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Abstract

Due to poor soil water and nutrient conditions in the sandy plains of Beijing,
tree growth is generally sluggish following large-seedling afforestation of Pinus
tabuliformis ecological forests. To reduce post-planting mortality and promote
healthy growth of Pinus tabuliformis while controlling costs, this study employed
a split-plot experimental design to conduct a comparative trial with three irriga-
tion levels and three application rates of organic fertilizer derived from garden
waste. The effects of irrigation and organic fertilizer application on the growth
of Pinus tabuliformis were investigated by measuring tree height, diameter at
breast height (DBH), chlorophyll content, and leaf nutrient content indicators.

The results indicate that: (1) Irrigation can significantly improve growth indica-
tors of Pinus tabuliformis, including DBH, tree height, and physiological param-
eters; the promoting effect on tree height and DBH under moderate irrigation
treatment (A2) was even greater than that under high irrigation treatment (A3).
(2) One year after fertilization, fertilization had a significant effect on the growth
of Pinus tabuliformis, but differences among the three fertilization levels were
not significant. (3) One year after fertilization, no significant interaction existed
between irrigation and organic fertilizer application. Fertilization and irrigation
exert a significant promoting effect on the growth of Pinus tabuliformis. Con-
sidering both the effects of fertilization and irrigation and the comprehensive
resource use efficiency, applying a small amount of organic fertilizer combined
with drip irrigation at a rate of 80 L - (10 d - plant - time) ! during the grow-
ing season (April-September) represents a relatively economical and effective
management measure for Pinus tabuliformis ecological forests.
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Abstract

Due to poor soil water and nutrient conditions in the sandy lands of the Bei-
jing plain, the growth of Pinus tabulaeformis ecological forests established with
large seedlings is generally slow. To reduce post-planting mortality while con-
trolling costs and promoting healthy growth, this study employed a split-plot
experimental design to compare three irrigation levels with three application
rates of garden waste organic fertilizer. The effects of irrigation and organic fer-
tilization on tree growth were investigated by measuring tree height, diameter
at breast height (DBH), chlorophyll content, and leaf nutrient concentrations.
The results showed that: (1) Irrigation significantly improved growth indicators
including DBH, tree height, and physiological parameters, with the medium ir-
rigation treatment (A2) producing even greater promotion of height and DBH
than the high irrigation treatment (A3). (2) One year after fertilization, fertil-
izer application had significant effects on growth, but no significant differences
were observed among the three fertilization levels. (3) No significant interaction
between irrigation and organic fertilizer application was detected after one year.
While combined fertilization and irrigation significantly promoted P. tabulae-
formis growth, considering both treatment efficacy and resource use efficiency,
applying a small amount of organic fertilizer combined with drip irrigation at
80 L per plant per 10-day interval during the growing season (April-September)
represents an economical and effective management strategy for P. tabulaeformis
ecological forests.
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Introduction

Pinus tabuliformis is characterized by its tolerance to low temperatures, drought,
and poor soil conditions, making it one of the most widely distributed forest
communities in temperate coniferous forests of northern China and a primary
afforestation species in the region. Although widely used in Beijing’ s plain
afforestation projects, large transplanting practices have led to problems includ-
ing high mortality, poor growth, and severe Dioryctria moth infestations. Since
water and nutrients exhibit interactive effects, studying water-fertilizer coupling
can improve resource use efficiency in practice while holding significant ecologi-
cal importance for environmental improvement.
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Global fertilizer consumption increased dramatically from 30 million tons to
170 million tons between 1960 and 2008, with extensive fertilizer use—partic-
ularly chemical fertilizers—significantly elevating nitrate concentrations in soil
and groundwater worldwide. Early research demonstrated strong correlations
between water availability and fertilizer application rates, with Aron (1975)
pioneering studies on optimal fertilization under controlled irrigation in arid
regions. Numerous studies have shown that different irrigation and fertilization
levels can produce synergistic, antagonistic, or additive effects on plant growth,
development, and physiological ecology. Appropriate irrigation creates syner-
gistic effects with nutrient utilization rates and fertilizer efficiency, significantly
increasing nitrogen mineralization rates and plant nitrogen fixation. Conversely,
proper fertilization affects soil-plant water thermodynamic functions and partial
molar free energy gradients, promoting water use efficiency. For plant growth,
fertilization compensates for drought stress by reducing plant water potential
and increasing the driving force for deep soil water movement, thereby allevi-
ating physiological dysfunction caused by water deficit and enhancing drought
resistance. However, since fertilization significantly promotes plant growth—es-
pecially leaf area—insufficient irrigation can exacerbate water stress, suggesting
that water-fertilizer interactions may involve both synergistic and antagonistic
mechanisms. Establishing appropriate water and fertilizer quotas is therefore
crucial for sustainable plant growth and ecological development.

