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Abstract: Irrigation and nitrogen application directly affect the availability and distribution of
soil nutrients. Understanding the response of soil nutrients to long-term water–fertilizer coupling
conditions is helpful to improve the management and use efficiency. Irrigation was divided into
three gradient levels, which accounted for 45%, 60%, and 75% (W1, W2, and W3) of the field water
holding capacity. Based on pure nitrogen, four levels of nitrogen application were set: 0.0, 101.6,
203.2, and 304.8 kg·hm−2 (N0, N1, N2, and N3). We measured tree height and diameter at breast
height (DBH), and we analyzed the chemical properties of the soil at 0–40 cm depth, from 2007 to
2020. The ranges of DBH, tree height, individual volume, and stand volume were 5.80–25.25 cm,
6.10–16.47 m, 0.01–0.37 m3, and 11.76–481.47 m3·hm−2, respectively. The contents of organic matter,
total nitrogen, available phosphorus, and available potassium in the soil ranged from 8.60 g·kg−1

to 18.72 g·kg−1, from 0.21 g·kg−1 to 0.79 g·kg−1, from 8.09 mg·kg−1 to 47.05 mg·kg−1, and from
90 mg·kg−1 to 322 mg·kg−1, respectively. Soil pH value decreased rapidly at a rate of 0.31 units
per year for the first five years. Irrigation and nitrogen application, and their interaction, had
significant (p < 0.01) effects on soil total nitrogen, available phosphorus, available potassium, and
nitrate-nitrogen. We suggest maintaining the field water holding capacity above 60%, with a nitrogen
application rate of 203.2 kg·hm−2, to save water, maintain soil fertility, and optimize soil nitrogen
supply. Our study aimed to achieve scientific and accurate fertilization of Populus tomentosa stands
over different periods, to alleviate the decline of soil fertility, and to improve the utilization rate of
water and fertilizer through long-term nutrient monitoring.

Keywords: irrigation; nitrogen; soil nutrients; triploid Populus tomentosa; plantation

1. Introduction

Forests play an important role in timber production, controlling climate change by
storing carbon in forest biomass, and being used as a substitute for fossil fuels to reduce net
carbon emissions [1]. With the increasing demand for wood in the market, it is estimated
that 75% of industrial wood will be provided by plantations by 2050, of which 50% will
be provided by fast-growing forests [2,3]. At approximately 31 million hectares, poplar
plantations are one of the most widely planted fast-growing forests in the world [4,5].
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Compared with other fast-growing poplar cultivars, Populus tomentosa adapts to
various climate and soil conditions, and has developed rapidly in northern China [6]. The
height of these poplars grows the fastest, in 5–10 years; and its DBH grows faster than most
others, in 10–15 years; with the fastest growth of volume occurring in a growing season
from April to August [7,8].

Soil nutrient content plays a key role in soil–plant feedback, and is also the critical lim-
iting factor affecting forest growth and net primary productivity [9,10]. Generally, organic
matter, nitrogen, phosphorus, potassium, and other nutrient elements are vital indicators
for evaluating soil fertility and nutrient status [11,12]. The soil nutrient pool is influenced
by natural and anthropogenic factors, such as soil texture, climatic conditions, vegetation
roots, cultivation, land use, irrigation, and fertilization. Fertilization and irrigation are the
two major factors affecting soil nutrient pools [13,14]. Optimizing the utilization of water,
fertilizer, and soil resources can improve the sustainability of the plantation ecosystem and
maximize wood production without causing negative impacts to the environment.

Soil water content is one of the main limiting factors for forest production, and reason-
able irrigation can improve the efficiency of fertilizer utilization [15], while excessive water
use may lead to a large amount of leaching of soil nutrients [16,17]. Yu et al. found that a
large amount of total nitrogen and total phosphorus were lost from bare and agricultural
land when rainfall was less than 60 mm [18]. Studies have indicated that in semi-arid
forests, a decrease in annual average soil water content at the surface layer might lead
to a decrease in nutrient diffusion and volatility. The nutrients were locked into dry soil,
which led to the slow decomposition of litter, the slow mineralization and circulation of
nutrients, and a decrease in abundance and activity of fine roots and mycorrhizal fungi.
Lupe León-Sánchez et al. used passive rainout shelters to intercept and exclude 30% of the
incoming rainfall from impacting the Helianthemum squamatum shrub, and they found that
the water use efficiency was dramatically reduced, by 50% [19–21].

