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Balancing growth, resource
efficiency and soil greenhouse
gas emissions: optimal
water-fertilizer coupling for
Chukrasia tabularis seedlings

Hongting Quan?, Jie Lu?, Shucai Zeng™* and
Shuangshuang Chu?*

ICollege of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou,
Guangdong, China, ?College of Forestry, Jiangxi Agricultural University, Nanchang, China

Excessive and unregulated management of water and fertilizer limits the produc-
tivity of Chukrasia tabularis (C. tabularis) plantations in subtropical regions. A two-
factor factorial potted experiment was conducted using one-year-old C. tabularis
seedlings. Three soil water content levels (95%, 75%, and 55% field capacity) and
four compound fertilizer rates (0, 6, 12, and 18 g pot™) were established, with
the treatment of 75% field capacity and O g pot™ fertilizer serving as the control
(CK). Soil water content emerged as the dominant factor controlling C. tabularis
seedling growth; furthermore, water and fertilizer exhibited a highly significant
interaction effect on total biomass and root dry weight (p < 0.001). At the 12 g
pot fertilizer rate, seedlings grown at 55% field capacity produced 35% more
total biomass than those at 75% field capacity, and 224% more than CK. It also
raised root dry weight by 32% over the control. But 95% field capacity reduced
growth under all fertilizer treatments. Under the 55% field capacity condition,
nitrogen and potassium accumulation at the 12 g pot™! fertilizer rate increased by
701% and 318%, respectively, compared to CK. In contrast, the 95% field capacity
condition caused severe root hypoxia and nutrient leaching, effectively negat-
ing the benefits of fertilization and leading to negative apparent fertilizer use
efficiency for phosphorus and potassium. At 55% field capacity, the observed
CH, patterns suggested a potential shift from net emission to net uptake under
selected treatments. A combined PCA-EWM-TOPSIS model demonstrated that a
field capacity of 55% combined with 12 g pot™ compound fertilizer achieved an
optimal balance among growth benefits, resource use efficiency, and ecological
trade-offs.

KEYWORDS
Chukrasia tabularis, comprehensive evaluation, plant growth, water and fertilizer
coupling, water use efficiency

1 Introduction

Mineral nutrients are essential for tree growth and metabolic processes, and fertilization
is often necessary in nutrient-poor environments (Binkley and Fisher, 2019). However, exces-
sive fertilization can disrupt the source-sink relationships in plants and lead to severe environ-
mental issues, including soil leaching and increased greenhouse gas emissions (Wright et al.,
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2011; Rabbai et al., 2024). Importantly, the availability of soil water can
significantly influence the outcomes of fertilization, resulting in diver-
gent growth and environmental effects under varying soil water con-
tents. While studies have shown that a combined supply of water and
nutrients can greatly enhance stand productivity (Campoe et al.,
2013), research frequently overlooks the potential negative effects of
mismatched water and fertilizer combinations on tree seedlings.
Without a clear understanding of how different soil water levels inter-
act with specific fertilizer rates to influence seedling growth and
resource utilization, forest managers risk either wasting resources or
damaging young plants through inappropriate management practices.

Soil water and mineral nutrients are critical environmental factors that
govern tree growth, photosynthesis, and resource use efficiency. These two
factors are closely interconnected within the soil-plant system, with their
interaction defining the growth potential of trees (Chen et al., 2023; Luo et
al., 2024). While previous studies have demonstrated that water availability
improves fertilizer use efficiency and that proper fertilization enhances tree
tolerance to water stress (Campoe et al., 2013; Tariq et al., 2017), most
existing research has focused on agronomic crops or common fruit trees,
such as olives (Alderotti et al., 2025). High-value timber species, such as
Chukrasia tabularis (C. tabularis), possess unique physiological traits and
growth requirements. Consequently, findings from other species cannot
be directly applied to guide the silviculture of C. tabularis, and its specific
response to the coupling of water and fertilizer remains poorly understood.

Chukrasia tabularis, commonly known as Chickrassy or Chittagong
wood, is a high-value, fast-growing broadleaved tree of the family
Meliaceae, valued for its reddish-brown heartwood in furniture manufac-
turing, veneer production, and construction timber, and increasingly
planted for urban greening and ecological restoration in subtropical
China. As a species native to well-drained upland forests across tropical
and subtropical regions (Islam et al., 2018), it is known to be sensitive to
excessive soil moisture and poorly aerated substrates, which motivates the
water-fertilizer coupling design of this study. Soils in South China typi-
cally exhibit poor water retention capacity and low nutrient availability,
severely limiting tree productivity (Wilson et al., 2004). Furthermore, cur-
rent management practices often rely on excessive watering and fertiliza-
tion without coordinating these inputs. This approach not only wastes
resources and reduces efficiency but also leads to soil nutrient leaching
(An et al,, 2022; Hussain et al., 2025). Despite these practical issues, few
studies have quantified the interactive effects of soil water content and
fertilizer rates on C. tabularis seedlings. Without precise data on the cou-
pling of water and fertilizer, it is challenging to develop scientifically
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sound management practices aimed at maximizing seedling growth and
resource efficiency.

