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Abstract: Root respiration is a critical physiological trait that significantly influences root system
activity. Recent studies have associated root respiration with the economic functioning of roots;
however, research on root respiration in tropical plants remains limited. This study examined the
fine root respiration and the relationship between root respiration and root chemical and morpho-
logical traits in 16 tropical plant species, including both evergreen and deciduous species. Findings
revealed that deciduous species exhibited higher root respiration compared to evergreen species.
Root respiration positively correlated with root nitrogen concentration and specific root length and
correlated negatively with root diameter and root tissue density across all species. The root respiration
patterns in evergreen species aligned with those seen in all tree species, while deciduous species
showed a distinct negative correlation with root tissue density and no significant correlations with
other root traits. Principal component analysis revealed that the patterns of root variation in both
evergreen and deciduous trees were multidimensional, with deciduous trees exhibiting acquisitive
traits and evergreen trees displaying conservative traits. Random forest and multiple regression
analysis showed that specific root length exerted the most significant influence on root respiration
in both evergreen and deciduous trees. These findings are ecologically significant, enhancing our
understanding of root respiration in tropical plants and its impact on ecosystem functions. They
contribute valuable insights and support the conservation and management of tropical vegetation.

Keywords: root functional traits; root respiration; morphological traits; chemical traits; root eco-
nomics spectrum

1. Introduction

Approaches based on plant functional traits are often considered the best way to
explore ecosystem processes and functions [1,2]. Plant functional traits are sensitive to
environmental change and influence ecosystem carbon and nutrient cycling [3,4]. Plant
aboveground traits therefore serve as key indicators of resource acquisition strategy that
are easy to observe and measure [5]. Given the pivotal role of leaf functional traits, it is
widely recognized that terrestrial plants exhibit a trade-off phenomenon, which is called
leaf economics spectrum [6,7]. Similarly, plant roots support carbon, nutrient, and water
cycling to facilitate plant growth and moderate below-ground ecosystem processes [8].
Within the root system, fine roots (≤2 mm in diameter) are the most metabolically active
and their primary productivity accounts for 22% of the total global terrestrial [9,10]. Due to
the multifunctionality of roots, plants develop different combinations of morphological,
chemical, and physiological traits of root systems to acquire nutrients and adapt to the
environment [3]. A root economics spectrum (RES) hypothesis has been proposed to
describe fine root acquisition patterns and how these patterns respond to environmental
change [11].

RES has received more attention in studies concerning plant resource acquisition strate-
gies. In several studies, the RES has been found to exhibit one-dimensional characteristics,
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with a negative correlation between root nitrogen concentration (RNC) and root tissue
density (RTD) [11,12]. However, the bulk of the evidence suggests that root trait syndromes
are two-dimensional or multi-dimensional [13,14]. As reported by Kong et al. [15], root
diameter (RD) and branching architecture are two distinct primary dimensions of root
trait co-variation. The traits linked with mycorrhizal associations (e.g., specific root length
[SRL], RD) have been verified to be independent of the traits associated with the classical
RES [16]. Compared with chemical and morphological traits, root physiological traits
(e.g., root respiration and root exudates rate) are often neglected in previous studies of the
covariation of multivariate root traits [11,17]. Therefore, it remains uncertain whether root
physiological traits employ comparable acquisition strategies to other root traits. Clarifying
whether root physiological trait correlations in tropical plants conform to the RES will
provide new insights into root functional relationships.

Fine root respiration is a crucial physiological trait as it provides energy for ion uptake,
synthesis, and the maintenance of root biomass and is associated with carbon acquisition
capacity [11,18]. How root systems impact plant growth and ecosystem processes is
closely tied to the interplay among fine root chemical, morphological, and physiological
traits [3]. Although root respiration shapes nutrient acquisition and plays a vital role
in the RES [18,19], previous studies testing the RES hypothesis predominantly focused
only on chemical and morphological traits, given the relative difficulty of measuring
respiration [20–23]. But there are also several studies in grassland, temperate forest, and
subtropical forest ecosystems that incorporate root respiration into the RES. For example,
Reich et al. [24] and Han and Zhu [19] studied the relationships of root traits and showed
that the root respiration–SRL relationships are weak or even insignificant, which are not
completely in line with predictions by the RES. However, in temperate regions, a significant
negative relationship between root respiration and SRL was found [17,25]. It is evident
that controversy exists regarding the correlation between root respiration and other root
traits based on the RES. Therefore, investigating how root respiration is related to other
root traits in tropical plant species should enhance our knowledge on the RES and root
nutrient acquisition strategies in tropical regions [11,17].