Fertilization, along with irrigation, directly provides nutrition for the roots to meet
the nutritional requirements of plants [22]. Mineral nitrogen fertilizer promotes the de-
composition of soil organic matter, and the organic carbon reserves gradually decrease.
An increase in vegetation litter provides additional organic matter input to supplement
organic carbon consumption [23,24]. Zhang et al. found that long-term application of
nitrogen fertilizer may significantly increase the soil ammonium nitrogen content [25], but
excessive application may lead to the accumulation of nutrients in the field and the leaching
of a large amount of nitrate. Long-term application of chemical and organic fertilizers
increases the total, available, inorganic, and organic phosphorus content of the soil to
varying degrees [26], while the effect of combining the application of nitrogen, phospho-
rus, and potassium fertilizers is more obvious. A large amount of phosphorus exists in
soil colloids, which may promote the transformation of clay minerals [27]. Cherney et al.
found that long-term application of an inorganic fertilizer alone, especially a nitrogen or
phosphorus fertilizer, resulted in a declining trend in the content of both slow-acting and
available potassium in the soil; the downward trend was slowed if potassium fertilizer
was applied [28]. Quite a few researchers have concentrated on the fields of agriculture
and horticulture [29,30], while there are few reports on the dynamic monitoring of nutri-
ents in plantations. Various previous studies on poplar have either focused on irrigation
or fertilization, including on the relationship between nitrogen application and nitrogen
absorption, the effect of hydroponic fertilization on nitrogen content and distribution in
the different organs of trees, and the effect of nitrogen forms on water absorption in pot
plants over a short time [31,32]. However, the sustainable annual monitoring of forest soil
nutrients under long-term irrigation fertilization is rarely reported.

Our objectives were (1) To predict the growth status of the stand and its relationship
with changes in soil nutrients; (2) To explore the variation in the trends and correlations
of soil nutrients; and (3) To understand the effects of irrigation and fertilization, and the
interaction of water and nitrogen, on soil nutrients. The optimal combination of water and
fertilizer management was put forward, while we found that attention should be paid to
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the decrease of available phosphorus in the soil after canopy closure. Our study aimed
to achieve scientific and accurate fertilization of Populus tomentosa stands over different
periods, to alleviate the decline of soil fertility, and to improve the utilization rate of water
and fertilizer through long-term nutrient monitoring.

2. Materials and Methods
2.1. Study Site

The experiment site is located in Wei County Nursery (113◦52′–115◦49′ E, 36◦50′–37◦47′ N),
at the National Key Poplar Fast-growing Forest Base of Wei County, Xingtai City, Hebei Province,
China. It belongs to the southern part of the North China Plain, with low and flat terrain. It
has a continental semi-arid monsoon climate of a warm temperate zone, with an annual
average temperature of 13 ◦C. The average annual precipitation is 497.7 mm, which is mostly
concentrated in late summer and early autumn (Figure 1). It experiences 2574.8 total sunshine
hours, and the frost-free period is 198 days in the year. The forest land is sandy loam alluvial
soil, with total porosity of 46.7%, a field water holding capacity of 26%, a soil pH of 8.6, and
a soil density of 1.43 g·cm−3. The average buried depth of shallow groundwater is 15.12 m,
and the average buried depth of deep groundwater is 52.81 m. In 2007, the soil organic matter
content was 8.60 g·kg−1, total nitrogen was 0.58 g·kg−1, available nitrogen was 87.83 mg·kg−1,
available phosphorus was 8.09 mg·kg−1, and available potassium was 90 mg·kg−1.

Figure 1. Average monthly temperature and precipitation in Wei County from 2007 to 2020.

2.2. Experimental Design

The triploid Populus tomentosa S86 (♀P. tomentosa × P. bolleana, ♂P. alba × P. glandulosa)
came from the nursery of Wei County, Hebei Province. In April 2007, 2-year-old seedlings
with the same growth status, an average height of 5.8 m, and an average base diam-
eter of 6.1 cm were selected for unified afforestation. The total afforestation area was
1.21 hm2, the distance between plants was 4 m × 3 m (the average afforestation density is
833 plants·hm−2), and the total number of plots with an area of 252 m2 was 36. Guard rows
were present between the plots, and the plantation had no crops. The cultivated land was
loosened once every March. In this experiment, a split-plot design was adopted, in which
the main treatment was irrigation, and the auxiliary treatment was nitrogen. Irrigation was
divided into three gradient levels, which accounted for 45%, 60%, and 75% (W1, W2, and
W3) of the field water holding capacity. Based on pure nitrogen, four levels of nitrogen
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application were set: 0.0, 101.6, 203.2, and 304.8 kg·hm−2 (N0, N1, N2, and N3). This
experiment consisted of 12 treatments, 3 replicates, and 36 plots.