We conducted a two-factor factorial potted experiment using
one-year-old C. tabularis seedlings. The treatments included three
levels of soil water contents (95%, 75%, and 55% of field capacity)
and four rates of compound fertilizer (0, 6, 12, and 18 g pot™"). We
measured seedling growth, nutrient uptake, photosynthesis, water
use efficiency, apparent fertilizer use efficiency, and soil green-
house gas emissions. The objectives of this study were to: (1)
quantify the effects of combined soil water and fertilizer levels on
seedling growth, resource use efficiency, and soil greenhouse gas
emissions of C. tabularis seedlings; and (2) identify the optimal
water and fertilizer management regime using a multi-index eval-
uation model that integrates principal component analysis (PCA),
the entropy weight method (EWM), and the Technique for Order
of Preference by Similarity to Ideal Solution (TOPSIS). This study
provides valuable insights to enhance seedling productivity and
nutrient-use efficiency while mitigating soil greenhouse gas emis-
sions, thereby offering significant support for the sustainable cul-
tivation and ecological application of this species.

2 Materials and methods

2.1 Study site

The experiment was conducted in a greenhouse at South China
Agricultural University, Guangzhou, China (113°21.8’-113°22.3’E,
23°09.5'-23°09.9'N). The site falls within the south subtropical mon-
soon climate zone. During the experimental period, air temperature
fluctuated between 5.5 °C and 35.0 °C, with a mean air temperature
of 22.8 °C. Temperature data were recorded by an automatic weather
recorder (Figure 1).

2.2 Plant and soil parameters

One-year-old C. tabularis seedlings were purchased from
Guangzhou Deyuan Forestry Co., Ltd. We selected healthy seedlings
with uniform growth, featuring an initial mean height of 33.33 cm and
a ground diameter of 2.74 mm. A commercial forestry-specific
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TABLE 1 Basic physicochemical properties of the experimental soil.

Indicator Value

pH 6.70 +0.00
Electrical conductivity (ps-cm™) 1204 +4.10
Soil organic matter (g-kg™) 3.63 = 0.60
Total Nitrogen (gkg™) 0.20 = 0.03
:\nlﬂll;aj;}:);drolyzable Nitrogen 0924058
Total Phosphorus (g-kg™) 0.22+0.01
Available Phosphorus (mg-kg™) 2.81+0.36
Total Potassium (g-kg™) 7.01+0.34
Available Potassium (mgkg™) 22.51+0.27

Values are mean =+ standard error (n = 3).

compound fertilizer (N:P,05:K,0 = 15:15:15) was used for nutrient
treatment.

The soil was collected from the Arboretum of South China
Agricultural University. Before the experiment, the soil was air-
dried, milled, and passed through a 1-cm sieve to remove debris.
Each plastic pot (15.5 cm bottom diameter, 19.2 cm height) was
filled with 5 kg of the soil. The basic properties of the soil are
shown in Table 1.

2.3 Experimental design

This study employed a two-factor factorial design, examining
the effects of soil water content and fertilizer rate. Three distinct
soil water levels were established at 55%, 75%, and 95% of field
capacity, corresponding to deficit, optimal, and excessive water
conditions (Griffiths and Parry, 2002; Brady and Weil, 2016). The
levels (0, 6, 12, 18g pot™ of
N:P,05:K,0 = 15:15:15 compound fertilizer) were scaled from

four fertilizer and
nursery application rates reported for containerized subtropical
conifer seedlings (Fu et al., 2024) and adjusted for the 5 kg soil
mass per pot and the background nutrient status of the experi-
mental soil (Table 1), spanning no, low, medium, and high fertil-
ization relative to conventional nursery practice for this container
size. The combination of 75% field capacity and 0 g pot™ served
as the control (CK) (Quan et al., 2025), representing conventional
nursery practice in South China, where container-grown seed-
lings of C. tabularis are typically maintained at approximately
75% field capacity without fertilizer. The fully crossed design
resulted in 12 treatments (see Table 2), each with 5 replicates,
totaling 60 pots. The experiment commenced on September 15,
2022, and continued for a duration of 10 months.

Fertilizer was applied 1 month after transplanting, once seedlings
had established new leaf growth following transplant shock. To pre-
vent root burn, we split the total fertilizer into two equal portions
and added them in mid-October and mid-March. For application,
we dug two holes on opposite sides of each seedling, 5 cm from the
root collar and 5 cm deep. We placed equal fertilizer amounts into
each hole. We started soil water content control after the first fertil-
ization. We used the whole-pot weighing method, and checked read-
ings with a portable soil moisture, temperature and salinity meter
(FOM/mts). The control period ran from October 14 to July 2. We
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TABLE 2 Experimental design.

Treatment Soil water Compound
content (% of fertilizer rate
field capacity) (g pot™?)