Current water-fertilizer coupling research primarily focuses on three aspects: (1)
plant functional trait responses to different water-fertilizer treatments, partic-
ularly photosynthesis and transpiration; (2) effects on soil fertility and mecha-
nisms promoting nutrient absorption, transformation, and utilization to coordi-
nate plant-soil relationships and achieve efficient nutrient use; and (3) impacts
on crop product quality, quantity, and characteristics. Water-fertilizer integra-
tion technology has been widely applied in agricultural production in China,
though few reports exist for forestry, particularly for large-diameter seedling
cultivation and management.

Recent ecological forest fertilization research has shifted from chemical fertiliz-
ers to organic and sludge fertilizers with ecological benefits, driven by both cost
and environmental considerations. While inorganic fertilizers significantly pro-
mote plant growth in the short term, they poorly ameliorate soil physical and
chemical properties over time and fail to support sustained nutrient supply for
large-diameter seedlings. Organic fertilizer application improves water use effi-
ciency and provides favorable soil conditions for water conservation compared to
chemical fertilizers, while appropriate irrigation levels reduce soil nutrient loss.
For urban ecological forests, organic fertilizer produced from composted garden
waste represents an economical, effective, and readily available resource, yet
relevant application research remains scarce, particularly regarding the coupled
effects of irrigation and organic fertilization on large P. tabuliformis seedlings
after planting. This study aims to investigate the effects of different water-
fertilizer combination treatments on morphological and physiological indicators
of P. tabuliformis ecological forests in Beijing’ s plain sandy lands, providing
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valuable scientific evidence for economical and effective ecological forest man-
agement strategies.

1. Site Description

The experimental site is located along the Yongding River in Daxing District,
Beijing (116°14 19.88 E, 39°36 47.01 N), characterized by a warm temperate
semi-humid continental monsoon climate with an average annual temperature
of 12 °C and average annual precipitation of 556 mm.

The soil is sandy with a pH of 8.8, organic matter content of 4.95 g-kg !,
total nitrogen of 0.39 g - kg !, available phosphorus of 13.1 mg - kg !, available
potassium of 11.78 mg - kg !, and alkali-hydrolyzable nitrogen of 59.32 mg - kg .
The volumetric water content is 26.5%, total porosity 54.1%, bulk density 1.25
g-cm 3, and saturated water content 39.19%. According to Beijing’s soil nutrient
evaluation standards, all indicators except available phosphorus are low. The
soil exhibits weak stratification, good permeability, and poor water and nutrient
retention, with deficiencies in nitrogen, phosphorus, and potassium. The shallow
groundwater table ranges from 8-10 m, making irrigation the primary water
source for plant growth.

2. Materials and Methods

2.1 Experimental Materials The study subjects were large P. tabuliformis
seedlings planted in Daxing District. The organic fertilizer, produced by the
Beijing Academy of Forestry and Landscape Architecture, was derived from
composted garden waste containing 52% organic matter, 6% total nutrients, 5%
moisture, and pH 7.5. Irrigation water was sourced from groundwater.

The P. tabuliformis seedlings were planted in 2013 at 4 m X 5 m spacing in
east-west rows. No pruning was performed during 2016-2017. By late 2016,
the average DBH was approximately 6.62 cm and average crown width 2.5 m.
The experimental plantation exhibited minor Dioryctria moth infestations but
relatively uniform growth.

