In other words,
one end of this axis is characterized by high LT, LMA, and WD,
while another end is characterized by low LT, LMA, and WD.
In one extreme (negative values) with high values of traits (SLA,
nitrogen, and phosphorus content) that were positively correlated
among themselves (Table 2) and representative of the resource
acquisition strategy. At the opposite extreme (positive values)
were species with high LT, LMA, and WD, these traits were also
positively correlated among themselves (Table 2) and indicative
of the resource conservation strategy.

The second axis of the PCA is defined by the covariance
between SRL and SRA, and RTD (Figure 1). SRL was significantly
negatively correlated with RTD (Table 2) while significantly
positively correlated with SRA.
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FIGURE 1 | Principal component analysis (PCA) using average trait values
from 84 tree species in the tropical cloud forest. See Table 1 for trait
abbreviations.

Bivariate Relationship Among the Root,
Stem, and Leaf Traits
There were no significant correlations between the
morphological traits of fine roots and those of stems or
leaves (Table 2). However, RN was positively correlated with
WN and LN (n = 84; r2 = 0.06, P < 0.05; r2 = 0.28, P < 0.01;
Figure 2), and RP was positively correlated with WP and LP
(n = 84; r2 = 0.07, P < 0.05; r2 = 0.07, P < 0.05; Figure 2).

WD was negatively correlated with LN, LP, and SLA, and
positively correlated with LT and LMA (Table 2 and Figure 2),
indicating that the higher the WD, the greater the LMA and LT.
In terms of nutrient traits, WN was positively correlated with
LN and LP, while WP were not significantly correlated with the
leaf traits (Table 2). The slopes with a significant correlation
between different organs showed significant deviations from 1
(Figures 2, 3).

DISCUSSION

Evidence of the “Leaf and Stem
Economics Spectrum” in a Tropical
Cloud Forest
The LES has been intensively studied in previous studies (Wright
et al., 2004; Baraloto et al., 2010; Freschet et al., 2010), while
whether PES only exists in leaf remains controversial (Baraloto
et al., 2010; Freschet et al., 2010; Reich and Cornelissen, 2014;
Prieto et al., 2015). By analyzing leaf, stem, and root trait
variations and correlations in a tropical cloud forest, we found
that the stems and leaves of trees jointly developed a fast-
slow economic spectrum, in line with our hypothesis. Although
a few studies have pointed out the decoupling evolution and
ecological adaptation between leaf and stem (Baraloto et al.,
2010; Fortunel et al., 2012), the resulting coordinated variations
between leaf and stem traits supports the findings of other studies

TABLE 2 | Spearman correlation coefficients of 13 plant functional traits within different components.

