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Abstract 

To investigate the long-term water use efficiency (WUE) and ecological adaptation strate-
gies of seven endangered Ormosia plant species, and to identify superior tree species with 
strong drought resistance, thereby providing a scientific basis for ecological restoration, 
represented the objectives of this research. This study focused on Ormosia semicastrata, 
Ormosia pinnata, Ormosia fordiana, Ormosia xylocarpa, Ormosia glaberrima, Ormosia emar-
ginata and Ormosia henryi. Using these seven Ormosia species as subjects of study, and the 
commonly planted afforestation species Michelia macclurei and Castanopsis hystrix as con-
trols, we determined long-term water-use efficiency by measuring stable carbon isotope 
(δ13𝐶) values of the leaves. This was combined with growth indices and chlorophyll con-
tent; a systematic analysis was conducted of interspecific differences and similarities with 
the afforestation species, to reveal the ecological adaptability and survival potential of 
Ormosia plants in arid environments. Methodologically, leaf carbon isotope (δ13𝐶) values 
were measured for each tree species to estimate long-term water use efficiency, whilst 
growth indices and chlorophyll content were also determined to compare differences be-
tween Ormosia plants and the control species. The results indicate that the leaf carbon iso-
tope (δ13𝐶) values of the seven Ormosia species ranged from −31.88‰ to −29.03‰. Among 
these, O. xylocarpa, O. pinnata and O. emarginata exhibited higher leaf carbon isotope (δ13𝐶) 
values and water use efficiency, suggesting greater water utilisation capacity and drought 
tolerance; whereas O. fordiana and O. glaberrima exhibited lower values for both parame-
ters. Chlorophyll analysis revealed that the total chlorophyll content of O. pinnata and O. 
fordiana was significantly higher than that of Michelia macclurei and Castanopsis hystrix, and 
the chlorophyll a to chlorophyll b ratio of all Ormosia species was higher than that of the 
afforestation tree species, suggesting greater photosynthetic capacity and adaptability to 
high-light environments. Furthermore, leaf carbon isotope (δ13𝐶) values showed a highly 
significant positive correlation with water use efficiency, validating the reliability of car-
bon isotopes in assessing long-term water use efficiency in plants. Taking all indicators 
into account, O. xylocarpa and O. pinnata demonstrated good root development and effi-
cient allocation of photosynthetic pigments whilst maintaining high water use efficiency; 
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they are therefore considered excellent tree species that combine drought resistance with 
growth potential. By integrating growth, photosynthetic and water-use characteristics, 
this study has clarified the water-adaptation strategies of different Ormosia species, 
providing a scientific basis for selecting drought-tolerant Ormosia species and for ecolog-
ical restoration. 

Keywords: Ormosia; carbon isotope composition; water use efficiency; inter-species  
differences; growth characteristics 
 

1. Introduction 
Ormosia belongs to the Fabaceae family (subfamily Papilionoideae). It comprises ever-

green trees or shrubs and is a rare tree species found in tropical and subtropical regions. 
The wood of most species is of moderate hardness [1] and has a wide range of applica-
tions, including furniture, construction, agricultural implements and paper production, 
making it an excellent timber species. Some species also offer good ornamental value and 
are suitable for landscaping [2], whilst the roots, branches and leaves of certain species are 
used for medicinal purposes [3]. Plants of this genus are predominantly distributed in 
southern and south-western China. However, due to socio-economic development, in-
creasing environmental degradation caused by human activity, and factors inherent to the 
species itself, Ormosia plant resources are steadily declining. In 2021, except for Ormosia 
microphylla, which was listed as a Class I protected wild plant in the “National List of 
Key Protected Wild Plants” [4], all other Ormosia species were classified as Class II pro-
tected wild plants. 

Vegetation water use efficiency (WUE) is a key indicator for measuring how plants 
convert water into biomass [5]; it not only influences plant biomass accumulation and 
water utilisation but also determines plants’ ecological adaptability in arid or water-defi-
cient environments [6]. Furthermore, as a crucial link between the ecosystem carbon cycle 
and the water cycle, vegetation water use efficiency is of great significance for both eco-
logical conservation and agricultural production [7]. From the perspectives of plant phys-
iology and ecology, water use efficiency reflects the characteristics of plants in their energy 
conversion processes, as well as their water-saving and drought-tolerance capabilities; it 
therefore serves as a crucial basis for assessing plants’ adaptability to the environment [8]. 
Currently, global warming is having a profound impact on plants’ water utilisation pro-
cesses. A plant’s ability to respond to these water-related changes is closely linked to its 
own water utilisation characteristics and drought tolerance. Consequently, investigating 
plants’ capacity to respond to water fluctuations is of great significance for understanding 
their long-term adaptive mechanisms in water-deficient environments, as well as for pre-
dicting the impact of future climate change on the ecosystem water cycle [9]. With the 
continuous advancement of stable isotope analysis techniques, relevant studies have con-
firmed a close relationship between the carbon isotope composition (δଵଷ𝐶) of plant leaves 
and long-term water use efficiency. These findings provide a scientifically sound and re-
liable technical approach for conducting large-scale, systematic analyses of plant water 
use patterns and for quantitatively assessing their drought-adaptation strategies. In the 
specific experimental design, the selection of leaf stable carbon isotope composition (δଵଷ𝐶) 
as the core measurement parameter was based primarily on the following considerations: 
firstly, the response of δଵଷ𝐶 in plant tissues to environmental changes is relatively stable, 
enabling it to reflect the average water utilisation status of plants during the growing sea-
son and thereby avoiding the limitations of instantaneous gas exchange measurements, 
which are subject to interference from environmental fluctuations; secondly, compared 



Forests 2026, 17, 812 3 of 17 
 

https://doi.org/10.3390/f17070812 

with traditional pot-based water-restriction experiments or long-term weighing methods, δଵଷ𝐶 analysis offers the advantages of ease of operation, minimal sample requirements 
and high data reproducibility, making it suitable for comparative studies involving mul-
tiple plant species simultaneously; thirdly, interspecific differences in δଵଷ𝐶 values under 
similar habitat conditions directly reflect the divergence in intrinsic water-use strategies 
among different tree species, providing an objective basis for assessing the drought-toler-
ance potential of cerris species. 