From 2007 to 2020, 1/3 of the annual fertilization amount was applied at the end of
each of May, June, and July, respectively. Fertilizer was applied in two pits, 80 cm from
the base of each tree. Each pit had a depth of 20–30 cm and one was dug on each side of
a tree. The distance between the hole and the trunk was determined depending on the
projection of the crown. The pit was covered with soil and watered immediately after
fertilization. Nitrogen, phosphorus, and potassium fertilizers were applied at the same time;
namely, urea (N, 46%), superphosphate (P2O5, 16%), and potassium sulfate (K2O, 50%).
The amount of phosphate fertilizer applied, calculated based on P2O5, was 101.6 kg·hm−2,
while that of potassium fertilizer, calculated based on K2O, was 50.80 kg·hm−2, with the
same application amount of phosphate and potassium fertilizer for all treatments.

An ML 2X soil moisture meter (made in China) was used to monitor the soil moisture
content, and the data were converted into the mass moisture content according to the
formula “soil density = volume moisture content/mass moisture content” where the
moisture content of each plot was lower than the experimental design value.

2.3. Growth Measurement and Calculation

The diameter at breast height (DBH) and height of all 833 trees in the 36 plots were
measured using a DBH scale and altimeter. The volume was calculated following the
standards (LY 208-77) promulgated by the Ministry of Agriculture and Forestry of the
People’s Republic of China [33]:

V stem = 0.000065678245 × D1.9410626H0.84929086 (1)

where V stem is the individual tree volume in m3; and D and H respectively represent the
DBH and tree height when the trees stopped growing in November of each year.

The standing volume of each subplot was calculated using the following equation:

V stand = average V stem × N tree (2)

where V stand is the stand volume (m3·hm−2); average V stem (m3) is the average standing
timber volume per Populus tomentosa plant; and N tree is the number of stumps per
hectare (833).

2.4. Soil Sampling and Analysis

Soil samples were collected via auger boring in each plot in November of 2007, 2012,
2018, and 2020. Five sampling points were collected in each plot according to an S-shaped
route to ensure that the samples were sufficiently representative. Each point was vertically
divided into two levels: 0–20 cm and 20–40 cm. The five sampling points were then mixed,
with approximately 1 kg of composite samples extracted by quartering using the level
meter, and sealed in plastic bags. They were stored at a temperature of 0–4 ◦C and returned
to the laboratory for analysis. Part of each sample was air-dried and passed through 1
and 0.25 mm sieves, to select for fine roots and gravel, respectively, and these sub-samples
were marked for further use. The total organic carbon in the soil was measured using
the Walkley–Black K2Cr2O7–H2SO4 digestion method. The total nitrogen in the soil was
measured using the Kjeldahl method. Available phosphorus was determined using the
method of Olsen et al. [34]. For the determination of soil-available potassium, air-dried soil
samples were extracted by shaking for 30 min with 1 mol·L−1 CH3COONH4 (soil:solution
ratio of 1:10), and then the available potassium content of the filtrate was determined using
flame photometry.

Ammonium and nitrate were extracted from fresh soil samples by shaking for 1 h with
1 mol L−1 KCl (soil:solution ratio of 1:10). The extracts were filtered and then the analytes
determined using a continuous-flow analyzer (AA3, Germany). The irrigation level was
determined by drying the soil at 105 ◦C.
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2.5. Data Analyses

Excel 2010 and Origin 2019 (OriginLab Corp., Northampton, MA, USA) were used to
calculate means and standard deviations of the plot variables and to draw graphs. Two-way
ANOVA (SPSS 24.0, Shanghai, China) was used to determine the effects of irrigation and
nitrogen application rate, and their respective interactions with the soil nutrients. Duncan’s
test was used to conduct multiple comparisons of the effects when the differences among
the treatments were significant (p < 0.05). Pearson’s correlation was used to evaluate the
relationships between the nutritional components.

3. Results
3.1. Effects on Tree Growth

The ranges of DBH, tree height, individual volume, and stand volume were 5.80–25.25 cm,
6.10–16.47 m, 0.01–0.37 m3, and 11.76–481.47 m3·hm−2, respectively (The DBH, tree height,
individual volume, and volume per unit area of the experimental forest all showed a rising
trend (Figure 2). From 2007 to 2012, the annual average growth amount for the unit area
accumulation of the stands was 35.69 m3·hm−2; the average growth amount decreased to
26.28 m3·hm−2 in 2012–2018, and further decreased to 25.28 m3·hm−2 in 2018–2020.