WsE,y 95 0

WosFs 95 6

WisF, 95 12

WosFig 95 18

WisFs 75 6

WisFi 75 12

WosFpg 75 18

WssF, 55 0

WisFg 55 6

WisFi 55 12

WisFig 55 18

CK 75 0

measured soil water daily and replenished water with 500-mL,
300-mL and 100-mL beakers (accuracy: 10 mL). To calculate the
irrigation volume for each pot, we first found the water deficit by
subtracting the current soil water content from the target field capac-
ity. Then we divided that deficit by the bulk density, multiplied by the
soil mass per pot, and finally divided by the density of water.

2.4 Determination and calculation of
indicators

2.4.1 Indicator determination

Seedling height and ground diameter were measured monthly.
Growth traits were analyzed at final harvest to avoid pseudoreplica-
tion across repeated measurements. At the final harvest, plants were
separated into roots, stems, and leaves, and dried at 65 °C to a con-
stant weight after initial heat inactivation at 105 °C for 30 min. Total
biomass was calculated as the sum of all organ dry weights. Dried
samples were digested using H,SO,-H,0,. Total N, P, and K contents
were determined by Nessler’s colorimetry, molybdenum-antimony
spectrophotometry, and atomic absorption spectrophotometry,
respectively.

The apparent fertilizer use efficiency (AFUE) for N, P, and K,
instantaneous water use efficiency (WUEI), greenhouse gas (GHG)
flux (F), and cumulative GHG emissions (E) were calculated using
Equations (1)—(4), respectively:

AFUE=ZE=Y0 1009 (1)
Fy

where U is the above-ground nutrient (N, P, or K) accumulation
in the fertilized treatment (g), U is the above-ground nutrient accu-
mulation in the unfertilized treatment under the corresponding water
regime (g), and F4 is the total amount of the specific nutrient
applied (g).

Leaf photosynthetic traits were measured using a Li-6400XT
Portable Photosynthesis System (LI-COR Inc., Lincoln, NE, USA)
between 9:00 and 11:30 a.m. on clear days in May 2023. Three fully
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expanded functional leaves per seedling (specifically the 4th to 6th
leaves from the top) were selected for measurement. During the
assessments, the CO, concentration, leaf temperature, and relative
humidity were maintained at 400 + 10 pmol-mol™, 25 °C + 1 °C and
50%-70%, respectively. The photosynthetically active radiation (PAR)
was set at 1,000 pmol-m~>s™'. The measured parameters included the
net photosynthetic rate (Pn), transpiration rate (Tr), stomatal con-
ductance (Gs), and intercellular CO, concentration (Ci).

The instantaneous water use efficiency (WUEI{) was calculated
using the following equation:

WUEi = Pn (2)
Tr

where Pn is the net photosynthetic rate; Tr is the transpira-
tion rate.

Soil gas samples were collected using the static chamber method.
Two cylindrical aluminum chambers (50 mm height, 90 mm diame-
ter) were installed in each pot. Sampling was conducted between
9:00 am. and 12:00 p.m. in October and December 2022, and
February, April, and June 2023. Gas was collected 0, 10, 20, and 30 min
after chamber closure. Concentrations of CO,, N,O, and CH, were
determined using an Agilent 7890A gas chromatograph (Agilent
USA).  Soil (GHG)
F,m g-m_z-h_l) were calculated based on the linear change in gas

Technologies, greenhouse gas fluxes

concentration over the 30-min closure period using the following
equation:

VA3
pA At 273+T

3)

where p is the gas density at standard conditions, V is the cham-
ber volume (m?), A is the soil surface area (m?), Ac / At is the rate of
concentration change over time, and T is the average air temperature
(°C) inside the chamber during sampling.

Cumulative GHG emissions were derived by integrating the five
sampling dates into one value per pot prior to ANOVA, so that each
pot represented one independent unit. Total cumulative greenhouse
gas emissions over these five periods were calculated using the follow-
ing equation:

E:z(Fi—l+Fi)>2<(di_di—1) @

i=1

where E represents the total cumulative greenhouse gas emissions
over five time periods (mg-m™2), F; denotes the greenhouse gas emis-
sions in the current sampling period (mg-m™), F;_; stands for the
greenhouse gas emissions in the previous sampling period (mg-m™2),
d; is the number of days in the current sampling period (d), and d;_;
refers to the number of days in the previous sampling period (d).

2.4.2 Comprehensive evaluation

Indicator selection followed a two-stage procedure: PCA was first
used to reduce all candidate indicators to a set of principal components,
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and the indicator with the highest absolute loading on each retained
component was selected as its representative for the subsequent EWM-
TOPSIS evaluation. This PCA-based screening was performed to
remove redundancy among highly intercorrelated variables prior to the
comprehensive evaluation, rather than to select indicators after the fact.

Principal component analysis (PCA) was used to screen core
indicators from the 19 original parameters (Greenacre et al.,
2022). An integrated Entropy Weight Method (EWM) and
TOPSIS model was applied to evaluate treatments and identify
the optimal water-fertilizer regime (Li et al., 2019). EWM deter-
mined the objective weights, and TOPSIS ranked the comprehen-
sive effects.

