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Abstract: Elemental stoichiometry reflects the interaction between plants, soil, and microorganisms,
and links biogeochemical patterns with physiological limitations. The stoichiometry of elements in
farmland soil is an important part of the function of the agroecosystem. Soil nitrogen (N), phosphorus
(P), and potassium (K) are the main macronutrients in terrestrial ecosystems, which are closely
related to biogeochemical cycles. Studying the temporal and spatial variability of soil nutrients in
tropical farmland is of great significance for exploring the variation of soil nutrients and promoting
the sustainable development of tropical agriculture. In this study, soil samples in the farmland of
Hainan Island were collected at three different stages for exploring temporal and spatial variations
of N, P, and K stoichiometry. Results showed that soil concentrations of available N, P, and K
changed markedly with the temporal and spatial variability. The highest available N, P, and K
concentrations appeared at the stage of 20162020 with values of 110.40 mg/kg, 51.91 mg/kg, and
82.76 mg/kg, respectively, while their lowest values were observed in 2010-2015 with 66.34 mg/kg,
11.27 mg/kg, and 45.77 mg/kg, respectively. The available nitrogen content in the three time periods
first increased and then decreased with the increase of available potassium content, an opposite trend
was observed between available nitrogen and phosphorus. The content of N increased in Haikou,
Lingao, Ding’an, and P increased in Wengchang, and Lingshui and K increased in Danzhou and
Wanning as time increased.

Keywords: Hainan Island; soli nutrient; spatial-temporal variability; stoichiometry

1. Introduction

Stoichiometry provides a framework approach to understanding the function of ecosys-
tems and the balance of elements [1]. The development and suitability of plants largely
depend on the availability of mineral elements in the soil [2]. Nitrogen (N), phosphorus (P),
and potassium (K) as important mineral elements are one of the core focuses of ecosystem
ecology [3-5].

They also directly affect soil microbial dynamics, soil organic carbon, and the long-
term accumulation of soil nutrients [6-8]. After carbon, nitrogen is the element most
needed by crops because it is a component of protein, chlorophyll, and many metabolic
reactions [9]. At the same time, phosphorus and potassium are very important for the
growth and physiological response of plants in low-fertility soils [10]. There are many
studies on the stoichiometry of nitrogen and phosphorus in terrestrial ecosystems, but some
studies show that potassium is more correlated with the stoichiometry of different plant
ecotypes than nitrogen or phosphorus [11,12]. However, potassium, as the third important
element for plant production after nitrogen and phosphorus, has many important roles
in terrestrial biogeochemical cycles that have been neglected [13]. Moreover, the current
reports on potassium are relatively lacking, and most of them focus on the research of plant
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leaves [14,15]. Therefore, this study will study the stoichiometry of potassium in addition
to nitrogen and phosphorus, in order to provide more comprehensive information on the
stoichiometry of macronutrient elements.

In agricultural systems, the natural biogeochemical cycle can be supplemented by
adding ready-made inorganic fertilizers [8]. Human activities may cause imbalances in
nutrient interaction and even change the nutrient cycle [16,17]. Additionally, the quantity
and supply capacity of farmland soil nutrients are of great significance to human nutrition
acquisition and the global biogeochemical cycle [18]. Therefore, it is very meaningful
to study the characteristics of stoichiometry in farmland soil. However, at present, most
studies on stoichiometry focus on plant leaves, mainly involving different succession stages,
different community types, and different intervention methods, among which the most
extensive studies have focused on the stoichiometric characteristics of N, P, and N/P in
plant leaves [14,15]. The study of soil stoichiometry is of great significance for analyzing
the stability of the ecosystem, the limitation of soil nutrients, and the strategy of plant
adaptation to the environment [19]. The stoichiometry of soil N, P, and K can not only
reflect the fertility status of the soil, but its ratio is an important indicator of the soil organic
matter composition, soil quality status, and nutrient supply capacity, as well as the index
of soil N and P mineralization and fixation [20]. Through the change law of the ratio
of soil N, P, and K can not only effectively provide theoretical guidance for soil nutrient
management but also help determine the response of element changes in the ecosystem to
global environmental changes and the N cycle process [21]. Considering the importance of
soil stoichiometry research, this research focuses on the analysis of macronutrient elements
such as available nitrogen, phosphorus, and potassium in farmland soils in Hainan Island.