Figure 2. The growth of Populus tomentosa clone S86 in 2007, 2012, 2018, and 2020. Data are the
mean± standard deviation. (a–d) describe the DBH, height, individual volume, and volume, respectively.

3.2. Effects on Interannual Variation of Soil Chemical Properties

An inter-annual comparison of the chemical properties in the 0–20 cm soil layer
was conducted (Table 1). The contents of soil organic matter, total nitrogen, available
phosphorus, and available potassium ranged from 8.60 g·kg−1 to 18.72 g·kg−1, from
0.21 g·kg−1 to 0.79 g·kg−1, from 8.09 mg·kg−1 to 47.05 mg·kg−1, and from 90 mg·kg−1 to
322 mg·kg−1, respectively. Total nitrogen content decreased by 64% from 2007 to 2012, and
increased by 24.1% from 2012 to 2020. The C/N ratio decreased after reaching its maximum
in 2012. The soil pH was maintained in the neutral to alkaline range.
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Table 1. Changes in 0–20 cm soil layer chemical properties in 2007, 2012, 2018, and 2020.

pH
SOM TN AP AK

C/N
(g·kg−1) (g·kg−1) (mg·kg−1) (mg·kg−1)

2007 8.62 ± 0.02 8.60 ± 0.88 0.58 ± 0.04 8.09 ± 1.04 90 ± 8 9
2012 7.08 ± 0.01 10.71 ± 1.02 0.21 ± 0.05 47.05 ± 3.25 322 ± 11 30
2018 7.31 ± 0.02 16.33 ± 1.33 0.52 ± 0.05 34.11 ± 2.99 229 ± 18 18
2020 7.58 ± 0.01 18.72 ± 1.21 0.73 ± 0.14 17.62 ± 0.92 260 ± 16 14

Note: Means and standard deviation are shown for n = 36. SOM, soil organic matter; TN, total nitrogen; AP,
available phosphorus; AK, available potassium; C/N, carbon nitrogen ratio. The same is below.

3.3. Effects of Irrigation and Nitrogen Application on Soil Nutrients

In the 0–40 cm soil layer, soil organic matter content ranged from 5.82 g·kg−1 to
19.40 g·kg−1, with the maximum of 19.40 g·kg−1 under W3N2 treatment, and it decreased
with the increase in soil depth. Total nitrogen content ranged from 0.25 g·kg−1 to 1.25 g·kg−1,
with a maximum of 1.25 g·kg−1 under W1N3 treatment. Irrigation and nitrogen ap-
plication, and their interaction, had extremely significant effects on soil total nitrogen.
Ammonia-nitrogen content ranged from 4.44 mg·kg−1 to 6.17 mg·kg−1, with a maximum of
6.17 mg·kg−1 under the W1N3 treatment. Nitrate-nitrogen content ranged from 3.62 mg·kg−1

to 37.15 mg·kg−1, with a maximum of 37.15 mg·kg−1 under the W1N3 treatment. Irriga-
tion, and nitrogen application, and their interaction, had extremely significant effects on
this. Available phosphorus content ranged from 4.00 mg·kg−1 to 26.54 mg·kg−1, with a
maximum of 26.54 mg·kg−1 under the W1N0 treatment; available potassium content ranged
from 153 mg·kg−1 to 306 mg·kg−1, with the maximum of 306 mg·kg−1 under the W2N0
treatment (Table 2).

Irrigation had a significant influence on the total nitrogen, available phosphorus,
available potassium, and nitrate-nitrogen contents of the soil. Soil total nitrogen content
decreased with an increase in water content (Figure 3), and it reached a maximum value
of 0.86 g·kg−1 under W1 conditions, which was 1.6 times that of W3 (0.51 g·kg−1). With
an increase in water content, soil available phosphorus content first decreased, and then
rose. It reached a maximum of 19.98 mg·kg−1 under W1 conditions, and it decreased by
19% under W2 (16.25 mg·kg−1). They reached a maximum of 272 and 25.09 mg·kg−1,
respectively, under W2 (60%). These values were 1.2 and 1.3 times those at W1 (240 and
20.54 mg·kg−1).

The nitrogen application rate had significant effects on the contents of total nitrogen,
available phosphorus, available potassium, and nitrate-nitrogen in the soil (Figure 4). With
an increase in the nitrogen application rate, the total nitrogen and nitrate-nitrogen contents
of the soil rose under the N3 condition, and their maximum values were 1.02 g·kg−1

and 35.79 mg·kg−1, which were 1.9 and 6.4 times higher than those under N0 treatment
(0.53 g·kg−1 and 5.74 mg·kg−1). Soil available phosphorus content presented a declining
trend with an increase in nitrogen application amount, and it reached the maximum value of
23.1 mg·kg−1 at N0, which was increased by 71% compared with that at N3 (13.5 mg·kg−1).
Soil available potassium content showed a downward trend with an increase in nitrogen
application, and it reached the maximum value of 283 mg·kg−1 at N0, which was 1.37 times
that at N3 (206 mg·kg−1).