2.2 Experimental Design A split-plot design was employed with irrigation
amount (A) as the main plot treatment and fertilization amount (B) as the
subplot treatment. Irrigation treatments consisted of 40 L« (10 d - plant - time) *
(A1), 80 L - (10 d - plant - time) ' (A2), and 120 L - (10 d - plant - time) ' (A3).
Fertilization treatments were 5 kg - plant ! (B1), 15 kg - plant ! (B2), and 25
kg - plant ' (B3), with a blank control receiving neither fertilization nor drip
irrigation. The experiment included three replications, with no fewer than 20
trees per treatment.
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Fertilization was applied in early March via ring application at 1.2 m from
trees and 20 cm depth. Irrigation was conducted via drip irrigation during
the growing season (March-September) at 10-day intervals with per-plant water
amounts of 40, 80, or 120 L (hereafter referred to as low, medium, and high water
treatments). Drip irrigation system installation and testing were completed by
late March 2017.

2.3 Measurement Indicators 2.3.1 Morphological Indicators

Initial measurements were completed in February 2017, with final measure-
ments in late 2018. Growth indicators included tree height, DBH, crown width,
new branch length, and shoot length. Tree height was measured using a laser
rangefinder, while DBH measurement positions were marked with paint during
the first survey to ensure consistency. New branch length was measured as
current-year growth of primary branches in four cardinal directions, with the
second measurement representing the second-year growth of the same branches.

2.3.2 Chlorophyll Content

Leaf chlorophyll was extracted by soaking 0.2 g of leaf material in 20 mL of mixed
solution (80% acetone and 95% ethanol at 1:1 ratio). Absorbance values at 663
nm, 646 nm, and 470 nm were measured to calculate chlorophyll a, chlorophyll
b, and carotenoid contents.

2.3.3 Leaf Nutrient Content

Total nitrogen content was determined using the automatic Kjeldahl method,
total potassium by flame photometry, and total phosphorus by molybdenum-
antimony colorimetry.

2.4 Data Processing and Analysis All data were analyzed using SPSS 16
and Microsoft Office Excel. Significance was tested using ANOVA (P < 0.05),
with multiple comparisons performed using Duncan’ s new multiple range test.

3. Results

3.1 Effects of Water-Fertilizer Treatments on P. tabuliformis Growth
Table 2 shows that both fertilization and irrigation significantly promoted height,
DBH, and new branch length growth, with a significant interaction effect for
height but not for DBH or new branch length.

For tree height, DBH, and new branch length, all treatment groups showed sig-
nificant differences compared to the control. Under low irrigation, height incre-
ments were small across all fertilization levels. Medium irrigation (A2) produced
greater increments than low irrigation (A1), but high irrigation (A3) showed no
significant difference from medium irrigation (A2). Among fertilization levels,
medium (B2) and high (B3) rates showed no significant differences, while low
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fertilization (B1) produced the highest growth rate. Irrigation-fertilization ef-
fects on DBH were similar to those on height, with medium irrigation (A2)
producing the highest growth rate and no significant difference between high
(A3) and low (A1) irrigation. Medium fertilization (B2) most significantly pro-
moted DBH growth rate, with no significant difference between high (B3) and
low (B1) fertilization.

For new branch length growth rate, high irrigation (A3) produced the highest
rates across all fertilization levels, with medium irrigation (A2) exceeding low
irrigation (Al). Under high irrigation, medium fertilization (A3B2) yielded the
highest growth rate, while under low and medium irrigation, low fertilization
(A1B1, A2B1) produced the highest rates.

[Figure 1: see original paper]

3.2 Effects of Water-Fertilizer Treatments on Leaf Chlorophyll Con-
tent The control group showed significantly lower chlorophyll a, chlorophyll
b, and carotenoid contents than all treatment groups, with no significant in-
teraction effects (chlorophyll a/b: P = 0.974). All treatment indicators were
significantly higher than the control, though differences among treatments were
not significant.

Chlorophyll a and carotenoid contents were slightly higher under medium irri-
gation (A2) than low irrigation (A1), but showed minimal improvement under
high irrigation (A3) compared to medium irrigation (A2). All treatments had
higher chlorophyll b content than the control, though not significantly differ-
ent. The chlorophyll a/b ratio showed highly significant differences between
treatments and control, with medium irrigation (A2) producing higher values.