At present, systematic research on the carbon isotope composition and water use ef-
ficiency of Ormosia species remains limited, particularly in terms of comparisons between 
various Ormosia species and analytical comparisons with common native tree species in 
the region. Michelia macclurei and Castanopsis hystrix are excellent native broad-leaved af-
forestation species widely planted in the Guangxi region, characterised by rapid growth 
and strong environmental adaptability [10]. As they are frequently planted in mixed 
stands with Ormosia species, they are suitable as control materials for this study. In addi-
tion to water use efficiency, plant growth and leaf photosynthetic pigment content are also 
key indicators for assessing a plant’s environmental adaptability and growth productivity 
[11,12]. Growth indicators include plant height, ground diameter and root growth status; 
photosynthetic pigment indicators are centred on the ratio of chlorophyll a to chlorophyll 
b. Combining water use efficiency with growth and photosynthetic physiological charac-
teristics can provide a more comprehensive understanding of the resource utilisation 
strategies and ecological adaptation mechanisms of endangered Ormosia plants. Against 
the backdrop of the aforementioned research, this study aims to systematically evaluate 
the long-term water use efficiency and ecological adaptation strategies of seven endan-
gered Ormosia species. The main objectives include: (1) to reveal interspecific differences 
in the relationship between leaf carbon isotope composition and long-term water use effi-
ciency among different Ormosia species; (2) to elucidate the similarities and differences in 
water use strategies between Ormosia species and commonly used native afforestation tree 
species, and to clarify their relative drought-tolerance potential; (3) to integrate growth 
performance with photosynthetic pigment allocation characteristics to comprehensively 
assess the resource utilisation patterns of Ormosia plants and their adaptability to arid en-
vironments; (4) to screen for superior drought-tolerant tree species that combine high wa-
ter-use efficiency with good growth potential, thereby providing a scientific basis for the 
ex situ conservation, population restoration and ecological restoration of endangered Or-
mosia plants. 

2. Materials and Methods 
2.1. Overview of the Study Area 

The study area is situated at the Deqing Forestry Farm in Zhaoqing City, Guangdong 
Province, China. Located in the hilly region of western Guangdong, it falls within the 
South Subtropical Monsoon climate zone, with an average annual temperature of approx-
imately 21.5 °C and annual precipitation of around 1500 mm. The region experiences dis-
tinct wet and dry seasons, characterised by hot, rainy summers and mild, dry winters. The 
soil within the forestry farm is predominantly red soil, characterised by deep soil layers 
and good drainage, making it suitable for the growth of a wide variety of native tree spe-
cies. The vegetation in this area consists of typical subtropical evergreen broad-leaved 
forest, with a relatively rich diversity of Ormosia plant resources, making it an ideal study 
site for research into tree species’ water use efficiency and ecological adaptation. 
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2.2. Test Materials 

In 2025, at the Deqing Forestry Farm in Zhaoqing City, Guangdong Province, 
healthy, mature seeds were collected from seven species of the genus Ormosia—namely 
O. semicastrata, O. pinnata, O. fordiana, O. xylocarpa, O. glaberrima, O. emarginata and O. hen-
ryi—as well as from the commonly used afforestation species Michelia macclurei and Cas-
tanopsis hystrix. All seeds were disinfected and pre-germinated before being grown in con-
tainers at the forestry nursery, where they received standardised water and fertiliser man-
agement. In January 2026, one-year-old seedlings in good health and free from pests and 
diseases were selected for the measurement of various indicators, with five plants chosen 
from each species. 

2.3. Sample Collection and Analysis 

The leaves from each plant were placed in separate sealed bags, labelled and taken 
back to the laboratory, where surface impurities were washed off with pure water. They 
were then placed in an oven at 105 °C for 15 min to inactivate enzymes, before being dried 
in an oven at 60 °C. The determination of the 𝛿ଵଷ𝐶 value of the leaves was commissioned 
to the Institute of Botany, Chinese Academy of Sciences, using a stable isotope mass spec-
trometer (Delta V Advantage) supplied by Thermo Fisher Scientific of Bremen, Germany. 

2.4. Measurement of Growth Parameters 

One-year-old seedlings of seven Ormosia species in good health and free from pests 
and diseases, as well as the commonly used afforestation species Michelia macclurei and 
Castanopsis hystrix, were collected. Fifteen seedlings were randomly selected from each 
species, and the following parameters were measured for each seedling: plant height, 
crown breadth, ground diameter, leaf number, root length, root number, aboveground 
fresh mass, aboveground dry mass, belowground fresh mass and belowground dry mass. 
Measurement of ground diameter: a vernier calliper was used to measure the seedling’s 
ground diameter, i.e., the thickness at the soil mark at the base of the stem. Measurement 
of plant height: a tape measure was used to measure the length of the stem from the 
ground diameter to the base of the terminal bud. Determination of root length: the length 
from the base of the rootstock to the tip of the longest root was measured using a tape 
measure. Aboveground fresh mass, aboveground dry mass, belowground fresh mass, and 
belowground dry mass were weighed using an electronic balance [13]. Crown breadth 
refers to the average crown span, calculated as diameter = (east–west diameter + north–
south diameter)/2. 

2.5. Determination of Chlorophyll Content 

Three leaves of uniform maturity, selected from the same batch as those used for the 
photosynthetic parameter measurements, were collected for the determination of chloro-
phyll content. Each sample was accurately weighed to 0.2 g and immersed in 25 mL of 95% 
ethanol; after standing in the dark for 24 h, the absorbance of the extract was measured at 
665 nm, 649 nm, and 470 nm [14]. Each sample was analysed in triplicate, and the contents 
of chlorophyll a (𝐶ℎ𝑙 𝑎), chlorophyll b (𝐶ℎ𝑙 𝑏) [15], as well as the chlorophyll (𝐶ℎ𝑙) and 
carotenoids (𝐶𝑎𝑟 ), as well as the chlorophyll a/b ratio (𝐶ℎ𝑙 𝑎 /𝐶ℎ𝑙 𝑏 ) and the carote-
noid/chlorophyll ratio (𝐶𝑎𝑟/𝐶ℎ𝑙)), were calculated using the relevant formulae. The pro-
cedure is as follows: 𝐶ℎ𝑙 𝑎 = 13.95 × 𝐴଺଺ହ − 6.88 × 𝐴଺ସଽ 𝐶ℎ𝑙 𝑏 = 24.96 × 𝐴଺ସଽ − 7.32 × 𝐴଺଺ହ 
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𝐶𝑎𝑟 = 1000𝐴ସ଻଴ − 2.05𝐶ℎ𝑙𝑎 − 114.8𝐶ℎ𝑙𝑏245  

In the formula: A649, A470, and A665 represent the absorbance values at wavelengths of 
649, 470, and 665 nm, respectively. 