SRL RTD SRA RN RP LN LP WN WP SLA LMA LT WD

SRL 1

RTD −0.46**
P < 0.01

1

SRA 0.88**
P < 0.01

−0.78**
P < 0.01

1

RN −0.23
P = 0.1

0.12
P = 0.4

−0.02
P = 0.15

1

RP 0.03
P = 0.82

0.02
P = 0.9

0.01
P = 0.93

0.58**
P < 0.01

1

LN −0.14
P = 0.33

0.24
P = 0.1

−0.24
P = 0.09

0.36*
P = 0.01

0.32*
P = 0.01

1

LP −0.21
P = 0.15

0.23
P = 0.12

−0.23
P = 0.11

0.32*
P = 0.01

0.38**
P < 0.01

0.68**
P < 0.01

1

WN −0.21
P = 0.12

0.18
P = 0.18

−0.2
P = 0.15

0.27*
P = 0.03

0.29*
P = 0.02

0.07
P = 0.6

0.11
P = 0.39

1

WP −0.03
P = 0.83

0.16
P = 0.24

−0.03
P = 0.83

0.13
P = 0.31

0.39**
P < 0.01

0.07
P = 0.61

0.08
P = 0.57

0.42**
P < 0.01

1

SLA −0.1
P = 0.49

0.08
P = 0.55

−0.13
P = 0.33

0.17
P = 0.19

0.19
P = 0.15

0.5**
P < 0.01

0.51**
P < 0.01

0.3*
P = 0.02

−0.05
P = 0.72

1

LMA 0.09
P = 0.52

−0.08
P = 0.54

0.12
P = 0.37

−0.22
P = 0.1

−0.23
P = 0.08

−0.57**
P < 0.01

−0.58**
P < 0.01

−0.28*
P = 0.03

0.05
P = 0.71

−0.97**
P < 0.01

1

LT −0.06
P = 0.62

−0.06
P = 0.66

−0.04
P = 0.74

−011
P = 0.41

−0.11
P = 0.42

−0.39**
P < 0.01

−0.36*
P = 0.01

−0.11
P = 0.39

0.01
P = 0.95

−0.64**
P < 0.01

0.7**
P < 0.01

1

WD 0.05
P = 0.7

−0.03
P = 0.79

0.07
P = 0.61

−0.18
P = 0.17

−0.31
P = 0.02

−0.36*
P = 0.01

−0.48**
P < 0.01

−0.2
P = 0.11

0.02
P = 0.89

−0.5**
P < 0.01

0.57**
P < 0.01

0.53**
P < 0.01

1

Significance values are in bold (*P < 0.05; **P < 0.01).
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FIGURE 2 | The relationships between nutrient functional traits (N, P concentration) of tree species’ above- and belowground vegetative organs in the tropical cloud
forest. The slope values and P-values for (A) RP-WP, (B) RP-LP, (C) RN-LN, and (D) RN-WN derived from SMA analyses. * and ** indicate significant correlations at
the levels of P < 0.05 and P < 0.01, respectively.

FIGURE 3 | The relationships between morphological traits of tree species’ aboveground and underground organs in the tropical cloud forest. The slope values and
P-values for (A) WD-LMA, (B) WD-LT and (C) SLA-LT derived from SMA analyses. * and ** indicate significant correlations at the levels of P < 0.05 and P < 0.01,
respectively.

(Chave et al., 2009; Freschet et al., 2010; Poorter et al., 2010;
Fortunel et al., 2012; Reich and Cornelissen, 2014; de la Riva
et al., 2016) and provides new evidence of the LES and SES
in tropical cloud forests (Figure 1). This finding contributes to
better understanding of the ecological trade-off for species in
high-altitude tropical forests.

Specifically, we found that SLA, LN, and LP were positively
correlated with each other but negatively correlated with LMA,
LT, and WD. Such a coordinated trait variations reflects
an ecological trade-off between acquisitive and conservative
resource utilizations. With higher SLA, LN, and LP, the resource-
acquisitive species (such as Schefflera octophylla and Polyalthia
plagioneura) are characterized by strong photosynthetic capacity,

short lifespan, and high growth rates. By contrast, the
resource-conservative species with higher LMA, LT, and WD
(such as Syzygium buxifolium, Polyspora axillaris, and Osmanthus
hainanensis) are characterized by weak photosynthetic capacity,
long lifespan and low growth rate. Moreover, the WD was
significantly correlated with LMA, SLA, LT, with the SMA slopes
at log scale significantly different from +1 or −1. Specifically,
the SMA slopes that remarkably deviate from +1.0 or −1.0
(i.e., the scaling relationships are disproportionate at log scale)
reflect that resources are disproportionately allocated within
plants according to specific plant functions (Long et al., 2020).
Therefore, our results indicate not only the ecological trade-off
but also the allometric allocation.

Frontiers in Plant Science | www.frontiersin.org 5 July 2021 | Volume 12 | Article 680379

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-680379 July 15, 2021 Time: 21:38 # 6

Yang et al. Trade-Off Patterns of Tree Traits

FIGURE 4 | Conceptual illustration of the plant economic spectrum (PES). The nutrient traits of fine roots, such as RN and RP, are consistent with the leaf economic
spectrum (LES), while the morphological traits of fine roots, such as RTD, SRL, and SRA, are independent of the PES.