Although some studies have gradually applied ecological stoichiometry to crop soils
in recent years, these studies have mainly focused on the effects of different fertilization
methods [22,23], different environmental stresses [24], and different growth stages [25]
on the ecological stoichiometry of crops. There is a lack of research on farmland soil
stoichiometry that includes both temporal and spatial variation. The spatial variability
of soil properties is not only an important content of soil science research but also an
important aspect of sustainable land management [26]. Moreover, a detailed understand-
ing of the spatial variability of soil is the basis for the realization of refined agricultural
management [27]. The precision agriculture advocated by people now uses information
technology to achieve efficient management of agriculture based on the temporal and
spatial differences of farmland including soil nutrients [28]. Therefore, precise temporal
and spatial differences in farmland are of great significance to the realization of precision
agriculture. Moreover, the spatial distribution of soil nutrients in cultivated land is the basis
for improving the productivity of cropland [29]. In addition, the high spatial heterogeneity
of soil nutrients, coupled with the limitation of observation, causes great uncertainty in
the study of spatial variation of soil nutrients stoichiometry [30]. Therefore, the study of
soil spatial variability will always be the focus of the study of soil properties. It is very
important to study the temporal variability of elements in the soil because temporal analysis
helps to fully explain the functions of the soil [31,32]. Therefore, the study of temporal
and spatial variation of farmland soil nutrient stoichiometry is helpful to understand the
controlling factors of soil nutrient stoichiometry on a larger scale. In the study of soil
spatial-temporal variability, it has been shown that the temporal and spatial distribution of
soil moisture is affected by many factors such as precipitation, vegetation coverage, and
soil properties [33,34]. However, the research on the temporal and spatial variability of soil
stoichiometry is relatively lacking. Therefore, this study aims to deepen the understanding
of the temporal and spatial variation of farmland soil stoichiometry through the analysis of
N, P, and K stoichiometry in farmland soil of Hainan Island, and contribute to a deeper
analysis under a larger ecological background. The study was of great significance for
exploring the variation of soil nutrients and promoting the sustainable development of
tropical agriculture. Our hypotheses are: (1) there are differences in the element content
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of N, P, and K under different time and space conditions; (2) the relationship and spatial
variation law of available N, P, and K are similar in different time periods.

2. Method
2.1. Study Site

Hainan Island is located at the southernmost tip of China (108°37'-111°03' E, 18°10’-
20°10" N) with a land area of 33,920 square kilometers. The region has a tropical monsoon
climate, with an average annual rainfall of 1600-2500 mm and an annual average temper-
ature of 23-25 °C [35]. The main soil types of Hainan Island include ferrisols, ferralsols,
alfisols, cambosols, andosols, anthrosols, halosols, and entisols [36].

Because the terrain of Hainan Island is medium-high and low-period, regardless of
soil-forming conditions or soil distribution, it gradually changes to the surroundings with
the central and southern mountains as the center. The soil distribution is extremely affected
by topography. The soil of the whole island is distributed into several concentric circles,
which are distributed in sequence around the central mountains: the outermost circle is the
coastal sandy soil distributed around the modern coastal terraces of the whole island, and
its altitude is only within 1 m; the outer ring is a zonal soil-brick red soil, which is mainly
distributed on terraces, terraces, and hills below 350 m (or 400 m) above sea level. The soil
zone in the northern part of the island is wider, and the soil zone in the southern part of the
island is narrower. The mountains in the south-central part of the island are yellow soil,
with an altitude of more than 400 m [37].

2.2. Sample Collection and Determination

The geographical locations of the sample points were located by GPS. The longitude
and latitude were recorded in detail. From 2006 to 2020, soil samples were collected
annually, and a total of 5877 soil samples were collected. The distribution of sampling sites
took into account the land use of Hainan Island. At each sampling site, the surface soil
of 020 cm was selected to collect five separate farmland soil samples, and then the five
separate soil samples were fully mixed and 1 kg soil samples were selected according to
the quartering method for testing.

The air-dried soil samples were passed through 2 mm sieves and then the sieved soil
samples were mixed uniformly and put into a zip lock bag. The soil available nitrogen was
determined by the alkaline hydrolysis distillation method. Soil available P was measured by
the colorimetric method after hydrochloric acid-ammonium fluoride extraction. Available
K was determined using flame photometry after ammonium acetate extraction [38,39].