Plant leaf habits (deciduous and evergreen) are an essential classification method
for understanding the co-variation of root traits and the ecological effects of their interre-
lationships [19,26]. Previous studies showed that leaf habit exhibits different effects on
root traits. While a study indicated that leaf habits do not consistently correlate with root
respiration [27], there are also studies indicating that deciduous and evergreen species can
directly or indirectly affect root respiration by influencing other root traits [19,28]. Studies
in subtropical regions also showed that deciduous species cluster on the acquisitive side
with higher root respiration, RNC, and SRL, whereas evergreen species cluster on the
conservative side with lower root respiration, SRL, and RNC, indicating that deciduous
and evergreen species possess different root traits [19,29]. Evergreen and deciduous species
are common leaf habits in forest ecosystems from temperate to tropical biomes [29,30].
They exhibit different leaf habit traits that can affect leaf photosynthetic capacity, nutrient
allocation, and productivity in forest ecosystem processes [31,32]. For example, decidu-
ous species allocate more resources to roots, while evergreens allocate more biomass to
leaves and stems [33]. Whether root traits of deciduous and evergreen species in tropical
regions display the same resource strategies as those in temperate or subtropical regions
remains uncertain.

In this study, 16 representative tropical plant species were selected in a botanical
garden of Hainan Province. We selected these plant species based on their widespread
presence in tropical regions, encompassing a majority of the family, their demonstration of
consistent growth patterns, and not being categorized as rare, protected tree species. The
study hypothesized that (1) plant leaf habit influences root respiration in tropical plants,
(2) the associations between root respiration and root morphological and chemical traits
vary among leaf habits, and (3) the root respiration–trait relationships in tropical plants
align with the one-dimensional RES, regardless of leaf habit. To test these hypotheses, the
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fine root respiration rate, as well as a number of root morphological traits (e.g., RD, RTD,
and SRL) and chemical traits (e.g., root carbon concentration [RCC], RNC, and the root
C/N ratio), were measured for all 16 tropical plant species. The study aimed to quantify
the fine root respiration rate and its relationships with other root traits, and to examine the
effects of plant leaf habit on these relationships in tropical plants. The results will be useful
in understanding the root nutrient acquisition strategies of tropical plants in the conditions
of different leaf habits.

2. Materials and Methods
2.1. Study Site Information

The study site was located in Hainan Tropical Botanical Garden (19◦52′ N, 109◦50′ E)
in Danzhou, Hainan Province, China (Figure 1). Danzhou is situated on the southern edge
of the monsoon climate in East Asia, within the tropical zone. Thus, the site experiences
both dry and wet seasons each year. The wet season extends from May to October, while
the dry season lasts from November to April of the following year. The mean annual
temperature ranges from 21.5 to 28.5 ◦C, and the mean annual rainfall is 1815 mm. Soils
are latosols, with an average pH of about 5.2. The Hainan Tropical Botanical Garden holds
significant tropical plant resources in China, covering 32 hectares. There are more than 1000
tropical species planted in the arboretum, mainly belonging to the Arecaceae, Moraceae,
and Fabaceae families, including species such as Artocarpus heterophyllus Lam., Roystonea
regia (Kunth) O.F. Cook, and Pterocarpus indicus Willd.
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2.2. Root Sample Collection

In August 2022, 16 tropical woody plants, representing a broad range of tropical taxa
including some relatively common species, were selected for study in Hainan Tropical
Botanical Garden. Plant species were distributed randomly in the sampling area. Based
on leaf habit, these species were categorized as deciduous and evergreen species (Table 1).
For each plant species, five matured and healthy individuals of a similar size were selected
as replicates for fine root collection. Before sampling root samples, the litter layer was
removed. At a distance of 1–2 m from the tree trunk/shrub stem, we identified coarse roots
that could be traced back to the target tree/shrub. Then a 40 × 40 × 40 cm soil profile was
dug along with the coarse roots and picked out fine roots (diameter < 2 mm) attached to
the coarse roots. The fine roots were carefully cut off using sterilized scissors. Any dead
roots exhibiting a dark brown or black color with frayed edges were discarded. For each
target individual, fine roots were sampled from four radial directions. Subsequently, the
root samples obtained from the four directions were mixed to create one composite sample.
A total of 80 samples were collected. All samples were placed in sterile bags, stored in a
cooler box, and quickly transported (within 10 min) to the laboratory for root respiration
and functional trait analysis.
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Table 1. Detailed information on the 16 study plant species.

Species Family Leaf Habit Mean DBH 1/Ground
Diameter 2 (cm)

Height (m)