2.6. Processing of Carbon Isotope Data 

The determination of δ13𝐶 values in plant leaves is based on PDB (Pee Dee Belemnite) 
standards, calculated according to the formula: 𝛿ଵଷC = 𝑅௉ − 𝑅௉஽஻𝑅௉஽஻  

In the equation: δ13𝐶 denotes the carbon isotope value of plant leaves; 𝑅௉represents 
the 13𝐶/12𝐶 ratio of the plant leaves under analysis; denotes the 13𝐶/12𝐶 ratio of the stand-
ard material PDB. 

The method for calculating the stable carbon isotope ratio (Δ13𝐶) in plant leaves is as 
follows [16]: ∆ଵଷC = (δଵଷ𝐶௔ − δଵଷ𝐶)(1 + δଵଷ𝐶/1000) (1)

In the equation: δ13𝐶 and δଵଷ𝐶௔ denote the carbon isotope values of plant leaves and 
atmospheric carbon dioxide (CO2), respectively. 

The concentration (𝐶௔) and carbon isotope value (δଵଷ𝐶௔) of CO2 are calculated accord-
ing to formula: 𝐶௔ = 277.28 + 1.350𝑒𝑥𝑝(0.01572𝑡 − 27.3528) 𝛿ଵଷ𝐶௔ = −6.429 − 0.006𝑒𝑥𝑝(0.01572𝑡 − 37.758) 

In the formula: t denotes the sampling year (2026). 
Formula for calculating the carbon dioxide concentration (𝐶௖) in plant chloroplasts 

[17]: 𝐶௖ = ቈ𝐶௔ × 𝑏 − ∆ଵଷ𝐶 − (𝑓′ × 𝛤∗ )/𝑃஼ೌ𝑏 − 𝑎 + (𝑔௦௖/𝑔௠) × (𝑏 − 𝑎௠) − 𝐶௔቉ 
In the equation: 𝐶௔ denotes CO2 concentration (µmol/mol); b (29‰) represents car-

boxylation by Rubisco enzyme; ∆13𝐶  indicates the stable carbon isotope resolution of 
plant leaves; 𝑓′ [(12 ± 4)‰] signifies the fractionation coefficient during photorespiration; 
denotes the CO2 compensation point in the absence of dark respiration; 𝛤∗denotes atmos-
pheric CO2 partial pressure; a (4.4‰) represents CO2 flux through stomata; 𝑔௦௖/𝑔௠(0.79 ± 
0.07) indicates the ratio of stomatal to mesophyll conductance for CO2; 𝑎௠ (1.8‰) de-
notes diffusion across mesophyll cells. 

The formula for calculating 𝛤∗ is given by [15]: 𝛤∗ = 𝛤ଶହ∗ × ൬P௔௧௠𝑃଴ ൰ × 𝑒൤∆ுೌ×(்ିଶଽ଼)ோ×்×ଶଽ଼ ൨ 
In the equation: 𝛤ଶହ∗  (4.332 Pa) denotes the CO2 compensation point at 25 °C; P௔௧௠ 

represents atmospheric pressure, calculated based on the sampling point’s altitude (108 
m) and ambient temperature (8 °C) during sampling; P0 (101,325 Pa) denotes atmospheric 
pressure at sea level; ∆𝐻௔  (37,830 J/mol) represents the activation energy; 𝑅  (8.314 
J/(mol·K)) is the gas constant; and T (8 °C) is the temperature at the time of sample collec-
tion. 
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2.7. Data Analysis Methods 

Statistical analysis and graphical representation were performed using Excel 2016, 
SPSS 27 [18], R 4.5.1 and Origin 2024, respectively; data are presented as mean ± standard 
error (SE). Plant water use efficiency (WUE) was calculated based on the Δ13C content of 
plant leaves, using the ‘mesophyll’ function from the ‘isocalcR’ package in R version 4.5.1, 
taking into account the year of sampling, the altitude of the sampling site and the average 
temperature during the growing season at the sampling site. Differences in growth indices 
and chlorophyll content among tree species were analysed using one-way analysis of var-
iance (ANOVA) and Tukey’s HSD post hoc test. 

3. Results 
3.1. Leaf Carbon Isotope Composition of Seven Ormosia Species and Commonly Used  
Afforestation Tree Species 

The leaf carbon isotope (δଵଷ𝐶) values for seven Ormosia species and two commonly 
used afforestation tree species (Michelia macclurei and Castanopsis hystrix) are shown in 
Table 1. The carbon isotope (δଵଷ𝐶) values for the seven Ormosia species ranged from −31.88‰ 
to −29.03‰, with an average of approximately −30.59‰; significant differences were ob-
served between species (p < 0.05). The leaf carbon isotope (δଵଷ𝐶) values, from highest to 
lowest, were O. xylocarpa > O. pinnata > O. emarginata > O. semicastrata > O. henryi > O. 
glaberrima > O. fordiana, with O. xylocarpa having the highest carbon isotope (δଵଷ𝐶) value 
of −29.03 ± 0.83‰. Compared with commonly used afforestation tree species, the average 
plant carbon isotope (δଵଷ𝐶 ) value for Ormosia was −30.59‰, which was significantly 
higher than the leaf carbon isotope (δଵଷ𝐶) values of Castanopsis hystrix and Michelia mac-
clurei, which were −32.37‰ and −31.78‰, respectively. Among these, O. xylocarpa exhib-
ited the highest carbon isotope value, approximately 1.25% higher than that of the other 
species. The carbon isotope values of O. fordiana and O. glaberrima were similar to those of 
Michelia macclurei, but remained significantly higher than those of Castanopsis hystrix. 