X111 X127 Xim
X21 X2 X
XZ(Xij)Z . . 'm (5)
Xnl Xn2 0 Xpm
: x,]—fj
xi=—37
ij S5 (6)
1 T
R=—X"X 7)
n—1
A
= ®)
> A
k=1
k
A
_t=1
=", ©)
At

To screen core evaluation indicators from the 19 original
parameters across the 12 treatments, Principal Component
Analysis (PCA) was employed. First, a raw evaluation matrix X
was constructed (Equation 5). To eliminate dimensional effects
and variance discrepancies among the original parameters, the
data were standardized to obtain matrix X" using Z-score stan-
dardization (Equation 6). The suitability of X' for PCA was con-
firmed by the Kaiser-Meyer-Olkin test (>0.6) and Bartlett’s test
of sphericity (p < 0.05). Subsequently, the correlation matrix R
was calculated (Equation 7). The variance contribution rate
(Equation 8) and cumulative variance contribution rate
(Equation 9) were computed, retaining principal components
with an initial eigenvalue greater than 1, which cumulatively
accounted for 78.34% of the total variance. A standardized three-
step method was employed to identify core indicators from the
principal components for EWM-TOPSIS analysis. First, the indi-
cator with the strongest loading in each component was retained.
Second, if multiple indicators within the same component exhib-
ited high loadings, only the strongest was kept to avoid redun-
dancy. Third, we checked that the chosen indicators covered
plant growth, nutrient accumulation, and environmental effects.
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Based on strong loadings, comprehensive coverage, and indepen-
dence, five indicators were ultimately selected: stem dry weight,
root N content, stem P content, root K content, and cumulative
CH, emissions.

Jyu Yz ot Jip
Y21 Y22 ot )2
Y=(yy)=|"7 7. (10)
Yl Yn2 t Vnp
" yij—min(ylj,yzj,...,y,,j)
Yij = ; (11)
max()’lj’ij)~~~’ynj)_mm()’lj’ij)---’)’nj)
. max(y1j, yajs--Vnj )~ Vi
Yij = X (12)
max(ylj»ijv-~>)’nj)_mm(y1j»y2j:~-~>)’nj)
Vi =yij +€ (13)
Vi
Pij=% (14)
2 Vi
i=1
1 n
e =12 Pilnpi (15)
i=1
gjzl—ej (16)
&j
= 17
wji== 17)
28
j=1
Juwr yiz2w2 YipWp
Z:(Zij): )’21:W1 )’22:W2 y2p:Wp (18)
YniW1  Yn2W2 YnpWp
A+:(zf,z§’,...,z;§) (19)
A*:(z;,zg,...,z;) (20)
(21)
(22)
C;= Di (23)
i T _
D,’ +Di
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An original evaluation matrix Y for these five indicators was con-
structed (Equation 10). The data were standardized for positive
(Equation 11) and negative (Equation 12) indicators, followed by a non-
negative translation to yield matrix Y’ (Equation 13). Using the Entropy
Weight Method (EWM), the value proportion p;; (Equation 14), infor-
mation entropy e; (Equation 15), and objective weights w;
(Equations 16, 17) were determined. Finally, a weighted decision matrix
Z was established (Equation 18) to identify the positive (A *Yand nega-
tive (A ) ideal solutions (Equations 19, 20). Euclidean distances (D", D;”
) were calculated (Equations 21, 22) to derive the relative closeness
degree (C;), which was used to rank the treatments (Equation 23).

2.5 Data analysis

A one-way ANOVA was conducted on all 12 treatment combi-
nations to evaluate overall differences among the treatments, with
mean separations conducted using Duncan’s multiple range test
(p < 0.05). In addition, a two-way ANOVA was utilized to partition
the variance attributable to soil water content (W), fertilizer rate
(F), and their interaction (W x F). All statistical analyses and com-
prehensive evaluations, including PCA-EWM-TOPSIS were carried
out using SPSS 26.0 (IBM Corp., Armonk, NY, USA) and Microsoft
Excel. Figures were generated using Origin 2021 (OriginLab Corp.,
Northampton, MA, USA).

3 Results
3.1 Plant growth traits

Water and fertilizer treatments, along with their interactions,
significantly affected seedling growth and biomass (Figure 2).
Compared to CK, the treatment W;F ), resulted in a 224% increase
in total biomass and a 32% increase in root dry weight. A direct
comparison between Wi;F,, and the unfertilized W;F, indicated
that fertilization alone led to a 315% increase in total biomass. At
the 12 g fertilization rate, Wss produced 35% more biomass than
W.s. Conversely, excessive water and fertilizer (WysF,5) showed a
strong inhibitory effect, reducing biomass and height increment by
54% and 62%, respectively, compared to CK. Within the W5
regime, F,, and Fy; increased total biomass by 141 and 50% relative
to F,, respectively, whereas under Wy, F;, reduced biomass by 13%
relative to F,. The heatmap clearly illustrates that maintaining 95%
field capacity severely restricts seedling growth regardless of fertil-
ization (Figure 3). In contrast, combining 55% field capacity with a
moderate fertilizer rate (12 g pot™) optimizes overall growth
performance.