Areca catechu L. Arecaceae Evergreen 12.58 ± 0.46 8.14 ± 0.31
Artocarpus heterophyllus Lam. Moraceae Evergreen 61.08 ± 6.72 12.42 ± 1.28
Cinnamomum camphora (L.) J. Presl Lauraceae Evergreen 67.06 ± 2.56 22.78 ± 0.77
Clausena lansium (Lour.) Skeels Rutaceae Evergreen 9.56 ± 1.21 4.78 ± 0.17
Cocos nucifera L. Arecaceae Evergreen 34.78 ± 1.13 9.22 ± 0.33
Dypsis lutescens (H. Wendl.) Arecaceae Evergreen 7.80 ± 0.58 3.66 ± 0.16
Duranta erecta L. Verbenaceae Evergreen 2.16 ± 0.12 0.87 ± 0.01
Ehretia microphylla Lam. Boraginaceae Evergreen 2.22 ± 0.27 0.62 ± 0.03
Ixora chinensis Lam. Rubiaceae Evergreen 1.78 ± 0.14 0.51 ± 0.03
Litchi chinensis Sonn. Sapindaceae Evergreen 39.36 ± 4.56 9.36 ± 0.91
Murraya paniculata (L.) Jack Rutaceae Evergreen 2.08 ± 0.31 0.83 ± 0.02
Roystonea regia (Kunth) O.F. Cook Arecaceae Evergreen 35.28 ± 2.44 15.72 ± 1.00
Delonix regia (Bojer ex Hook) Raffin Fabaceae Deciduous 48.24 ± 5.57 14.24 ± 0.28
Pterocarpus indicus Willd. Fabaceae Deciduous 48.98 ± 2.05 20.72 ± 0.40
Terminalia catappa L. Combretaceae Deciduous 47.48 ± 4.84 24.38 ± 0.69
Terminalia neotaliala Capuron Combretaceae Deciduous 24.16 ± 1.45 12.08 ± 0.51

1 Mean diameter at breast height; 2 The diameters of the plants are shorter than one meter in height and the stem
or trunk measures 30 cm at ground level. Data represent mean ± standard error.

2.3. Root Respiration Rate

Before measurement, the soil was carefully removed from the roots using sterilized
brushes. The root respiration rate was measured using the method proposed by Roumet
et al. [11]. Briefly, root samples were put into sealed jars (c. 250 mL) for incubation at 25 ◦C.
After an hour, the gas samples were collected using a 50 mL syringe to assess the CO2
concentration in each jar before sealing the lid. Additional gas samples were collected
after one hour. All gas samples were injected into aluminum foil gas-collecting bags
(c. 50 mL) for later analysis. The CO2 concentration was analyzed for each sample using
a Delta V Advantage isotope ratio mass spectrometer (IRMS; Thermo Fisher Scientific,
Bremen, Germany). The root respiration rate was calculated as the amount of CO2 released
by the root system in one hour divided by the collection time (1 h) and root dry mass.

2.4. Root Morphological and Chemical Traits

After the root respiration measurements were completed, root morphological and
chemical traits were assessed. Root samples were scanned on an Epson Perfection v850 Pro
scanner (Epson Perfection v850 Pro; Epson, Ontario, Canada) and images were analyzed in
WinRHIZO Pro 2020a (Regent Instruments Inc., Quebec City, QC, Canada). The average
root diameter (RD, mm), length (RL, cm), and volume (RV, cm3) were obtained. After
measurement, root samples were dried to a constant weight at 65 ◦C to obtain the root
dry weight (RDW, g). The root tissue density (RTD, g cm−3) and specific root length (SRL,
m g−1) were calculated as follows:

SRL =
RL

RDW
(1)

RTD =
RDW

RV
(2)

The root carbon concentrations (RCC, mg g−1) and root nitrogen concentrations
(RNC, mg g−1) were measured using an elemental analyzer (Elementar vario MACRO
cube, Elementar Analysensysteme GmbH, Hanau City, Germany). The root C/N ratio
was calculated.
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2.5. Statistical Analysis

Before analysis, the data were tested for normality and homoscedasticity using
Kolmogorov–Smirnov and Levene’s tests, respectively, and the data that did not fit normal
distribution were log or sqrt transformed. Differences across all plant species were tested us-
ing one-way analysis of variance (ANOVA) with Tukey’s honest significant difference (HSD)
test. A Student’s t-test was used to compare the differences in root traits between deciduous
and evergreen species. In order to evaluate the phylogenetic influence on root traits, a plant
phylogenetic tree was constructed using a phylogeny pruned from Zanne 2014 in Phylo-
matic version 3.0 (accessed on 21 November 2023, http://phylodiversity.net/phylomatic).
We calculated Blomberg’s K and Pagel’s λ in ‘phytools’ R package to evaluate the phylo-
genetic signal for root respiration and root traits [34,35]. Linear regression was used to
describe the relevance of root respiration and the root morphological and chemical traits.
Pearson correlations were calculated among the root respiration rate, root morphological,
and chemical traits. A principal component analysis (PCA) was conducted using the root
traits for all species, deciduous species, and evergreen species. To compare the relative
importance of root morphological and chemical traits for root respiration rate variation
across species and plant leaf habit, random forest models were implemented using the
randomForest package in R. The importance of a factor was calculated as the increase in the
mean square error (%IncMSE). After checking potential collinearity, the multiple regression
analysis was used to describe the importance of root morphological and chemical traits to
root respiration rate. All analyses were conducted in R 4.0.3 [36]. Significance was assigned
to effects with p < 0.05.