3.4. Correlation between Soil Nutrients under Different Nitrogen Application and
Irrigation Conditions

The correlation analysis indicated that a good correlation existed between the soil
nutrients in stands under the influence of nitrogen application and irrigation. The soil could
supply fertilizer and adapt to adversity up to a certain point. Soil nutrients did not play
independent roles, but they jointly promoted the improvement of the soil environment and
fertility. Under different nitrogen application and irrigation conditions, soil total nitrogen
had a very significant negative correlation with available potassium, a significant negative



Forests 2022, 13, 1046 7 of 14

correlation with available phosphorus, and a very significant (p < 0.01) positive correlation
with soil organic matter, ammonia-nitrogen, and nitrate-nitrogen (Table 3).

Table 2. Effects of soil water content and nitrogen application rates on soil nutrients in Populus
tomentosa stands (2020).

Depth SWC NAR SOM TN AP AK NH4
+-N NO3−-N

(cm) (%) (g·kg−1) (g·kg−1) (mg·kg−1) (mg·kg−1) (mg·kg−1) (mg·kg−1)

W1 N0 14.38 ± 1.14 0.64 ± 0.04 efg 26.54 ± 1.82 a 269 ± 14 b 5.18 ± 0.85 4.32 ± 0.17 f
N1 17.37 ± 2.37 0.73 ± 0.02 cde 18.99 ± 2.08 bc 254 ± 7 bc 5.75 ± 0.21 16.64 ± 1.29 e
N2 18.79 ± 0.27 0.80 ± 0.04 c 18.22 ± 4.16 cd 250 ± 13 bc 5.82 ± 1.34 24.06 ± 2.01 bc
N3 18.32 ± 1.87 1.25 ± 0.12 a 16.16 ± 1.80 cde 186 ± 10 e 6.17 ± 2.31 37.15 ± 3.38 a

0–20 W2 N0 12.90 ± 0.72 0.60 ± 0.03 fg 22.88 ± 3.43 ab 306 ± 12 b 4.84 ± 0.11 6.90 ± 0.09 f
N1 17.75 ± 2.03 0.65 ± 0.09 def 15.74 ± 0.20 cde 284 ± 8 b 5.10 ± 0.54 25.41 ± 0.96 b
N2 12.86 ± 1.10 0.75 ± 0.03 cd 14.48 ± 0.76 de 268 ± 9 b 5.45 ± 0.91 33.41 ± 2.44 a
N3 18.57 ± 0.83 1.09 ± 0.07 b 11.90 ± 1.13 e 230 ± 17 cd 5.55 ± 0.28 34.65 ± 2.05 a

W3 N0 11.37 ± 0.15 0.36 ± 0.05 i 19.88 ± 3.94 bc 274 ± 14 b 4.88 ± 0.44 5.99 ± 0.14 f
N1 18.20 ± 4.18 0.46 ± 0.03 h 18.14 ± 1.07 cd 265 ± 14 cd 4.94 ± 0.49 20.07 ± 0.90 d
N2 19.40 ± 0.73 0.55 ± 0.03 g 16.05 ± 1.72 cde 226 ± 18 b 5.14 ± 0.08 21.48 ± 1.00 cd
N3 16.03 ± 0.61 0.71 ± 0.04 cde 12.52 ± 0.71 e 203 ± 11 de 5.44 ± 0.37 35.58 ± 1.90 a

SWC ns ** * * ns *
NAR ns ** ** ** * **

SWC×NAR ns ** ** ** ns **
W1 N0 9.99 ± 0.24 0.37 ± 0.13 abc 8.81 ± 1.37 cd 154 ± 8 fg 4.54 ± 0.66 3.62 ± 0.36 g

N1 8.54 ± 0.34 0.40 ± 0.14 abc 9.01 ± 1.78 cd 162 ± 4 ef 4.68 ± 0.27 13.32 ± 1.31 f
N2 6.13 ± 0.16 0.46 ± 0.06 abc 14.30 ± 2.45 a 153 ± 6 fg 5.42 ± 0.86 27.24 ± 0.85 c
N3 9.25 ± 1.20 0.55 ± 0.06 a 13.52 ± 2.20 ab 202 ± 10 c 5.51 ± 0.13 32.8 ± 0.58 b