Table 1. Leaf carbon isotopes of seven Ormosia species and common afforestation tree species. 

Species Name 𝛅𝟏𝟑𝑪 (‰) 
O. xylocarpa −29.03 ± 0.83 a 
O. pinnata −29.12 ± 0.62 a 

O. emarginata −29.13 ± 0.61 a 
O. semicastrata −29.69 ± 0.36 a 

O. henryi −30.85 ± 1.21 b 
O. glaberrima −31.44 ± 0.55 bc 

O. fordiana −31.88 ± 0.58 cd 
Michelia macclurei −31.78 ± 0.18 cd 
Castanopsis hystrix −32.37 ± 0.56 d 

Note: Different letters within the same column indicate a significant difference (p < 0.05). 

3.2. A Comparative Analysis of Water Use Efficiency in Seven Ormosia Species and Commonly 
Used Afforestation Species 

Water use efficiency of seven Ormosia species and two commonly used afforestation 
tree species (Michelia macclurei and Castanopsis hystrix) is shown in Figure 1. The results 
indicate that there are significant differences in water use efficiency among the seven Or-
mosia species. The water use efficiency of the seven Ormosia species, from highest to lowest, 
was: O. xylocarpa > O. pinnata > O. emarginata > O. semicastrata > O. henryi > O. glaberrima > 
O. fordiana. This order is consistent with that of the carbon isotope (δଵଷ𝐶) values, support-
ing the theoretical correlation between leaf carbon isotope values and long-term water use 
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efficiency [19]. O. xylocarpa, O. pinnata and O. emarginata exhibited the highest water use 
efficiency, significantly higher than that of other Ormosia species and commonly used af-
forestation tree species; among the seven Ormosia species, O. fordiana had the lowest water 
use efficiency. The water use efficiency of the commonly used afforestation tree species 
Michelia macclurei and Castanopsis hystrix was significantly lower than that of most Ormosia 
species, with Castanopsis hystrix exhibiting the lowest water use efficiency; this result is 
consistent with the carbon isotope (δଵଷ𝐶) values. Differences in water use efficiency among 
species affect their drought resistance; in water-deficient environments, with the excep-
tion of O. fordiana, other species of the Ormosia genus have a greater survival advantage 
than the two commonly used tree species, Michelia macclurei and Castanopsis hystrix. 

 

Figure 1. Comparison of leaf water use efficiency between seven Ormosia species and commonly 
used afforestation tree species. Note: Different letters indicate significant differences (p < 0.05). 

3.3. A Comprehensive Comparative Analysis of Ormosia and Commonly Used Afforestation  
Species 

The carbon isotope (δଵଷ𝐶) values of the leaves of seven Ormosia species showed a 
highly significant positive correlation (p < 0.001) with water use efficiency; in other words, 
the higher the carbon isotope value, the greater the water use efficiency of the plants. As 
shown in Figure 2, in terms of the relationship between carbon isotope composition and 
water use efficiency, O. xylocarpa, O. pinnata and O. emarginata exhibit higher carbon iso-
tope (δଵଷ𝐶) values; these three Ormosia species achieve highly efficient water use and are 
classified as high water use efficiency types; O. semicastrata belongs to the medium-to-high 
water use efficiency type; O. henryi and O. glaberrima are classified as having medium wa-
ter use efficiency; whilst O. fordiana is classified as having low water use efficiency. 

Compared with commonly used afforestation species such as Michelia macclurei and 
Castanopsis hystrix, Ormosia plants exhibit superior overall water-use characteristics. This 
suggests that, against the backdrop of intensifying aridification in subtropical regions, 
most Ormosia plants are more suitable than traditional afforestation species as preferred 
materials for ecological restoration and drought-resistant afforestation. Among these, O. 
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xylocarpa and O. pinnata maintain high water use efficiency whilst exhibiting well-devel-
oped root systems and high chlorophyll content, demonstrating an excellent combination 
of ‘water conservation, high photosynthetic efficiency and deep root systems’; they have 
therefore been identified as the preferred drought-tolerant tree species in this study. 

 

Figure 2. Comparison of leaf carbon isotope ratios and water use efficiency between Ormosia species 
and commonly used afforestation tree species. 

3.4. Analysis of Growth Parameters of Seven Ormosia Species and Commonly Used Afforestation 
Species 

As shown in Table 2, growth parameters such as plant height, ground diameter, 
crown breadth, leaf number, root number, root length, leaf area, aboveground fresh mass, 
aboveground dry mass, belowground fresh mass, and belowground dry mass were com-
pared between the seven Ormosia species and the commonly used afforestation species 
Michelia macclurei and Castanopsis hystrix. The results indicate that there are significant 
differences in growth parameters between different species (p < 0.05). In terms of plant 
height and ground diameter, Michelia macclurei was significantly higher than the seven 
Ormosia species, at 62.00 ± 6.60 cm and 6.28 ± 0.94 cm, respectively, demonstrating typical 
characteristics of fast-growing plants. Among the Ormosia plants, O. fordiana exhibited the 
highest values for plant height, ground diameter and crown breadth, at 32.15 ± 6.14 cm, 
4.99 ± 0.89 cm and 2.315 ± 5.03 cm respectively; in particular, its plant height and crown 
breadth were significantly higher than those of other Ormosia species. Regarding leaf 
number, O. henryi had the highest count at 28.45 ± 7.50, significantly higher than that of 
Michelia macclurei and Castanopsis hystrix. In terms of root number, O. glaberrima had the 
highest count at 20.00 ± 2.35, followed by O. semicastrata, whilst O. xylocarpa had the lowest. 
In terms of root length, O. fordiana was the longest at 99.98 ± 13.82 cm, significantly longer 
than Michelia macclurei and Castanopsis hystrix, indicating that Ormosia plants have a 
stronger root growth capacity. Regarding leaf area, Michelia macclurei had the largest at 
29.63 ± 8.93 cm2, followed by O. semicastrata among the Ormosia species at 24.24 ± 8.54 cm2. 
Both aboveground fresh mass and aboveground dry mass were highest for Michelia mac-
clurei, at 13.72 ± 3.35 g and 4.70 ± 1.49 g, respectively, which were significantly higher than 
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those of most Ormosia species. In terms of belowground fresh mass, Michelia macclurei and 
Castanopsis hystrix were significantly higher than Ormosia plants, but in terms of below-
ground dry mass, O. glaberrima and O. henryi performed better among the Ormosia species, 
showing no significant difference from Castanopsis hystrix. 