3. Results
3.1. Root Respiration Rate Variation among Plant Species and Leaf Habits

The root respiration rate across 16 plant species ranged from 0.99 ± 0.10 (mean ± SE)
to 4.61 ± 1.37 nmol CO2 g−1 s−1, representing a 4.6-fold difference (Figure 2A). Among
plant species, Cocos nucifera L., Murraya paniculata (L.) Jacq., Litchi chinensis Sonn., and
P. indicus showed significant differences in root respiration rate, and P. indicus possessed
the highest respiration rate (p < 0.05). The root respiration varied from 2.17 ± 0.60 to
4.61 ± 1.37 nmol CO2 g−1 s−1 for deciduous species and it ranged from 0.99 ± 0.10 to
3.66 ± 0.64 nmol CO2 g−1 s−1 for evergreen species. The deciduous species exhibited
significantly higher root respiration than the evergreen species (p = 0.04, Figure 2B). Plant
leaf habit significantly affected root chemical traits (Table 2). The RNC was higher in
deciduous species than evergreen species, while the C/N and RCC were lower in deciduous
tree species (Table 2, p < 0.05).
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Table 2. Root functional traits for species belonging to different leaf habits.

Traits Deciduous Evergreen t df p

SRL (m g−1) 5.71 ± 0.69 5.26 ± 0.32 0.52 29.29 0.600
RD (mm) 1.05 ± 0.07 1.12 ± 0.03 −1.21 27.45 0.240

RTD (g cm−3) 0.25 ± 0.01 0.24 ± 0.01 1.60 49.87 0.120
RNC (mg g−1) 76.10 ± 12.05 43.45 ± 2.44 2.87 26.74 0.008
RCC (m g−1) 429.21 ± 10.1 459.70 ± 5.96 −2.50 28.42 0.020

C/N 8.04 ± 0.98 19.76 ± 1.13 −3.60 31.00 0.001

SRL, specific root length; RD, root diameter; RTD, root tissue density; RNC, root nitrogen concentration;
RCC, root carbon concentration; C/N, root carbon-to-nitrogen ratio. Data represent mean ± standard error.

3.2. Correlations among Root Respiration Rate and Other Root Traits

A plant phylogenetic tree was conducted to assess its influence on root traits (Figure S1).
Blomberg’s K and Pagel’s λ test showed that root respiration and root traits were not
influenced by plant phylogeny among the 16 plant species (Table S1). Across all 16 study
species, the RNC and SRL positively correlated with the root respiration rate (Figure 3A,E,
p < 0.001), while the RD, RTD, and C/N ratio negatively correlated with the root respiration
rate (Figure 3B,C, p < 0.001). The relevance between root respiration and other root traits
was affected by leaf habit (Figure 3). Root respiration in evergreen species showed a
positive correlation with the RNC and SRL and a negative correlation with the C/N, RD,
and RTD (p < 0.001). But the root respiration was only negatively correlated with the RTD
in deciduous species (Figure 3).

Forests 2024, 15, x FOR PEER REVIEW 6 of 14 
 

 

Table 2. Root functional traits for species belonging to different leaf habits. 

Traits Deciduous Evergreen t df p 
SRL (m g−1) 5.71 ± 0.69 5.26 ± 0.32 0.52 29.29 0.600 
RD (mm) 1.05 ± 0.07 1.12 ± 0.03 −1.21 27.45 0.240 

RTD (g cm−3) 0.25 ± 0.01 0.24 ± 0.01 1.60 49.87 0.120 
RNC (mg g−1) 76.10 ± 12.05 43.45 ± 2.44 2.87 26.74 0.008 
RCC (m g−1) 429.21 ± 10.1 459.70 ± 5.96 −2.50 28.42 0.020 

C/N 8.04 ± 0.98 19.76 ± 1.13 −3.60 31.00 0.001 
SRL, specific root length; RD, root diameter; RTD, root tissue density; RNC, root nitrogen concen-
tration; RCC, root carbon concentration; C/N, root carbon-to-nitrogen ratio. Data represent mean ± 
standard error. 

3.2. Correlations among Root Respiration Rate and Other Root Traits 
A plant phylogenetic tree was conducted to assess its influence on root traits (Figure 

S1). Blomberg’s K and Pagel’s λ test showed that root respiration and root traits were not 
influenced by plant phylogeny among the 16 plant species (Table S1). Across all 16 study 
species, the RNC and SRL positively correlated with the root respiration rate (Figure 3A, 
E, p < 0.001), while the RD, RTD, and C/N ratio negatively correlated with the root respi-
ration rate (Figure 3B, C, p < 0.001). The relevance between root respiration and other root 
traits was affected by leaf habit (Figure 3). Root respiration in evergreen species showed a 
positive correlation with the RNC and SRL and a negative correlation with the C/N, RD, 
and RTD (p < 0.001). But the root respiration was only negatively correlated with the RTD 
in deciduous species (Figure 3). 

 
Figure 3. Relationships between root respiration rate and morphological traits (specific root length 
[SRL], root diameter [RD], and root tissue density [RTD]) (A–C) and chemical traits (root nitrogen 
concentration [RNC], root carbon concentration [RCC], and root carbon-to-nitrogen ratio [C/N]) (D–
F) for deciduous versus evergreen species. 