20–40 W2 N0 5.82 ± 0.57 0.27 ± 0.03 d 8.89 ± 0.30 cd 164 ± 11 ef 4.50 ± 0.17 5.84 ± 0.49 g
N1 7.88 ± 2.09 0.37 ± 0.13 abc 4.00 ± 0.12 e 241 ± 11 b 4.73 ± 0.58 22.52 ± 0.70 d
N2 9.87 ± 1.45 0.38 ± 0.05 abc 11.61 ± 3.48 abc 171 ± 3 de 4.79 ± 0.31 29.48 ± 2.19 b
N3 12.19 ± 0.52 0.41 ± 0.09 abc 7.48 ± 1.30 d 273 ± 6 a 4.96 ± 0.40 28.25 ± 0.60 b

W3 N0 11.97 ± 0.15 0.25 ± 0.07 d 8.60 ± 0.87 cd 146 ± 7 g 4.44 ± 1.09 5.53 ± 0.58 g
N1 9.04 ± 1.25 0.27 ± 0.12 d 8.69 ± 2.24 cd 177 ± 5 d 4.60 ± 0.08 17.61 ± 1.41 e
N2 6.93 ± 0.68 0.33 ± 0.13 cd 10.71 ± 1.04 bcd 162 ± 2 ef 4.64 ± 0.14 16.08 ± 3.32 e
N3 9.07 ± 0.76 0.53 ± 0.07 ab 8.37 ± 1.04 cd 159 ± 6 ef 4.66 ± 0.35 35.69 ± 2.17 a

SWC ns ** * * ns *
NAR ns ** ** ** * **

SWC×NAR ns ** ** ** ns **

Note: The digital form is the mean ± standard deviation, n = 36. SWC and NAR are soil water content and
nitrogen application rate, respectively. Irrigation was divided into three gradient levels, which account for 45%,
60%, and 75% (W1, W2, and W3) of the field water holding capacity. Based on pure nitrogen, four levels of
nitrogen application were set, which were 0.0, 101.6, 203.2, and 304.8 kg·hm−2 (N0, N1, N2, and N3). Different
letters indicate significant differences among the various soil water content and nitrogen fertilization treatments,
as assessed by Duncan’s Multiple Range Test at p < 0.05. * and ** indicate significant differences at p < 0.05 and
p < 0.01, respectively; ns, not significant. The same is below.

Table 3. Correlation analysis of soil chemical properties in Populus tomentosa stands under different
nitrogen application rates and irrigation conditions.

N = 36 SOM TN AP AK NH4
+-N NO3−-N

SOM 1 0.431 * −0.424 * −0.539 * 0.471 * 0.500 *
TN 1 −0.419 * −0.631 * 0.691 * 0.844 **
AP 1 0.567 * −0.365 −0.891 **
AK 1 −0.700 * −0.699 *

NH4
+-N 1 0.635 *

NO3
−-N 1

Note: SOM, soil organic matter; TN, total nitrogen; AP, available phosphorus; AK, available potassium; * and **
indicate significant differences at p < 0.05 and p < 0.01, respectively.
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Figure 3. Effects of different field capacities on soil nutrient content in Populus tomentosa forestland.

Figure 4. Effects of different nitrogen application rates on soil nutrient content in Populus tomentosa
forestland.



Forests 2022, 13, 1046 9 of 14

4. Discussion
4.1. Effects on Interannual Variation of Soil Chemical Properties

Organic matter, nitrogen, phosphorus, and potassium, as the major physicochemical
properties of soil, play vital roles in forest soil fertility [35]. In this study, the ranges of
DBH, tree height, individual volume, and stand volume were 5.80–25.25 cm, 6.10–16.47 m,
0.01–0.37 m3, and 11.76–481.47 m3·hm−2, respectively. The growth rate of DBH and tree
height slowed down from 2012 to 2020, and soil total nitrogen decreased sharply in 2012.
Allen showed that nutrient demand depends on the stand development stage, and it is
generally the greatest during canopy closure; our result was confirmed to some extent [36].
We applied nitrogen at an amount of approximately 140 kg·hm−2·yr−1, and the total
nitrogen ranged from 0.21 g·kg−1 to 0.79 g·kg−1, gradually increasing after 2012. In the
previous study, we measured the average nitrogen concentration of Populus tomentosa to be
8.89 g·kg−1 [37], and the forest biomass can be estimated according to the model proposed
by Zhou [38]. By calculation, the amount of nitrogen fixation in the forest land in this
study was approximately 70 kg·hm−2·yr−1. Lodhiyal et al. found that the nitrogen uptake
of a 1–4 year-old poplar plantation was 151–174 kg·hm−2·yr−1 [39]. According to Cole’s
compilation of global data, he surmised an average annual uptake for broadleaved stands
is 95 kg of nitrogen [40]. Poplar plantations can rapidly accumulate nutrients in biomass at
a young age, and the nitrogen concentrations in various tissues and organs of the stand
will gradually decrease with age [40]. In addition, the inability to accurately calculate leaf
biomass is one of the reasons for the low estimation of nitrogen uptake. Alain Berthelot
found that in northwest France, about 60–80% of nutrient uptake returns to the soil each
year through litterfall [41]. Of course, some phenomena, such as internal transfer and
atmospheric deposits, have not been dealt with here.