The results indicate that the growth rates and whole-plant dry mass of Ormosia plants 
are generally lower than those of common fast-growing afforestation species, but there 
are marked differences in growth strategies among different Ormosia species. 

Table 2. Analysis of growth parameters for seven Ormosia species and commonly used afforestation 
tree species. 

Species 
Name 

Plant 
Height 

(cm) 

Ground 
Diame-
ter (cm) 

Crown 
Breadth 

(cm) 

Leaf 
Number 
(piece) 

Root 
Number 

(root) 

Root 
Length 

(cm) 

Leaf 
Area 
(cm2) 

Above-
ground 
Fresh 
Mass 

(g) 

Above-
ground 

Dry 
Mass 

(g) 

Below-
ground 
Fresh 
Mass 

(g) 

Below-
ground 

Dry 
Mass 

(g) 

O. xylocarpa 22 ± 
3.84 d 

3.744 ± 
0.57 a 

1.875 ± 
3.27 bc 

14.5 ± 
6.12 cd 

11 ± 5.43 
c 

75.14 ± 
5.39 ab 

22.63 ± 
6.27 b 

7.11 ± 
1.47 b 

1.65 ± 
0.55 b 

1.65 ± 
0.55 c 

0.77 ± 
0.21 cd 

O. pinnata 
15.75 ± 
2.59 e 

3.43 ± 
0.61 c 

1.533 ± 
2.73 de 

13.6 ± 
4.68 cde 

11.2 ± 
3.03 c 

91.04 ± 
23.5 ab 

23.73 ± 
6.30 b 

2.94 ± 
1.27 c 

1.24 ± 
0.56 b 

1.76 ± 
0.46 c 

0.85 ± 
0.29 cd 

O. emar-
ginata  

21.4 ± 
4.52 d 

3.63 ± 
0.65 c 

1.538 ± 
4.60 de 

23.3 ± 
9.84 b 

17.8 ± 
2.78 b 

65.85 ± 
7.68 b 

12.11 ± 
4.42 d 

6.62 ± 
3.59 b 

4.01 ± 
1.47 a 

2.95 ± 
2.43 c 

0.99 ± 
0.31 cd 

O. semicas-
trata 

15.2 ± 
2.9 e 

2.96 ± 
0.39 d 

1.39 ± 2.81 
e 

10.35 ± 
3.86 de 

18.4 ± 
4.04 b 

79.27 ± 
6.07 ab 

24.24 ± 
8.54 b 

2.22 ± 
0.81 c 

1.19 ± 
0.43 b 

1.25 ± 
0.47 c 

0.73 ± 
0.25 cd 

O. henryi 25 ± 
5.25 c 

4.89 ± 
1.16 b 

2.1 ± 3.13 
ab 

28.45 ± 
7.50 a 

16.2 ± 
3.49 abc 

74.58 ± 
49.41 ab 

16.38 ± 
3.25 c 

6.62 ± 
3.59 b 

3.234 ± 
1.96 a 

2.95 ± 
2.43 bc 

1.58 ± 
1.42 bc 

O. glaber-
rima 

20.8 ± 
4.10 d 

3.48 ± 
0.73 c 

1.745 ± 
4.12 cd 

16.85 ± 
8.73 c 

20 ± 2.35 
abc 

84.88 ± 
8.73 ab 

20.945 ± 
6.74 b 

7.55 ± 
2.25 b 

3.32 ± 
0.97 a 

1.43 ± 
0.69 c 

3.32 ± 
0.97 a 

O. fordiana 
32.15 ± 
6.14 b 

4.99 ± 
0.89 b 

2.315 ± 
5.03 a 

13.2 ± 
4.38 cde 

13.2 ± 
2.39 bc 

99.98 ± 
13.82 a 

23.19 ± 
8.99 b 

4.70 ± 
1.52 bc 

1.68 ± 
0.61 b 

1.53 ± 
0.27 c 

0.66 ± 
0.130 d 

Michelia 
macclurei 

62 ± 
6.60 a 

6.28 ± 
0.94 a 

2.278 ± 
4.03 a 

9.45 ± 
2.46 e 

17.8 ± 
6.18 b 

15.8 ± 
6.42 c 

29.63 ± 
8.93 a 

13.72 ± 
3.35 a 

4.70 ± 
1.49 a 

8.38 ± 
2.36 a 

2.06 ± 
0.42 b 

Castanopsis 
hystrix 

34 ± 
5.12 b 

3.95 ± 
0.49 c 

1.705 ± 
3.22 cd 

12.85 ± 
1.87 cde 

18.8 ± 
4.82 b 

15.2 ± 
3.56 c 

16.23 ± 
5.08 c 

8.07 ± 
2.11 b 

3.29 ± 
1.28 a 

4.50 ± 
0.99 b 

1.19 ± 
0.26 cd 

Note: Different letters within the same column indicate a significant difference (p < 0.05). 