Pairwise trait associations were assessed using Pearson correlation coefficients (Fig-
ure 4). Across all species, root chemical and morphological traits correlated inconsistently 
with the hypothesis of the RES, as the RD did not correlate with the RNC (R = −0.13, p > 
0.05) and RTD (R = −0.11, p > 0.05). Similarly, the RNC was not correlated with the SRL 
and RTD (R = 0.17, R = −0.13, p > 0.05) (Figure 4A). Deciduous and evergreen species 

Figure 3. Relationships between root respiration rate and morphological traits (specific root length
[SRL], root diameter [RD], and root tissue density [RTD]) (A–C) and chemical traits (root nitrogen
concentration [RNC], root carbon concentration [RCC], and root carbon-to-nitrogen ratio [C/N])
(D–F) for deciduous versus evergreen species.

Pairwise trait associations were assessed using Pearson correlation coefficients (Figure 4).
Across all species, root chemical and morphological traits correlated inconsistently with the
hypothesis of the RES, as the RD did not correlate with the RNC (R = −0.13, p > 0.05) and
RTD (R = −0.11, p > 0.05). Similarly, the RNC was not correlated with the SRL and RTD
(R = 0.17, R = −0.13, p > 0.05) (Figure 4A). Deciduous and evergreen species affected these
relationships (Figure 4B,C). In deciduous species, the RD was positively correlated with
the RNC (R = 0.71, p < 0.001) but not with the RTD (R = −0.29, p > 0.05) and the SRL was
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negatively correlated with the RNC (R = −0.50, p = 0.026, Figure 4B). In evergreen species,
the RNC was negatively associated with the RD (R = −0.51, p < 0.001) and SRL (R = 0.47,
p < 0.001), but not associated with the RTD (R = −0.13, p > 0.05, Figure 4C). The PCA results
were consistent with the correlation analysis, revealing that root trait variation was not
one-dimensional. Across all plant species, two main trait variation axes were observed,
accounting for 40.8% and 22.3% of the total variation, respectively (Figure 5A, Table S2).
On the first PCA axis, the RNC, root respiration, RD, and SRL had high scores, while the
RTD and RCC exhibited a high score on the second axes (Table S2). Two variation axes
were observed in the PCAs for evergreen and deciduous species (Figure 5B,C, Table S2).
Specifically, compared with evergreen species, deciduous species are located at the high
end of the RNC, SRL, and root respiration and lower RD (Figures 5A and S2, Table S2).
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Forests 2024, 15, x FOR PEER REVIEW 7 of 14 
 

 

affected these relationships (Figure 4B, C). In deciduous species, the RD was positively 
correlated with the RNC (R = 0.71, p < 0.001) but not with the RTD (R = −0.29, p > 0.05) and 
the SRL was negatively correlated with the RNC (R = −0.50, p = 0.026, Figure 4B). In ever-
green species, the RNC was negatively associated with the RD (R = −0.51, p < 0.001) and 
SRL (R = 0.47, p < 0.001), but not associated with the RTD (R = −0.13, p > 0.05, Figure 4C). 
The PCA results were consistent with the correlation analysis, revealing that root trait 
variation was not one-dimensional. Across all plant species, two main trait variation axes 
were observed, accounting for 40.8% and 22.3% of the total variation, respectively (Figure 
5A, Table S2). On the first PCA axis, the RNC, root respiration, RD, and SRL had high 
scores, while the RTD and RCC exhibited a high score on the second axes (Table S2). Two 
variation axes were observed in the PCAs for evergreen and deciduous species (Figure 5B, 
C, Table S2). Specifically, compared with evergreen species, deciduous species are located 
at the high end of the RNC, SRL, and root respiration and lower RD (Figures 5A and S2, 
Table S2). 

 
Figure 4. Pairwise correlations among root traits across all species (A) and individual leaf habits: 
deciduous species (B) and evergreen species (C). C/N, root carbon-to-nitrogen ratio; RCC, root car-
bon concentration; RD, root diameter; RNC, root nitrogen concentration; RTD, root tissue density; 
SRL, specific root length; RR, root respiration rate. * p < 0.05; ** p < 0.01; *** p < 0.001. 

 
Figure 5. Principal component analysis for root traits in all species (A), deciduous species (B), and 
evergreen species (C). RCC, root carbon concentration; RD, root diameter; RNC, root nitrogen con-
centration; RR, root respiration rate; RTD, root tissue density; SRL, specific root length. 

3.3. Effects of Root Traits on Root Respiration Rate 
Random forest models were used to analyze the effects of root chemical and morpho-

logical traits on root respiration (Figure 6). Considering all species, the root respiration 
rate of species was mainly affected by the SRL (%IncMSE = 16.485, p = 0.009), RNC 
(%IncMSE = 12.185, p = 0.009), and RD (%IncMSE = 10.647, p = 0.019), and the most influ-
ential factor for root respiration was the SRL (Figure 6A). The deciduous and evergreen 
species affected the importance of each root trait for root respiration. In deciduous and 
evergreen species, the most influential factor for root respiration was the SRL (evergreen 
species (%IncMSE = 13.403, p = 0.009), deciduous species (%IncMSE = 13.030, p = 0.009), 
Figure 6B, C). Multiple regression analysis also showed that the most important factor for 

Figure 5. Principal component analysis for root traits in all species (A), deciduous species (B),
and evergreen species (C). RCC, root carbon concentration; RD, root diameter; RNC, root nitrogen
concentration; RR, root respiration rate; RTD, root tissue density; SRL, specific root length.