The organic matter content ranged from 5.82 g·kg−1 to 19.40 g·kg−1 in 2007–2020,
which was 233% higher than that before afforestation. During the growth of trees, the
stands gradually began to become closed canopy, and organic matter began to accumulate.
The C/N ratio decreased after reaching its maximum in 2012, possibly due to the increased
total nitrogen content and decomposition of organic matter. Research has pointed out that
the organic matter content of 4-year-old plantations of Pinus tabulaeformis and Bupleurum
chinense was 15.52 g·kg−1 in Xiaolongshan Mountain region, Gansu province, China [42].
Mishra, U. showed that the mean SOC stock change in the forestation of cropland in the
current study was +26.8% [43]. However, A. Schipper et al. demonstrated that in an alpine
meadow with a high content of original organic matter, after phosphate fertilizer was
applied for 20 years, the decomposition rate of organic matter was accelerated, and the
organic carbon content decreased [44].

Available phosphorus ranged from 8.09 mg·kg−1 to 47.05 mg·kg−1, and showed a
decreasing trend from 2012. Yang et al. also found that phosphorus concentration of the
soil decreased over time in degraded subtropical broadleaved mixed forests [45]. Under
normal circumstances, the availability of phosphorus reaches its highest level when the soil
pH is close to neutral, and the soil pH in the experimental site decreased from 8.62 to 7.08,
which became closer to the acid–base condition of soil with high available phosphorus.
The total nitrogen content in the soil of the forest land increased every year, and so P and K
absorption by the root system would be promoted. The available phosphorus content of the
soil decreased with time, which might have also depended on the interactions among P, Fe,
and Al [46,47]. Equally, according to Shi et al., there is a significant depletion of available
phosphorus in soils after forestation on grassland and cropland with N-fixing species [48].

The available potassium content remained at a high level, which might be due to the
difference in litter return. A high potassium demand and the small amount of potassium
returned to the soil through litter, may lead to a decrease in the available potassium content
of soil. Tan et al. studied potassium content in Larix principis-rupprechtii forests of different
ages, and found that with the increase of forest age, the potassium content first decreased
and then increased [49].
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4.2. Effects of Irrigation on Soil Nutrients

In this study, the results showed that irrigation and nitrogen application significantly
affected the total nitrogen, available phosphorus, available potassium, and nitrate-nitrogen
contents. Some studies have shown that the soil water conditions significantly impact the
absorption, leaching, and loss of nutrients [50,51]. The fertilizer utilization rate is directly
proportional to the water supply when the soil water supply conditions are within a certain
range, and the fertilizer efficiency decreases when the water content exceeds a certain
limit. In 2020, we found that the total nitrogen content decreased, and the nitrate-nitrogen
ranged from 20.54 to 25.09 mg·kg−1 with an increase in irrigation amount, reaching a
maximum under W2 conditions. Huang et al. also showed that nitrate concentration in
soil solution decreased with an increase in the amount of irrigation, and that it increased
significantly with an increase in the amount of nitrogen application, especially when the
seasonal nitrogen application was higher than 190 kg N·ha−1 [52]. The research showed that
nitrogen leaching was directly proportional to the supply of water. Zhou found that when
the soil water supply exceeded 300 mm, the nitrogen use efficiency began to decline. [53].
The total nitrogen level decreased rapidly with an increase in irrigation amount, which
might be due to the fact that irrigation promoted the growth of stands which then absorbed
more nitrogen. N. Shen. et al. found that with an increase in the amount of irrigation, the
nitrogen absorbed by the shallow roots (0–40 cm) increased, and nitrate-nitrogen levels
migrated downward [54]. The peak in NO3

−–N under W2 conditions might be because
NO3

−–N was continuously absorbed and utilized by roots, and this caused the moisture in
the lower soil layer to carry NO3