3.2 Nutrient uptake

Nutrient accumulation in each organ followed the order of
leaf > stem > root across all treatments (Figure 4). For nitrogen
and potassium, accumulation peaked at F,, and was highest
under Ws;. The WisF,, treatment yielded the maximum nitrogen
and potassium accumulation, with increases of 701% and 318%,
respectively, compared to CK. Phosphorus accumulation peaked
at Fy, under W5, but at F3 under Wss. The highest phosphorus
accumulation occurred in the Wi;F; treatment, representing a
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FIGURE 2

Effects of different water and fertilizer treatments on the growth of C. tabularis seedlings. (A) Plant height increment; (B) Ground diameter increment;
(C) Stem dry weight; (D) Root dry weight; (E) Total biomass. Wos, W55, and Wss denote 95%, 75%, and 55% of field capacity, respectively; FO, F6, F12, and
F18 denote fertilizer rates of 0, 6, 12, and 18 g pot™; CK denotes the control treatment (75% field capacity, O g fertilizer). The different lowercase letters
above the bars indicate significant differences among treatments at p < 0.05 according to Duncan’s multiple range test. The results of the two-way
ANOVA for the main effects of soil water content (W) and fertilizer rate (F), and their interaction (W x F) are shown in the upper left corner of each panel.
ns means differences are not significant (p > 0.05). *means differences are significant at the 0.05 level (p < 0.05). ** means differences are significant at
the 0.01 level (p < 0.01). *** means differences are significant at the 0.001 level (p < 0.001). Error bars represent standard error.

1.00

Total Biomass
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Root dry weight
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Stem dry weight
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Plant height growth
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FIGURE 3
Heatmap of growth traits of C. tabularis seedlings. Wgs, W55, and Wss denote 95%, 75%, and 55% of field capacity, respectively; FO, F6, F12, and F18
denote fertilizer rates of 0, 6, 12, and 18 g pot™*; CK denotes the control treatment (75% field capacity, O g fertilizer). The color bar on the right
represents the normalized values of the growth indicators, ranging from 0.00 to 1.00. Yellow (values approaching 0.00) indicates lower relative growth
values, while dark purple (values approaching 1.00) represents higher relative growth values. Data were normalized across all treatments to facilitate
visual comparison of growth performance.

266% increase over the CK, followed by the WssF,, treatment with The apparent fertilizer use efficiencies for N, P and K (AFUE-N,
a253% increase. Excessive irrigation (Wys) resulted in the lowest ~ AFUE-P, and AFUE-K) were found to be optimal at Wi;F, (Figure 5).
nutrient accumulation across all treatments. Ws;sF,, increased  Notably, AFUE-N at Ws;Fs was 22 and 931% higher than at WsF,
root nitrogen, stem phosphorus, and root potassium accumula-  and Wy;F, respectively, underscoring the significant influence of
tion by 173, 342, and 66%, respectively, relative to WysF,.  water regime on resource efficiency. In contrast, negative values for
Supplementary Table S2 presents the nutrient accumulation in ~ AFUE-P and AFUE-K were recorded under the W,; regimes, sug-
roots, stems, and leaves across all 12 treatments (mean *  gesting that the fertilized seedlings actually accumulated fewer nutri-
SE, n = 3). ents than the CK under the same soil water content.
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FIGURE 4

Effects of different water and fertilizer treatments on nutrient absorption of C. tabularis seedlings. (A) Nitrogen accumulation; (B) Phosphorus
accumulation; (C) Potassium accumulation. Wgs, W5, and Wss denote 95%, 75%, and 55% of field capacity, respectively; FO, F6, F12, and F18 denote
fertilizer rates of 0, 6, 12, and 18 g pot™!; CK denotes the control treatment (75% field capacity, O g fertilizer). The 3D bar charts illustrate the distribution
of nutrient accumulation across different vegetative organs (root, stem, and leaf) as well as the total plant under the 12 treatment combinations. The
numbers above the bars represent the specific mean values of nutrient accumulation (mg) for each organ and treatment.
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FIGURE 5

Effects of different water and fertilizer treatments on the apparent fertilizer use efficiency of C. tabularis seedlings. (A) Apparent fertilizer use efficiency
of nitrogen fertilizer; (B) Apparent fertilizer use efficiency of phosphorus fertilizer; (C) Apparent fertilizer use efficiency of potassium fertilizer. Wgs, W5,
and Wss denote 95%, 75%, and 55% of field capacity, respectively; FO, F6, F12, and F18 denote fertilizer rates of 0, 6, 12, and 18 g pot™*; CK denotes the
control treatment (75% field capacity, O g fertilizer). Bars for treatments without fertilizer application (F, treatments and CK) are absent because apparent
fertilizer use efficiency is not applicable when no fertilizer is applied. The different lowercase letters above the bars indicate significant differences
among treatments at p < 0.05 according to Duncan’s multiple range test. The results of the two-way ANOVA for the main effects of soil water content

(W) and fertilizer rate (F), and their interaction (W x F) are shown in the upper left corner of each panel. ns means differences are not significant
(p > 0.05). *means differences are significant at the 0.05 level (p < 0.05). ** means differences are significant at the 0.01 level (p < 0.01). *** means
differences are significant at the 0.001 level (p < 0.001). Error bars represent standard error.