3.5. Comparison of Chlorophyll Content in Seven Ormosia Species and Commonly Used  
Afforestation Species 

Chlorophyll content is an important indicator of a plant’s photosynthetic capacity 
[20,21]. As shown in Table 3, the levels of chlorophyll a (𝐶ℎ𝑙𝑎), chlorophyll b (𝐶ℎ𝑙𝑏), carot-
enoids (𝐶𝑎𝑟), chlorophyll (𝐶ℎ𝑙), chlorophyll a/b ratio (𝐶ℎ𝑙𝑎/𝐶ℎ𝑙𝑏) and carotenoid/chloro-
phyll ratio (𝐶𝑎𝑟/𝐶ℎ𝑙) (p < 0.05). Regarding chlorophyll (𝐶ℎ𝑙), O. fordiana and O. pinnata had 
the highest values, at 30.99 ± 3.24 mg/g and 30.86 ± 1.70 mg/g, respectively, which were 
significantly higher than those of Michelia macclurei and Castanopsis hystrix (p < 0.05), indi-
cating that these two Ormosia species have a greater capacity to capture light energy. O. 
glaberrima had the lowest value at 7.47 ± 0.41 mg/g. Regarding the chlorophyll a/b ratio 
(𝐶ℎ𝑙𝑎/𝐶ℎ𝑙𝑏), O. henryi had the highest value among the Ormosia species at 3.13 ± 0.06 mg/g, 
followed by O. semicastrata at 3.11 ± 0.14 mg/g, whilst O. glaberrima had the lowest value 
at 2.90 ± 0.11 mg/g. The ratios for all Ormosia species were significantly higher than those 
of Michelia macclurei and Castanopsis hystrix (p < 0.05), indicating that Ormosia plants are 
better suited to growing in high-light environments and have higher light-use efficiency. 
Regarding the carotenoid/chlorophyll ratio, O. glaberrima had the highest value at 0.27 ± 
0.01 mg/g, followed by O. semicastrata at 0.21 ± 0.002 mg/g, whilst Castanopsis hystrix had 
the lowest at 0.06 ± 0.004 mg/g. 
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The results indicate that Ormosia species possess a higher chlorophyll a/b ratio [22]; 
this characteristic demonstrates that Ormosia plants are better adapted to high-light envi-
ronments, whereas the distribution of photosynthetic pigments in commonly used affor-
estation tree species differs markedly from that of Ormosia plants. 

Table 3. Chlorophyll Content in Seven Species of Ormosia and Commonly Used Afforestation Tree 
Species. 

Species Name 𝑪𝒉𝒍 𝒂 (mg/g) 
𝑪𝒉𝒍 𝒃 
(mg/g) 𝑪𝒂r (mg/g) 𝑪𝒉𝒍 (mg/g) 𝑪𝒉𝒍 𝒂/𝑪𝒉𝒍 𝒃 

(mg/g) 
𝑪𝒂r/𝑪𝒉𝒍 
(mg/g) 

O. xylocarpa 14.22 ± 4.20 b 4.76 ± 1.34 b 4.92 ± 2.29 b 18.98 ± 5.54 bc 2.98 ± 0.04 a 0.18 ± 0.02 b 
O. pinnata 23.145 ± 1.38 a 7.71 ± 0.32 a 3.40 ± 0.60 a 30.86 ± 1.70 a 2.99 ± 0.06 a 0.18 ± 0.002 bc 

O. emarginata 12.05 ± 0.98 b 3.90 ± 0.31 bc 5.47 ± 0.24 b 15.95 ± 1.29 bcd 3.09 ± 0.01 a 0.21 ± 0.002 b 
O. semicastrata 13.30 ± 4.23 b 4.33 ± 1.54 b 3.38 ± 0.31 b 17.62 ± 5.77 bc 3.11 ± 0.14 a 0.20 ± 0.02 b 

O. henryi 9.74 ± 0.34 bc 3.11 ± 0.17 bc 3.50 ± 0.87 bc 12.86 ± 0.51 cde 3.13 ± 0.06 a 0.21 ± 0.01 b 
O. glaberrima 5.56 ± 0.25 c 1.92 ± 0.16 c 2.72 ± 0.04 cd 7.47 ± 0.41 e 2.90 ± 0.11 ab 0.27 ± 0.01 a 

O. fordiana 23.41 ± 2.50 a 7.59 ± 0.75 a 2.00 ± 0.19 a 30.99 ± 3.24 a 3.08 ± 0.03 a 0.17 ± 0.003 bc 
Michelia macclurei 6.85 ± 1.09 c 3.44 ± 1.59 bc 5.31 ± 0.65 d 10.28 ± 2.64 de 2.32 ± 1.06 b 0.13 ± 0.08 c 
Castanopsis hystrix 12.22 ± 2.99 b 7.55 ± 1.95 a 1.21 ± 0.37 d 19.77 ± 4.94 b 1.62 ± 0.03 c 0.06 ± 0.004 d 

Note: Different letters within the same column indicate a significant difference (p < 0.05). 

3.6. Correlation Analysis of Seven Ormosia Species with Plant Growth Characteristics,  
Photosynthetic Pigment Content, Carbon Isotope Ratios and Water Use Efficiency Parameters of 
Commonly Used Afforestation Species 

As shown in Figure 3, carbon isotopes (δଵଷ𝐶) exhibited a highly significant correlation 
with water use efficiency (p < 0.001), confirming the reliability of carbon isotopes in as-
sessing long-term water use efficiency in plants [23]. With regard to growth indices, δଵଷ𝐶 
showed a highly significant correlation with plant height (p < 0.001), indicating that Or-
mosia plants with high water use efficiency possess greater potential for above-ground 
growth. δଵଷ𝐶 also exhibited significant correlations with root length and above-ground 
fresh weight (p < 0.05), suggesting that plants with high δଵଷ𝐶 values possess both more 
developed root systems and higher accumulation of above-ground biomass. δଵଷ𝐶 
showed no significant correlation with crown breadth, leaf number or root number (p > 
0.05), indicating that these indicators have a weaker association with water use efficiency. 
Regarding photosynthetic pigments, the chlorophyll a/b ratio was significantly correlated 
with δଵଷ𝐶 (p < 0.01), suggesting that efficient allocation of photosynthetic pigments con-
tributes to improved water use efficiency in plants. No significant correlations were found 
between the growth parameters CW and LA and the chlorophyll contents 𝐶ℎ𝑙 𝑎, 𝐶ℎ𝑙 𝑏, 𝐶𝑎r, 𝐶ℎ𝑙, 𝐶ℎ𝑙 𝑎/𝐶ℎ𝑙 𝑏, and 𝐶𝑎r/𝐶ℎ𝑙; nor were any significant correlations found with the 
biomass parameters ADM, AFM, BFM, and BDM, or the physiological-ecological param-
eters CI and WUE. 
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Figure 3. Correlation analysis of growth characteristics, chlorophyll content, carbon isotope ratios 
and water use efficiency parameters for seven Ormosia species and commonly used afforestation 
tree species. Note: * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 