− upward.
We found that available phosphorus ranged from 16.25 to 19.98 mg·kg−1 with an

increase in soil water content. Miller et al. investigated soil phosphorus forms in Hawaiian
forests in the tropical monsoon forest region, and they showed that the total phosphorus
content of the soil decreased with an increase in precipitation [55]. The soil phosphorus
content is closely related to the composition and size of soil particles. The higher the content
of clay and silt, the higher the soil phosphorus content [56]. Previous studies have shown
that inorganic phosphorus content is negatively correlated with soil moisture; because
soil moisture is highly positively correlated with microbial activity, while soil dryness and
lack of water lead to microbial death, which results in phosphorus being released from
microbial biomass into the soil [57,58]. In addition, an increase in irrigation can inevitably
promote the growth of Populus tomentosa and the absorption of soil nutrients. Thus, the
growth and absorption of vegetation in the forest are also factors affecting the available
phosphorus content of the soil.

With an increase in irrigation, available potassium ranged from 240 mg·kg−1 to
272 mg·kg−1, showing a trend of first rising and then falling; Li Meng and Liu Hui obtained
similar research results [59,60]. Under the condition of low irrigation, the ability of plants
to absorb available potassium from the soil was weak. Dobermann et al. found that soluble
Fe2+ and Mn2+ in solution in the soil can replace exchangeable potassium in a clay complex
under waterlogged conditions, and the exchangeable potassium can be maintained at a
relatively high level in irrigated rice systems of Asia [61].

4.3. Effects of Nitrogen Application on Soil Nutrients

Nitrogen fertilization may affect soil chemical characteristics and nutrient distribution.
The study showed a significant correlation between organic matter and total nitrogen
content. Pathak and Reddy observed a significant positive correlation between soil organic
carbon and TN in three land-use patterns at all depths [62]. We found that the contents of
total nitrogen and nitrate-nitrogen in the soil increased significantly with the increase in
nitrogen application rate, and that the total nitrogen content was positively correlated with
nitrate-nitrogen. This finding was consistent with the research result of Huang et al. on
the Huang–Huai–Hai Plain [52]. However, C. Somerset al. argued that nitrate-nitrogen
accumulated significantly when the urea concentration was 300 kg·ha−1, while ammonia-
nitrogen accumulated most significantly when the urea concentration was 1000 kg·ha−1 [63].
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This result may be due to the inhibition of NO3
− formation by high concentration urea,

which led to the accumulation of NO2
−, followed by an increase in NH4

+ caused by NO2
−

denitrification [64].
The contents of available phosphorus and available potassium in soil showed a down-

ward trend with increasing nitrogen rates. Lu et al. reached a similar conclusion in
a verification of Alfalfa absorbing soil nutrients [65]. A reasonable amount of nitrogen
fertilizer can promote the absorption of phosphorus and potassium by plants.

The growth state of Populus tomentosa can be reflected by the transformations of nutri-
ents. Unfortunately, we were unable to determine the leaf and root biomass in this plot,
which limits the accurate calculation of nitrogen absorption. It deserves to be further stud-
ied, and we suggest that the relationship between nutrients and roots of Populus tomentosa,
the relationship between nutrients and microorganisms, and the relationship between
soluble nutrients and aboveground biomass should be selected as study topics.

5. Conclusions

Under long-term water and fertilizer management, the DBH, tree height, individual
volume, and volume all increased significantly. Soil pH changed from alkaline to neutral,
which helped to improve the availability of nutrients. Soil organic matter, total nitrogen,
nitrate-nitrogen, and available potassium increased rapidly, while available phosphorus
decreased gradually from 2012. The effects of irrigation and nitrogen application rates, and
their interaction, on total nitrogen, available phosphorus, available potassium, and nitrate-
nitrogen levels in the soil were significant. With an increase in the amount of irrigation, soil
total nitrogen content decreased; soil nitrate-nitrogen and soil available potassium reached
a maximum at W2; and soil available phosphorus content reached a maximum at W1. With
an increase in nitrogen application rate, the contents of total nitrogen and nitrate-nitrogen
in the soil rose significantly, while the contents of available phosphorus and available
potassium decreased. Through long-term monitoring, we found that optimizing irrigation
and nitrogen application systems can effectively improve soil fertility. However, attention
should be paid to the decrease of available phosphorus in the soil after canopy closure. We
found that irrigation and fertilizer management should be conducted to achieve a field
water holding capacity above 60% and that a nitrogen application rate of 203.2 kg·hm−2

was optimal for saving water, maintaining soil fertility, and optimizing soil nitrogen supply.
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