3.3 Photosynthesis characteristics

Pn peaked at WsF,, exhibiting a 33% increase compared to
CK, but subsequently declined by 59% to 73% under the Wy
treatment (Figure 6). Gs reached its highest value at W;F,, being
77% higher than the CK, and was lowest in the WsF,, treatment,
showing an 80% decrease compared to the CK. Ci was signifi-
cantly influenced by the interaction between water and fertilizer;
under W, it increased by 115% at F,, and decreased by 65% at
Fq relative to the CK. Tr was highest at F, for both W;5 and W,
while it was 83% lower than the CK at WysF,;. Instantaneous
water use efficiency reached its maximum at WsF;, demonstrat-
ing a 292% increase over the CK.

3.4 Cumulative soil greenhouse gas
emissions

Under Wys, CO, emissions decreased with increased fertiliza-

tion, peaking at F,, under both W55 and W,;. N,O emissions
showed distinct patterns across water regimes: under Wys,

Frontiers in Forests and Global Change

emissions rose progressively with fertilization rate; under W5,
emissions peaked at Fy; and under Wss, emissions reached their
maximum at F;, (Figure 7). In terms of CH,, net uptake was
observed in WysF,,, WssF,, WesFy,, and Ws;F s, while net emis-
sions were recorded in all other treatments.

3.5 Comprehensive evaluation

Based on the PCA results (Supplementary Table S1), five core
indicators were identified: stem dry weight, root nitrogen con-
tent, stem phosphorus content, root potassium content, and
cumulative CH, emissions. Among these indicators, stem dry
weight had the highest weight (0.372), followed by root nitrogen
content (0.232) and cumulative CH, emissions (0.155) (Table 3).
According to the TOPSIS model (Table 4), W5;F,, achieved the
highest ranking, indicating the optimal combination of 55% field
capacity and a 12 g fertilization rate. W,sF,, and WssF, also
showed favorable performance due to effective water and fertil-
izer synergies. In contrast, Wy;F, exhibited the poorest overall
performance.
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Effects of different water and fertilizer treatments on photosynthesis of C. tabularis. (A) Net photosynthetic rate; (B) Stomatal conductance;

(C) Intercellular CO, concentration; (D) Transpiration rate. (E) Instantaneous water use efficiency. Wos, W55, and Ws;s denote 95%, 75%, and 55% of field
capacity, respectively; FO, F6, F12, and F18 denote fertilizer rates of 0, 6, 12, and 18 g pot™%; CK denotes the control treatment (75% field capacity, 0 g
fertilizer). The different lowercase letters above the bars indicate significant differences among treatments at p < 0.05 according to Duncan’s multiple
range test. The results of the two-way ANOVA for the main effects of soil water content (W) and fertilizer rate (F), and their interaction (W X F) are
shown in the upper left corner of each panel. ns means differences are not significant (p > 0.05). *means differences are significant at the 0.05 level
(p < 0.05). ** means differences are significant at the 0.01 level (p < 0.01). *** means differences are significant at the 0.001 level (p < 0.001). Error bars
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TABLE 3 Entropy weight results of comprehensive evaluation indices for water and fertilizer
coupling of C. tabularis seedlings.

Indicator Weight

Stem dry weight 0.372
Root Nitrogen content 0.232
Stem Phosphorus content 0.134
Root Potassium content 0.107
Cumulative CH, emissions 0.155

TABLE 4 TOPSIS entropy-weighted evaluation of water and fertilizer coupling effects on C.

tabularis seedling performance.

Treatment Relative closeness Rank
coefficient
WosFo 0.165 12
WosFe 0.231 10
WosF, 0.294 8
WosFis 0.347 7
W;;Fg 0.428 5
WsFo 0.572 2
WisFis 0.415 6
WisFy 0.263 9
WisFq 0.549 3
WisFi 0.638 1
WissFg 0.495 4
CK 0.224 11

Wos, W5, and Wss denote 95%, 75%, and 55% of field capacity, respectively; FO, F6, F12, and
F18 denote fertilizer rates of 0, 6, 12, and 18 g pot™'; CK denotes the control treatment (75%
field capacity, 0 g fertilizer).