3.3. Effects of Root Traits on Root Respiration Rate

Random forest models were used to analyze the effects of root chemical and morpho-
logical traits on root respiration (Figure 6). Considering all species, the root respiration
rate of species was mainly affected by the SRL (%IncMSE = 16.485, p = 0.009), RNC
(%IncMSE = 12.185, p = 0.009), and RD (%IncMSE = 10.647, p = 0.019), and the most influ-
ential factor for root respiration was the SRL (Figure 6A). The deciduous and evergreen
species affected the importance of each root trait for root respiration. In deciduous and
evergreen species, the most influential factor for root respiration was the SRL (evergreen
species (%IncMSE = 13.403, p = 0.009), deciduous species (%IncMSE = 13.030, p = 0.009),
Figure 6B,C). Multiple regression analysis also showed that the most important factor for
the root respiration rate was the SRL among all species, deciduous species, and evergreen
species (Table 3).



Forests 2024, 15, 806 8 of 13

Forests 2024, 15, x FOR PEER REVIEW 8 of 14 
 

 

the root respiration rate was the SRL among all species, deciduous species, and evergreen 
species (Table 3). 

 
Figure 6. Relative importance of root morphological and chemical traits for the root respiration rate, 
as determined using random forest modeling of all species (A), evergreen species (B), and deciduous 
species (C). %IncMSE represents the % increase in the mean square error. C/N, root carbon-to-nitro-
gen ratio; RCC, root carbon concentration; RD, root diameter; RNC, root nitrogen concentration; 
RTD, root tissue density; SRL, specific root length. **, p < 0.01; *, p < 0.05. 

Table 3. Multiple linear regression analysis of the relationship between root traits and 
root respiration. 

  Regression 
Weights 

 
Standardized 

Regression 
Weights 

     

  Beta Std. Error Beta t p Vif R2 F(p) 

All  
species 

(Intercept) −0.16 0.04 0.00 −4.04 <0.001    
SRL (m g−1) 0.50 0.10 0.47 5.10 <0.001 1.03 0.36 21.83 (p < 0.001) 

RNC (mg g−1) 0.31 0.10 0.30 3.29 0.002 1.03   
Multiple regres-

sion analysis 
model 

RR = −0.16 + 0.50SRL + 0.31RNC  

Deciduous 

(Intercept) −0.09 0.03 0.00 −2.8 0.006    
SRL (m g−1) 0.46 0.11 0.44 4.11 <0.001 1.25   

RTD (mg g−1) 3.83 4.23 0.09 0.90 0.370 1.02 0.30 10.88 (p < 0.001) 
RD (mm) −0.03 0.02 −0.16 −1.57 0.120 1.23   

Multiple regres-
sion analysis 

model 
RR= −0.09 + 0.46 SRL + 3.83 RTD − 0.03RD  

Evergreen 

(Intercept) −0.77 0.35 0.00 −2.24 0.028    
SRL (m g−1) 0.60 0.10 0.57 6.86 < 0.001 1.06 0.31 17.44 (p < 0.001) 

RCC (mg g−1) 0.15 0.06 0.20 1.62 0.11 1.06   
Multiple regres-

sion analysis 
model 

RR = −0.77 + 0.60SRL + 0.15RCC  

RR, root respiration rate; SRL, specific root length; RNC, root nitrogen concentration; RD, root di-
ameter; RCC, root carbon concentration. Vif, Variance Inflation Factor. Regression Weights, un-
standardized regression coefficient; Standardized Regression Weights, standardized regression co-
efficient. 

4. Discussion 
4.1. Effects of Plant Leaf Habit on Root Respiration and Root Respiration–Trait Relationships in 
Tropical Plants 

Root respiration rates significantly differed among the plant species studied (i.e., C. 
nucifera, M. paniculata, L. chinensis, and P. indicus), and leaf habit (deciduous and evergreen 

Figure 6. Relative importance of root morphological and chemical traits for the root respiration
rate, as determined using random forest modeling of all species (A), evergreen species (B), and
deciduous species (C). %IncMSE represents the % increase in the mean square error. C/N, root
carbon-to-nitrogen ratio; RCC, root carbon concentration; RD, root diameter; RNC, root nitrogen
concentration; RTD, root tissue density; SRL, specific root length. **, p < 0.01; *, p < 0.05.

Table 3. Multiple linear regression analysis of the relationship between root traits and root respiration.