These patterns may be attributed to the pronounced
environmental stress in the tropical cloud forest. For examples,
for withstanding the frequent and strong winds, some species
have to adjust the toughness (or persistence) of leaf and stem
in a coordinated way and tend to have more investments on
stem construction to increase the persistence of the whole
plants (Zheng and Martínez-Cabrera, 2013). When the micro-
environment is stressful, some species have to be resource-
conservative and resistant. For example, canopy species or species
distributed at windward slopes should be adapted to stronger
winds (Long et al., 2011b). These trees can reinforce their
resistance by e.g., elevating tissue density and toughness, at
the cost of reducing the resource input for photosynthesis and
respiration (Coley and Barone, 1996; Agrawal and Fishbein, 2006;
Hanley et al., 2007). On the contrary, in the face of the less
stressful conditions, some species can be resource-acquisitive,
with rapid resource acquisition and high growth rate (Wright
and Westoby, 2002). These species often increase the SLA
to facilitate photosynthesis and reduce the WD to accelerate
material transports. Such a strategic trade-off may arise from
species’ adaptation to local environments of the tropical cloud
forest such as strong winds, low temperatures, clouds and fog,
and intensive radiation.

The Multi-Dimensional Resource
Acquisition Strategies in Roots
In contrast to the root economics spectrum (RES) (Reich and
Cornelissen, 2014), we found that SRL and RTD poorly correlated
with RN and RP (Table 2 and Figure 2), indicating that the

trade-off among fine root traits of tropical cloud forest trees
is not one-dimensional. Specifically, as displayed in the PCA
(Figure 1), variations of RN and RP (represented by the first
axis) are correlated but nearly orthogonal with those of SRA,
SRL and RTD (represented by the second axis). These results are
inconsistent with the RES of temperate tree species, herbaceous
plants, and some tropical rain forest species (Reich et al., 2008;
Makita et al., 2012).

SRL, SRA, RN, RP are all related to plants nutrient uptakes.
For examples, SRA and SRL, respectively indicate the absorption
area per unit mass and the absorption length per unit mass of
the fine root, and nutrient absorption of the fine roots will be
facilitated by larger SRA and SRL. RN and RP reflect the resource
acquisition ability and metabolic activity, partly because higher N
and P contents contribute to the load of root phloem (Tjoelker
et al., 2005; Kerkhoff et al., 2006; Kong et al., 2016). Therefore, it
is expected that these traits are positively correlated, as illustrated
by plant RES (Reich and Cornelissen, 2014). However, our
results demonstrate that changes of root nutrient traits were
decoupled from those of root morphological traits, which may
be due to their differentiations in function and susceptibility (to
environmental conditions).

Even if both root nutrient and morphological traits
essentially matter to plant nutrient absorption (they act through
physiological and physical processes, respectively), it should
be noted that the latter also relate to plant defense mechanism
(Santiago et al., 2004; Wright et al., 2005; Poorter and Bongers,
2006; Baraloto et al., 2010; Wilson, 2014). For example, in the
face of strong winds, trees with well-developed roots can solidly
grow in the ground. More importantly, root nutrient traits are
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more sensitive to soil chemical properties such as acidity and
fertility (Comas et al., 2012), while root morphological traits are
more susceptible to soil physical properties such as soil texture
and thickness (Clark et al., 2003; Bejarano et al., 2010; Alameda
and Villar, 2012). In other words, traits in response to different
stress factors may vary independently. Note that these may
be especially the case in the tropical cloud forest studied here.
Specifically, this forest, located in the high-altitude ridges and
mountaintops, is notoriously characterized by the pronounced
environmental stresses caused by strong winds, soil phosphorus
deficiency and thin soil layers (Long et al., 2011a).

Moreover, roots face a more complex trade-off of resource
utilization in consideration of the complexity of soil nutrients.
For example, the acquisition of a mobile nutrient such as
nitrate can be optimized by enhancing SRL or the capacity to
proliferate in resource-rich patches, whereas immobile nutrients
such as P may require high root hair density, prolific root
branching, or mycorrhizal symbiosis (Comas et al., 2012). This
implies that traits considered acquisitive for the uptake of one
particular resource are not necessarily acquisitive for the uptake
of another. So the simultaneous uptake of different resources may
be optimized by different traits, depending on the most limiting
resource. In the BWL tropical cloud forest where soil P is the most
limiting resource (Long et al., 2011a), adaptation mechanisms of
trees may be multiple or depend on other traits such as the density
of root hairs and the number of adventitious roots (Lambers
et al., 2006; Lynch and Brown, 2008), so that changes of the root
nutrient and traits studied here are decoupled.