4 Discussion
4.1 Growth and nutrient uptake

Water stress is widely recognized as a primary growth-limiting
factor in plantation seedlings (Xu et al., 2022); however, its effects vary
considerably with irrigation intensity. The Wy, treatment suppressed
plant height, ground diameter, and total biomass, likely due to exces-
sive irrigation, which reduced aeration porosity and induced root
hypoxia. Under such anaerobic conditions, the uptake pathways for
phosphorus and potassium are disrupted (Wang et al., 2011; Hou et
al,, 2021), consistent with the decline in phosphorus and potassium
accumulation we observed under W, across all fertilization levels.
Notably, high fertilization inputs failed to reverse this suppression,
suggesting that nutrient supplementation cannot compensate for
oxygen-limited root function. We note, however, that root oxygen
status was not directly measured; the hypothesized role of root
hypoxia under Wy; should therefore be confirmed by future dissolved-
O, or aerenchyma assessments.

Conversely, C. tabularis exhibited strong adaptability to Wss.
When combined with F,,, Ws; increased total biomass by 224% over
the CK, a value comparable to the 180%-240% increases typically
reported for highly adaptable broadleaved species (Zhang et al., 2020;
Zhou et al., 2022). While 75% field capacity is widely considered opti-
mal for many agronomic crops, it exceeds the physiological aeration
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threshold for C. tabularis seedlings in a containerized environment.
As a high-value timber species primarily distributed in well-drained
upland forests across tropical and subtropical Asia, C. tabularis is
evolutionarily adapted to high soil aeration and may possess innate
sensitivity to even moderate reductions in soil oxygen availability.
This study’s findings indicate that the superior performance under
55% field capacity (Ws5) compared to 75% (W) likely reflects the
species’ specific eco-physiological requirement for a well-aerated rhi-
zosphere, which Wss provided through a more favorable air-to-water
ratio. The significant increase in biomass at WssF,, suggests that this
soil water content aligns better with the fast-draining soil conditions
of its natural habitat, thereby facilitating more efficient root respira-
tion, nutrient uptake, and radial transport compared to the relatively
wetter W5 treatment.

4.2 Photosynthetic physiology and
greenhouse gas emissions

Leaf photosynthesis and soil GHG emissions jointly determine
the net carbon balance of plantation ecosystems (Jiang et al., 2020;
Yu et al.,, 2022). Water availability significantly influenced the Pn,
Gs, and Tr of C. tabularis; however, the direction of these effects was
strongly dependent on the fertilization rate. Under W5, low fertil-
ization (F,) maximized Pn, while medium to high fertilization (F,,,
F)s) reduced Gs and Tr without a proportional reduction in Pn,
indicating a shift towards stomatal water conservation rather than
maximization of carbon gain. This pattern of stomatal adjustment
reduced stomatal conductance while maintaining stable assimila-
tion rates, consistent with stomatal regulation patterns that balance
carbon gain and water loss under adequate water supply, as docu-
mented in other plantation species (Jhou et al., 2017). Furthermore,
this suggests that C. tabularis can enhance instantaneous water use
efficiency through fertilization under sufficient water availability.
Under W5 conditions, WssF;, seedlings achieved the highest total
biomass despite a moderate single-leaf Pn, driven by a substantially
larger total leaf biomass that maximized whole-plant carbon assimi-
lation. Interestingly, the highest Gs was observed in the unfertilized
WisFo. This is likely due to the seedlings’ small size and low transpi-
rational demand, which slowed soil water depletion and allowed
stomata to remain open. In contrast, the larger canopies of WssF,
depleted soil water content more rapidly. Coupled with fertilizer-
induced osmotic stress, this likely triggered stronger root-to-shoot
ABA signaling (Tardieu and Simonneau, 1998) for stomatal down-
regulation to ensure hydraulic safety. Nevertheless, the robust nutri-
ent uptake in W;F,, effectively maintained steady photosynthetic
carbon gains, maximizing overall growth. Because neither xylem
ABA concentration nor leaf osmotic potential was measured, the
proposed ABA-mediated stomatal regulation and osmotic stress
remain hypotheses requiring direct physiological confirmation.

Because gas sampling was conducted on five occasions over the
10-month experiment, the cumulative flux estimates presented below
should be interpreted as coarse, seasonally resolved approximations
rather than precise annual budgets; the following comparisons
among treatments are therefore discussed as directional patterns
rather than precisely quantified differences. Within this constraint,
soil GHG dynamics exhibited a pattern distinct from the photosyn-
thetic responses, yet both were sensitive to the water-fertilizer inter-
action. Cumulative CO, emissions were highest under Ws;s and W,
peaking at Wi;F),, and significantly lower under Wys. We hypothesize
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that the suppressed CO, efflux under Wy reflects waterlogging-
induced inhibition of aerobic decomposition, whereas the peak under
Wi;sF 1, may reflect a combination of adequate soil aeration, enhanced
root exudation, and elevated microbial activity (Chi et al., 2020);
these mechanisms were not directly measured and require confirma-
tion through soil microbial community or enzyme activity assays.
Notably, the well-aerated W; condition coincided with a shift in soil
CH, dynamics from net emission to net uptake. Waterlogged condi-
tions (W,ys) generally promoted CH, emission, consistent with
enhanced methanogenesis and suppressed methanotrophy under
anaerobic conditions, but CH, uptake was also observed at WysF,;
we hypothesize that moderate nutrient input may partially support
methane-oxidizing activity even under oxygen-limited conditions
(Feng et al., 2020), though this remains speculative in the absence of
direct measurement of methanotroph abundance or activity.