4. Discussion 
Stable carbon isotopes are a reliable method for assessing long-term water use effi-

ciency (WUE) in plants [24,25]. A highly significant correlation (p < 0.001) was observed 
between carbon isotope ratios (δଵଷ𝐶) and water use efficiency, indicating that carbon iso-
tope ratios (δଵଷ𝐶) can serve as a key indicator for the rapid screening of drought-tolerant 
Ormosia cultivars [26,27]. Traditional gas exchange methods have significant limitations; 
they are susceptible to transient environmental influences and struggle to reflect long-
term water use characteristics in plants [28,29]. In contrast, carbon isotope analysis re-
quires only a small number of leaf samples to effectively characterise the cumulative in-
formation regarding the coupling relationship between photosynthetic carbon assimila-
tion and stomatal transpiration over an entire growing season or even longer time scales. 
This method offers advantages such as simplicity of operation [30], stable results and high 
reproducibility [31], making it particularly suitable for the large-scale screening and eval-
uation of rare and endangered tree species. In this study, by measuring the leaf carbon 
isotope (δ13𝐶) values of seven endangered Ormosia species and two commonly used affor-
estation tree species (Michelia macclurei, Castanopsis hystrix), this study systematically an-
alysed interspecific differences in water use efficiency. By integrating growth indices and 
chlorophyll content, it explored their ecological adaptation strategies, thereby filling a gap 
in domestic research on the carbon isotope physiological ecology of Ormosia plants and 
providing foundational data and methodological references for subsequent related stud-
ies. Plant water use efficiency is an important physiological indicator reflecting a plant’s 
adaptation to arid environments [32,33]; it provides a direct measure of a plant’s ability to 
utilise water under arid conditions [34] and serves as a key reference for selecting drought-
tolerant afforestation tree species. 

In this study, the leaf carbon isotope (δଵଷ𝐶 ) values of the seven Ormosia species 
ranged from −31.88‰ to −29.03‰, with a mean of −30.59‰, which was significantly 
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higher than those of the two commonly used afforestation species, Michelia macclurei 
(−31.78‰) and Castanopsis hystrix (−32.37‰). The leaf carbon isotope (δଵଷ𝐶) values of the 
plants showed a highly significant positive correlation with long-term water use effi-
ciency. The results indicate that Ormosia plants have higher water use efficiency than 
Michelia macclurei and Castanopsis hystrix, thereby demonstrating stronger water utilisa-
tion capacity and drought tolerance. This finding is consistent with the conclusions of the 
study by Yu Fengyuan et al. on the leaf of the main afforestation tree species in the Horqin 
Sandy Land, namely that plants with high carbon isotope (δଵଷ𝐶) values in arid environ-
ments tend to possess higher water use efficiency [35]. 

Ormosia species exhibit high water use efficiency, which is likely related to their 
growing environment. Michelia macclurei and Castanopsis hystrix, as common afforestation 
species, are characterised by high transpiration rates and low water use efficiency, and 
thus have high demands on habitat moisture conditions [36]. In contrast, some species 
within the Ormosia genus have long been established in the limestone regions of southern 
China, where rock exposure is high, and soil water-holding capacity is poor [37]. Pro-
longed exposure to the environmental stresses of aridity and water scarcity has led Ormo-
sia to gradually develop water-saving strategies: reducing water loss by regulating sto-
matal conductance whilst maintaining good photosynthetic capacity [38,39]. This physio-
logical adaptation, which balances water retention and photosynthesis, enables Ormosia 
plants to effectively adapt to the specific, arid and nutrient-poor habitats. Leaf carbon iso-
tope values provide a direct reflection of the plant’s long-term water use status and accu-
rately demonstrate this unique physiological adaptation in Ormosia plants. 

In terms of intraspecific variation within the Ormosia genus, water use efficiency 
ranks from highest to lowest as follows: O. xylocarpa > O. pinnata > O. emarginata > O. sem-
icastrata > O. henryi > O. glaberrima > O. fordiana. Among these, O. xylocarpa, O. pinnata and 
O. emarginata exhibited significantly higher leaf carbon isotope (δଵଷ𝐶) values and water 
use efficiency than the other species, indicating that they are plants with higher drought 
tolerance. O. fordiana and O. glaberrima had the lowest values and are classified as plants 
with lower drought tolerance. O. semicastrata and O. henryi fell within the intermediate 
range. This result may be related to the species’ native habitats. O. xylocarpa commonly 
grows on slopes, in valleys, along roadsides, and within sparse or dense forests near 
streams [40]; O. pinnata is typically found in mid- and low-altitude valleys and on forested 
slopes [41]; O. emarginata is commonly found in mixed forests on slopes and in valleys. O. 
xylocarpa, O. pinnata and O. emarginata can all grow on open slopes or forest edges; having 
long adapted to environments with ample light and unstable water availability, they may 
have developed a thicker cuticle, higher stomatal regulation capacity and an efficient pho-
tosynthetic system, thereby enhancing water use efficiency [42,43]. In contrast, O. fordiana 
and O. glaberrima predominantly grow in shaded, moist forest understories and have a 
lower tolerance to water stress; consequently, their carbon isotope (δଵଷ𝐶) values and water 
use efficiency are lower. Species in moist habitats generally exhibit lower water use effi-
ciency than their closely related counterparts in arid habitats [44,45]. 