Regression
Weights

Standardized
Regression

Weights

Beta Std. Error Beta t p Vif R2 F(p)

All
species

(Intercept) −0.16 0.04 0.00 −4.04 <0.001
SRL (m g−1) 0.50 0.10 0.47 5.10 <0.001 1.03 0.36 21.83 (p < 0.001)

RNC (mg g−1) 0.31 0.10 0.30 3.29 0.002 1.03
Multiple

regression
analysis model

RR = −0.16 + 0.50SRL + 0.31RNC

Deciduous

(Intercept) −0.09 0.03 0.00 −2.8 0.006
SRL (m g−1) 0.46 0.11 0.44 4.11 <0.001 1.25

RTD (mg g−1) 3.83 4.23 0.09 0.90 0.370 1.02 0.30 10.88 (p < 0.001)
RD (mm) −0.03 0.02 −0.16 −1.57 0.120 1.23
Multiple

regression
analysis model

RR= −0.09 + 0.46 SRL + 3.83 RTD − 0.03RD

Evergreen

(Intercept) −0.77 0.35 0.00 −2.24 0.028
SRL (m g−1) 0.60 0.10 0.57 6.86 < 0.001 1.06 0.31 17.44 (p < 0.001)

RCC (mg g−1) 0.15 0.06 0.20 1.62 0.11 1.06
Multiple

regression
analysis model

RR = −0.77 + 0.60SRL + 0.15RCC

RR, root respiration rate; SRL, specific root length; RNC, root nitrogen concentration; RD, root diameter; RCC, root
carbon concentration. Vif, Variance Inflation Factor. Regression Weights, unstandardized regression coefficient;
Standardized Regression Weights, standardized regression coefficient.

4. Discussion
4.1. Effects of Plant Leaf Habit on Root Respiration and Root Respiration–Trait Relationships in
Tropical Plants

Root respiration rates significantly differed among the plant species studied (i.e.,
C. nucifera, M. paniculata, L. chinensis, and P. indicus), and leaf habit (deciduous and ever-
green species) had significant effects on root respiration rates (Figure 2A,B). These results
supported our first hypothesis. In a recent review of root respiration in 245 plant species
in global temperate forests, deciduous and evergreen species rather than other leaf habits
affect root respiration [19]. Similarly, the root respiration of deciduous was higher than
evergreen species in the present study (Figure 2B). The following possibilities might explain
this result. First, deciduous species clustered on the acquisitive side with higher root
respiration, RNC, and SRL, whereas evergreen species clustered on the conservative side
with lower root respiration, RNC, and SRL (Figure S2). Furthermore, leaf respiration of
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deciduous species is weakened after leaf withering, while root respiration will accelerate
to support normal plant growth [37]. Additionally, in the study, leguminous plants (e.g.,
P. indicus, Delonix regia (Bojer ex Hook.) Raf) were included in deciduous species; they have
root systems that exhibit higher respiratory carbon costs to support N2 fixation compared
with other plants [38], thereby resulting in higher root respiration than evergreen species.

As hypothesized, the relationships between root respiration and root traits in tropical
species were influenced by plant leaf habit. In evergreen species, the root respiration
exhibited a positive correlation with the RNC and SRL and a negative correlation with the
RD, RTD and C/N, while the root respiration rate was only negatively correlated with the
RTD in deciduous species (Figure 3). In general, RNC and SRL are closely related to root
respirations [11,39,40]. Similarly, our results showed that SRL was an important trait to
determine the root respiration regardless of leaf habit (Figure 6, Tables 3 and S3). Nitrogen
is a major factor limiting plant growth and metabolism [41]. All life activities depend on
the participation of nitrogen elements, including enzyme synthesis, which is closely related
to root respiration [24]. SRL, representing the ratio of length to weight of a root segment,
is a crucial parameter for evaluating nutrient uptake potential [24] and is known to be
associated with root respiration [39]. However, there were no correlations between the root
respiration and RNC and SRL in deciduous species (Figure 3). According to the results,
although the root respiration of deciduous species exhibited a positive trend with the RNC
and SRL, there is no significant relationships (Figure 3A,E). This might be attributed to the
limited sample number of deciduous species. Prior studies have indicated that the number
of species can influence the association between root respiration and other traits [11,25].
Moreover, the research was conducted in a botanical garden, where the sampled plants have
the same precipitation, temperature, and topography. But the characteristics of plants will
affect the rhizosphere environment. For example, legumes species can develop symbiotic
root nodules with nitrogen-fixing bacteria to ensure nitrogen availability for growth [42]. It
has been proven that the development of nitrogen-fixing nodules on leguminous plant roots
impacts the root morphological characteristics, and the symbiotic relationship between root
nodules and roots may partly substitute resource uptake compared to the root length [43].
Additionally, leguminous plants contain high proportions of insoluble nitrogen, which
is primarily utilized for constructing structural components like cell walls and exhibits
low metabolic activity [44]. It deviates from the anticipated positive correlation between
nitrogen concentration and metabolic activity [24,41]. In our study, half of deciduous
tree species are members of the Leguminosae family (Table 1). This might result in the
absence of a significant correlation between the root respiration and SRL and RNC in
deciduous species. Testing how the relationship between root respiration and other root
morphological and chemical traits changes between deciduous and evergreen species will
help us understand the underground resource acquisition strategies of plants with different
leaf habits.