The comparatively high soil CO, efflux under WisF,, occurred along-
side the highest photosynthetic rate and total biomass observed among
all treatments, indicating strong carbon assimilation capacity at this treat-
ment. However, because our measurements were limited to leaf-level Pn
and soil GHG fluxes rather than a complete net ecosystem carbon budget,
and because CO,, CH,, and N,O were not converted to a common CO,-
equivalent basis, we cannot quantify whether photosynthetic carbon
gains under WisF,, offset soil respiratory and other GHG losses, and we
do not interpret these results as evidence of an improved net carbon bal-
ance. A full assessment of the net warming potential associated with each
water-fertilizer combination would require CO,-equivalent accounting
across all three gases together with higher-frequency flux sampling,
which we identify as a priority for future work.

4.3 Resource use efficiency

The negative AFUE values under Wy; indicate that excessive irri-
gation completely negated the benefits of fertilization. This phenom-
enon likely occurred due to high soil water content, which caused root
hypoxia and severely limited active nutrient uptake. Furthermore, the
excess irrigation water led to the loss of unabsorbed fertilizers through
leaching. The fertilization rate significantly influenced resource use
efficiency with a clear ceiling effect observed. Although adequate
nutrients improve root hydraulic conductivity and water uptake
(Bauer et al., 2025), F,; consistently reduced AFUE across all water
regimes. This limitation aligns with the potential suppression of nutri-
ent absorption caused by osmotic stress resulting from excessive fertil-
izer concentrations (Zheng et al., 2011). Fs maximized fertilizer
efficiency while F,, improved seedling quality without significantly
compromising AFUE. This suggests that the cultivation objective,
rather than adhering to a single fixed optimum rate, should guide
fertilization decisions: Fy for fertilizer-efficiency-oriented nurseries,
and F), for scenarios where seedling quality is the primary target.
These mechanistic interpretations, root hypoxia, nutrient leaching,
and osmotic stress, were not directly measured and should be regarded
as hypotheses to be tested in future targeted experiments.

4.4 Optimal irrigation and fertilizer
management

Optimizing irrigation and fertilization necessitates a balance between

growth, resource efficiency, and ecological impact. In this study, WssFy,
yielded the highest biomass and seedling quality, albeit with relatively high
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greenhouse gas emissions. Conversely, WosF,s involved maximum fertil-
izer input but exhibited inhibited growth and reduced efficiency, high-
lighting evident trade-offs in practical production. Although WsF
maximized single-leaf net photosynthetic rate, this leaf-level measure-
ment was not among the five core indicators retained for the comprehen-
sive evaluation, because it loaded on the same principal component as,
but less strongly than, stem dry weight. The comparatively low overall
ranking of WsFs (C; = 0.428, rank 5) relative to WisF,, (C; = 0.638, rank
1) therefore reflects the fact that superior instantaneous photosynthesis at
the leaf scale did not translate into superior whole-plant biomass accumu-
lation, nutrient uptake, or cumulative CH, performance. A comprehen-
sive evaluation using the PCA-EWM-TOPSIS model revealed that WisF,,
had the highest relative closeness degree, providing a scientific basis for
C. tabularis seedling cultivation in the subtropical region.

However, the approximately two-month sampling intervals
and confined pots may introduce uncertainties in cumulative
GHG estimation and root development. Greenhouse temperature
occasionally fell as low as 5.5 °C on the coldest nights, well below
the 22.8 °C mean; brief cold excursions cannot be ruled out as a
contributing factor to the reduced fluxes and slower growth
observed in the December sampling campaign. Given that this
study was conducted in pot experiments, future field trials are
recommended. Additionally, long-term, high-frequency monitor-
ing throughout growth stages is essential to develop a
comprehensive water and fertilizer regulation strategy for
C. tabularis.

5 Conclusion

This one-year pot experiment highlights the importance of
coordinated water and fertilizer management for improving the
growth performance and environmental sustainability of C. tabu-
laris seedlings. Soil water serves as the primary driver of the bio-
mass accumulation and height growth of C. tabularis, while the
interactions between water and fertilizer regulated root develop-
ment and biomass allocation. A field capacity of 55% optimizes
fertilizer efficiency; however, excessive irrigation or over-fertil-
ization can severely inhibit growth. This well-aerated condition
combined with optimal fertilization mitigated greenhouse gas
emissions, shifting soil CH, from net emission to net uptake.
Comprehensive evaluation using PCA-EWM-TOPSIS confirmed
that a field capacity of 55% with 12 g pot™ compound fertilizer
achieves an ideal balance among growth, resource use efficiency,
and ecological trade-offs. These findings are based on a one-year
pot experiment under greenhouse conditions; field trials across
different soil types, climates, and stand ages are required before
recommending WssF,;, for operational nursery or plantation
management.
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