[Figure 2: see original paper]

3.3 Effects of Water-Fertilizer Treatments on Leaf Nutrient Content
The control group differed significantly from treatment groups in leaf nutrient
content, with no significant interaction effects. Garden organic fertilizer affected
different nutrient components variably. While total nitrogen and potassium con-
tents showed no significant differences among treatments, all treatment results
were significantly higher than the control. Different fertilization levels showed
no significant effects on leaf total N and K contents, and the three irrigation
levels under each fertilization level showed no significant differences in leaf total
N. Medium irrigation with medium fertilization (A2B2) demonstrated better
promotion effects, while low fertilization (B1) showed the poorest promotion of
leaf total P. Overall, low irrigation with medium fertilization (A1B2) performed
well. The N/P ratio in leaves decreased after water-fertilizer treatment, show-
ing significant differences from the control. No significant differences in the
ratio were found among the three fertilization levels (P = 0.102), but significant
differences existed among irrigation levels (P = 0.009).

[Figure 3: see original paper]
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4. Discussion

4.1 Effects on Morphological Growth Fertilization results indicated that
high and medium rates did not significantly improve P. tabuliformis growth
rates, though organic fertilizer and irrigation significantly promoted surrounding
soil nutrient content. This may be attributed to the short experimental duration
and slow growth rate of P. tabuliformis, resulting in no significant differences
among fertilization levels within one year. Additionally, the high soil pH of
8.8 likely limited nutrient availability to the trees, preventing highly significant
growth promotion even with fertilization.

Analysis of growth and physiological indicators revealed significant promotion
under high or medium irrigation, though differences between these treatments
were not significant. Both height and DBH results showed lower values under
high irrigation than medium irrigation. This may be partly explained by pH
reduction through irrigation, as high irrigation decreased soil alkalinity, facilitat-
ing nutrient absorption and promoting growth. However, monitoring revealed
limited pH reduction under water-fertilizer treatments, only partially alleviat-
ing pH inhibition of nutrient uptake. The lack of significant difference between
medium and high irrigation may also result from the sandy soil’ s poor water
retention, causing rapid infiltration. While irrigation effectively improved water
conditions and significantly enhanced growth, P. tabuliformis has relatively low
minimum ecological water requirements, making high irrigation unnecessary for
optimal growth increments. Thus, under the three fertilization levels tested,
medium irrigation adequately supplied growth requirements, with the primary
need being reduction of soil pH in P. tabuliformis stands.

Han and Dong (2019) found that spraying humic acid-containing water-soluble
fertilizer on P. tabuliformis improved disease resistance (reducing incidence by
6.5 percentage points) and significantly promoted growth, consistent with our
findings that fertilization and irrigation significantly enhance morphological in-
dicators.

4.2 Effects on Leaf Physiological Indicators Wang et al. (2018) reported
that under low water stress, increased fertilization benefits photoreactions. Our
study found that under low irrigation, increased fertilization raised leaf chloro-
phyll content, with low-irrigation high-fertilization treatments showing higher
chlorophyll a and b contents than low-irrigation low-fertilization treatments,
consistent with these findings.

Liu et al. (2013) studied chlorophyll content changes in Lespedeza under water-
fertilizer regulation, finding that chlorophyll content continuously increased with
irrigation and phosphorus application but initially increased then decreased with
nitrogen application. Our results indicate that excessive irrigation does not sig-
nificantly promote chlorophyll content, likely because high soil moisture causes
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nutrient translocation, preventing further increases in available nutrient concen-
tration around roots despite increased water. Liuw’ s study was conducted in
northwestern sandy lands where irrigation did not reach this threshold.

4.3 Leaf Nutrient Content Water-fertilizer management can alter plant nu-
trient content, promoting increases in some nutrients while decreasing others.
Leaf nutrient stoichiometry reflects plant nutrient utilization strategies and re-
lationships among nutrients. Wu (2014) investigated effects of water-fertilizer
integration on jujube leaf nutrients. Our study found that the N/P ratio in P.
tabuliformis leaves after water-fertilizer treatment was significantly lower than
in the control, contrasting with Wu’ s results. An N/P ratio below 14 indi-
cates nitrogen limitation, suggesting that nitrogen inhibition of P. tabuliformis
growth intensified after treatment. This implies that future fertilization in this
region should supplement nitrogen when applying organic fertilizer or use or-
ganic fertilizers with higher nitrogen content.

Overall, while water-fertilizer interactions were not significant after one year,
treatments did enhance plant growth and physiological indicators. Consider-
ing resource use efficiency, we recommend applying small amounts of organic
fertilizer combined with drip irrigation at 80 L per plant per 10-day interval
during the growing season (April-September) as an economical and effective
management strategy for P. tabuliformis ecological forests.
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