4.2. Tropical Plant Root Traits Followed a Multidimensional Pattern of Variation Rather Than a
One-Dimensional RES

In deciduous species, the RNC was negatively correlated with the RTD (Figure 4B),
demonstrating that deciduous species employed a trade-off strategy when utilizing re-
sources. This implies that increasing investment in one particular trait resource by plants
will result in a corresponding reduction in investments in other trait resources [6]. Plants
can efficiently achieve optimal allocation of resources by adjusting the balance among
different traits [6,11]. Pearson correlation analysis showed that there was no significant
correlation between the RTD and RNC in evergreen species in the study (Figure 4C). How-
ever, the PCA results showed that samples in the RNC and RTD space were distributed
evenly (Figure 5C), indicating there might be two types of trade-offs in evergreen trees:
some trees had a high RNC and low RTD, while others had a high RTD and low RNC.
This caused a trade-off offset in evergreen trees in the Pearson correlation analysis and
exhibited no significant negative correlation. But the trade-off between the RNC and RTD
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existed in evergreen species. Additionally, a trade-off relationship between the SRL and
RD was exhibited, regardless of leaf habit (Figure 4). This finding aligns with previous
research indicating that species with a higher SRL tend to exhibit finer RD [45,46]. This root
architecture enhances the capacity of plants to effectively uptake resources, demonstrating
the trade-off relationship among key traits involved in resource acquisition in plants [11,45].
The PCAs revealed that deciduous species are located at the high end of the RNC, SRL, and
root respiration, and lower RD compared to evergreen species (Figures 5 and S2, Table S2).
Although our experiment was conducted in a garden with the same growth environment,
the results demonstrated that deciduous and evergreen species adjust the relationship be-
tween root functional traits to optimize the efficiency of resource acquisition and utilization,
forming ecological strategies that are more suitable for survival in the environment.

As expected, the PCA results indicated that tropical plant root traits variation was
multidimensional rather than one-dimensional, regardless of leaf habit (Figure 5, Table S2).
Across all species, root respiration, RNCs, and SRLs were negatively correlated with PC1,
while RDs were positively correlated with PC1; the RTD was most strongly correlated with
PC2, while RCCs were negatively correlated with PC2 (Figure 5A, Table S2). These findings
were consistent with previous research suggesting the multidimensional variability of
roots [15,17,47]. Changes in soil conditions can result in the multidimensionality of root
trait variation [47–49]. In high soil fertility environments, plant RTD and root branching
are reduced, along with an increase in SRL and RD [47]. In subtropical regions, the RNC
and root respiration increase with rising soil temperatures [49,50]. Despite the fact that
our experiment was conducted in a botanical garden where climatic and topographical
conditions were uniform, the different quantity and quality of litters provided by indi-
vidual plant species’ input to soil result in divergent physicochemical properties [51,52].
Therefore, plant root traits must diversify and form various combinations to effectively
acquire resources from complex soil environments. Indeed, observations from a wide
range of species indicated that plants have the capacity to develop roots featuring various
combinations of SRL and RTD [47]. This complexity in the interaction of root traits in
tropical plants challenges the notion of a one-dimensional RES [47,53].

Notably, only plants with arbuscular mycorrhizal associations were examined in
this study due to the tropical woody plants are dominated by arbuscular mycorrhizal
species [54,55]. However, root resource acquisition strategies are also influenced by my-
corrhizal type [23,56]. Mycorrhizal type can impact the relationships between fine root
chemical (e.g., RNC) or morphological (e.g., SRL) traits and root respiration [57]. Distin-
guishing mycorrhizal types can provide a more detailed understanding of plant resource
acquisition strategies and ecosystem dynamics in tropical regions. Therefore, mycorrhizal
types would be considered in our future studies.

5. Conclusions

The present study examined root respiration and the associations between root respi-
ration and the chemical and morphological characteristics of roots in tropical plant species.
Our results showed that deciduous and evergreen species impact root respiration and its
correlation with other root traits, suggesting that leaf habit will influence root resource
acquisition strategies by changing the relationships among root physiological, chemical,
and morphological traits. The SRL was the most important trait affecting root respiration,
regardless of leaf habit. The PCA results indicated that deciduous species exhibited an
acquisition strategy, while evergreen species showed a conservative strategy. Furthermore,
although the plants selected in the experiment were grown in the same climatic and topo-
graphical environment, the results supported the notion that root respiration and other
root traits are multi-dimensional patterns of variation rather than one-dimensional RES
predictions, regardless of leaf habit. The varied resource acquisition strategies among
species may promote the coexistence of different species in the same environment. These
findings enhance our comprehension of the variability in root respiration among tropical
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plants, the significance of root respiration in the root economics spectrum, and the diverse
strategies for root resource acquisition.
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the PCA on root morphological traits (e.g., SRL, RD, and RTD), chemical traits, and respiration rate
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