Our research shows that in the tropical cloud forest, unlike
the leaf traits with a one-dimensional LES, the fine root traits
of trees do not have a one-dimensional PES, but develop a
resource acquisition strategy with independent trade-offs within
morphological traits and nutrient traits. These findings support
the multi-dimensional hypothesis of fine root traits, indicating
that multi-dimensional relationships among root traits enable
plants to better adapt and explain the variation of root traits
in different habitats, scales, and species (Weemstra et al., 2016).
The resource acquisition of fine roots is complex and diverse.
The traits related to resource acquisition are not limited to
morphological traits such as SRL and RTD. Future research
should also include root density, hair root length and density,
branch strength, and anatomical traits (e.g., cortical thickness)
in fine root traits to better understand underground resource
acquisition strategies of the tropical cloud forests.

Coordinated Patterns for Nutrient Traits
but Decoupled Patterns for
Morphological Traits
We found that RN and RP were significantly positively correlated
with LN, LP, WN, and WP in tropical cloud forests (Figure 2).
These findings are consistent with the findings of Aekerly and
Donoghue (1998), Craine et al. (2005), Tjoelker et al. (2005),
Kerkhoff et al. (2006), and Wang et al. (2017), supporting the
overall coordination hypothesis (Mommer and Weemstra, 2012).
Such a coordinated nutrient trait change reflects that the nutrient
transports between the above- and below-ground parts follow a
generally consistent rule across species, and that the above- and

belowground ecological processes related to nutrient cycling are
closely correlated (Zhao et al., 2016). Plant N and P contents
matter to intrinsic physiology (Kerkhoff et al., 2006; Valverde-
Barrantes et al., 2015). As the fundamental nutrient elements
mattering to cell metabolisms, N and P should be systematically
allocated within plants, allowing plant physiological processes
to be optimized and cooperatively accomplished by above- and
below-ground organs.

In line with other studies (Craine et al., 2005; Tjoelker et al.,
2005; Baraloto et al., 2010; Fortunel et al., 2012), our study
revealed that the morphological traits of roots hardly correlate
with those of stems and leaves (Table 2), which does not
support the functional similarity hypothesis (Baraloto et al.,
2010; Wang et al., 2017). The decoupling of aboveground and
underground morphological traits may be due to the effects
of multiple concurrent process. Plants may be susceptible to
multiple processes or factors (Bubb et al., 2004; Long et al.,
2011b; Bardgett et al., 2014; Valverde-Barrantes et al., 2015;
Weemstra et al., 2016), so that they are likely to separately
adjust the functional traits of different organs (Freschet et al.,
2013; Laughlin, 2014). In particular, for trees in the tropical
cloud forests, their above-ground morphological traits may
be more susceptible to microclimate, but their below-ground
morphological traits may be more sensitive to soil conditions.
Moreover, Valverde-Barrantes et al. (2015) and Wang et al.
(2017) found that the morphological traits of roots have stronger
phylogenetic conservation trends than those of leaves, which may
also lead to such a decoupling of the morphological traits between
above-and below-ground parts.

CONCLUSION

In conclusion, in the BWL tropical cloud forest, we found a
PES characterized by leaf and stem, which reflects a trade-
off between acquisitive and conservative resource utilization
(Figure 4). Such a pronounced ecological trade-off may be caused
by the strong environmental stress to which species have to
adapt locally. We also found that changes of root traits are
multidimensional, and that only the changes of nutrient traits
are coordinated between plant above- and below-ground parts
Figure 4. These outcomes suggest that plants in this forest may
respond to local environmental conditions in a complex way
through developing several strategies related to different traits
or organs. This may stem from the fact that the environmental
stress in this forest is related to multiple factor. As a whole, by
taking the morphological and nutrient traits of root, stem and leaf
into consideration, our findings contribute to a comprehensive
understanding of the PES and ecological trade-off in the tropical
cloud forest community, potentially providing a key insight into
the species coexistence and community assembly in this forest.
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