Correlation analysis revealed a synergistic relationship between carbon isotopes 
(𝛿ଵଷ𝐶) and multiple growth indices. showed a highly significant correlation with plant 
height (p < 0.001), indicating that high water use efficiency does not restrict above-ground 
growth; on the contrary, Ormosia species with high water use efficiency (such as O. xylo-
carpa and O. pinnata) also exhibit superior plant height growth. showed a significant cor-
relation with root length and aboveground fresh mass (p < 0.05), suggesting that individ-
uals with high water use efficiency possess more developed root systems and accumulate 
higher aboveground biomass. This combination of ‘high water use efficiency and robust 
growth’ confers a survival advantage and growth potential to species such as O. xylocarpa 
and O. pinnata in arid environments. showed no significant correlation with crown 
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breadth, leaf number or root number (p > 0.05), indicating that these indicators are not 
sensitive to changes in water use efficiency and may be significantly influenced by envi-
ronmental factors. The chlorophyll a/b ratio showed a significant correlation (p < 0.01), 
suggesting that efficient allocation of photosynthetic pigments is a key physiological basis 
for Ormosia plants to achieve high water use efficiency. 

About growth parameters, this study compared seven species of Ormosia with two 
commonly used afforestation species, Michelia macclurei and Castanopsis hystrix. The re-
sults showed that the plant height, ground diameter, and total stem weight of the Ormosia 
species were generally lower than those of the afforestation species Michelia macclurei and 
Castanopsis hystrix, indicating that Ormosia species grow more slowly overall. Among the 
Ormosia species, O. fordiana performed best, with a plant height of 32.15 ± 6.14 cm, a ground 
diameter of 4.99 ± 0.89 cm, a crown breadth of 2.315 ± 5.03 cm, and root length of 99.98 ± 
13.82 cm, all of which were significantly higher than those of other Ormosia species, indi-
cating that O. fordiana seedlings grow well and possess a stronger root system. In contrast, 
O. pinnata and O. semicastrata exhibited relatively lower plant height and total stem 
weight, reflecting a more conservative allocation of resources. It is worth noting that Or-
mosia plants possess a distinct advantage in root development. The root lengths of O. for-
diana and O. pinnata are significantly longer than those of Michelia macclurei and Cas-
tanopsis hystrix, suggesting that they can rely on their well-developed root systems to ab-
sorb water from deep soil layers, thereby enhancing their drought tolerance [46]. This 
growth characteristic is consistent with the high water use efficiency mentioned earlier. 
Consequently, in water-deficient environments, Ormosia plants adapt to arid conditions 
primarily by efficiently utilising available water, combined with deep root systems to 
draw water from deeper soil layers. 

In terms of chlorophyll content, O. pinnata and O. fordiana had chlorophyll (𝐶ℎ𝑙) levels 
of 30.86 ± 1.70 mg/g and 30.99 ± 3.24 mg/g respectively, which were significantly higher 
than those of Michelia macclurei and Castanopsis hystrix, indicating that these two Ormosia 
species possess strong light-harvesting capacity and photosynthetic potential [47]. Fur-
thermore, the chlorophyll a/b ratio (𝐶ℎ𝑙 𝑎/𝐶ℎ𝑙 𝑏) of all seven Ormosia species was signifi-
cantly higher than that of the two afforestation tree species, with O. henryi and O. semicas-
trata exhibiting the highest values at 3.13 ± 0.06 mg/g and 3.11 ± 0.14 mg/g, respectively. 
Relevant studies have shown that the higher the chlorophyll a/b ratio in plants, the greater 
their adaptability to high-light environments [48]. A higher ratio can enhance the plant’s 
light energy conversion efficiency and mitigate damage caused by intense light. Most Or-
mosia plants grow on open slopes, forest edges, and in limestone areas, where light inten-
sity is high and water conditions are unstable. In contrast, the chlorophyll a/b ratios of 
Michelia macclurei and Castanopsis hystrix are lower, at 2.32 ± 1.06 mg/g and 1.62 ± 0.03 
mg/g, respectively; this is the primary reason for their relatively low water-use efficiency 
under arid conditions. 

5. Conclusions 
A comparative analysis of Ormosia species with Michelia macclurei and Castanopsis 

hystrix revealed that the overall carbon isotope (δଵଷ𝐶 ) values and water use efficiency 
(WUE) of the seven Ormosia species were significantly higher than those of Michelia mac-
clurei and Castanopsis hystrix. This suggests that, against the backdrop of increasingly fre-
quent droughts and seasonal water shortages in the South subtropical climate, Ormosia 
species are better adapted to arid environments than currently commonly used broad-
leaved tree species, and are therefore more suitable for afforestation and ecological resto-
ration in arid habitats. A comprehensive analysis of growth indices and chlorophyll con-
tent revealed that O. xylocarpa, O. pinnata and O. emarginata exhibited the highest values 
and water use efficiency, demonstrating optimal root development and photosynthetic 



Forests 2026, 17, 812 14 of 17 
 

https://doi.org/10.3390/f17070812 

capacity, and the strongest drought resistance. Although O. fordiana grows rapidly and 
has high chlorophyll content, its water use efficiency is low, and it has high water require-
ments; O. glaberrima scored low across all indicators and has relatively limited adaptabil-
ity. Correlation analysis revealed a highly significant positive correlation between leaf car-
bon isotope ratios (δଵଷ𝐶) and plant height (p < 0.001), as well as significant positive corre-
lations with root length and fresh above-ground biomass (p < 0.05), indicating a synergistic 
relationship between high water use efficiency and robust above-ground growth and root 
development. Ormosia plants have developed a drought-adaptation strategy characterised 
by slow above-ground growth, well-developed root systems, high photosynthetic effi-
ciency and high water-use efficiency, which differs significantly from that of commonly 
used afforestation species. Ormosia is a rare timber species. It is recommended that, when 
selecting Ormosia species for afforestation, priority be given to the propagation and pro-
motion of O. xylocarpa, O. pinnata and O. emarginata. 
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The following abbreviations are used in this manuscript: 

PH Plant height 
GD Ground diameter 
CW Crown breadth 
LN Leaf number 
RN Root number 
RL Root length 
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LA Leaf area 
AFM Aboveground fresh mass 
ADM Aboveground dry mass 
BFM Belowground fresh mass 
BDM Belowground dry mass 
Chla Chlorophyll a 
Chlb Chlorophyll b 
Car Carotenoids 
Chl Regarding chlorophyll 
Chla/Chlb Chlorophyll a/b ratio 
Car/Chl Carotenoid/chlorophyll ratio 
CI Carbon isotopes (δଵଷ𝐶) 
WUE Water use efficiency 
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