2.3. Data Analysis

We used the average values of elements in the three time periods from 2006 to 2010,
2011 to 2015, and 2016 to 2020 to represent the element concentrations in these time periods.
We also made a significant comparison of different element concentrations in different time
periods. At the level of p < 0.05, the concentration of N, P, and K in three time periods was
analyzed by one-way analysis of variance (ANOVA), and Tukey’s multiple comparison
method was used to test the significance of the difference. The density histogram was used
to study the frequency and the range of data. To improve normality of distributions, the
data of the content N, P, and K and the ratio of the N, P, and K were log10-transformed
(Figures 3 and 4) for the permutation test, but shown in untransformed values for easier
understanding in our article. The element concentration was converted to Ln, and then the
quadratic regression analysis was performed. The density histogram was used to study
the influence of different time periods on the content of farmland soil N, P, and K. All the
figures were generated using EXCEL 2016 or SPSS 25.0. The spatial distribution map of
available nitrogen, phosphorus, and potassium is made using ArcMap 10.2.
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3. Result
3.1. Variation of Stoichiometry of N, P, and K with Time

Here, we measured the stoichiometric ratio of N, P, and K (Figure 1) for all years. The
content of available nitrogen, phosphorus, and potassium all showed an increasing trend
after 2015. No obvious trend is observed between N/P and N/K in each year, and further
analysis and verification are needed. P/K also showed an increasing trend since 2015. We
also measured available macronutrient (N, P, K) contents in the cropland of Hainan Island
from 2006 to 2020 and classified them every five years (2006-2010, 2011-2015, 2016-2020).
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Figure 1. Annual N, P, and K stoichiometry and ratios. The solid black circles indicate the average
value for that year and the lines indicate the value of SE. SE is derived based on the annual data
volume of N, P, and K. The content of available nitrogen (A) at all years. The content of available
phosphorus (B) at all years. The content of available potassium (C) at all years. The stoichiometric
ratio of N and P (D) at all years. The stoichiometric ratio of N and K (E) at all years. The stoichiometric
ratio of P and K (F) at all years.

The variation of the stoichiometric properties of N, P, and K with time is shown in
Figure 1. The available nitrogen was 75.93 mg/kg, 66.34 mg/kg, and 110.40 mg/kg at
different stages of 2006-2010, 2011-2015, and 2016-2020, respectively (Figure 2A). The
available phosphorus was 27.28 mg/kg, 11.27 mg/kg, and 51.91 mg/kg at different stages
of 20062010, 20112015, and 2016-2020, respectively (Figure 2B). The available potas-
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sium was 64.88 mg/kg, 45.77 mg/kg, and 82.76 mg/kg at different stages of 2006-2010,
2011-2015, and 2016-2020, respectively (Figure 2C). Additionally, the concentrations of
available nitrogen, phosphorus, and potassium at different stages presented a similar
trend with the significant higher nutrient element concentration in 2016-2020 than that
in the other two stages, and the significantly lowest element concentration occurred in
2011-2015 (Figure 2A-C). However, the ratio between N, P, and K did not work that way.
No significant differences were found in N/P across the three time stages (Figure 2D).
N/K showed a different pattern, which was significantly the largest in 20162020 (2.33)
(Figure 2E). The average value of P/K in 2006-2010, 2011-2015, and 20162020 were 0.6,
0.3, and 1.3, respectively. Moreover, the P/K in 2016-2020 was significantly highest, and
the P/K in 2010-2015 was significantly lowest.
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Figure 2. The stoichiometric ratio of N, P, and K at different stages. The blue open cycles represent
the concentration of elements in 2006-2010, the gray open squares represent the concentration of
the in 20112015, the red open triangles represent the N, P, and K concentration in 2016-2020. The
black dots represent the average value of N, P, and K concentrations in this time period. Line bars
show the value of SE. Letters above the line bars show the results of Tukey tests. Slopes with the
same letters are not significantly different, while those with different letters are significantly different.
The content of available nitrogen (A) at different stages. The content of available phosphorus (B) at
different stages. The content of available potassium (C) at different stages. The stoichiometric ratio
of N and P (D) at different stages. The stoichiometric ratio of N and K (E) at different stages. The
stoichiometric ratio of P and K (F) at different stages.
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Available nitrogen, phosphorus, and potassium all vary greatly in the three time
spans. Available nitrogen ranged from 10.9 mg/kg to 505.7 mg/kg, from 6.3 mg/kg to
432.2 mg/kg, and from 1.1 mg/kg to 440.7 mg/kg for 2006-2010, 2011-2015, and 2016-2020,
respectively (Figure 3A-C); available phosphorus from 0.3 mg/kg to 593.9 mg/kg, from
0.2 mg/kg to 372 mg/kg, and from 0.1 mg/kg to 676 mg/kg, respectively (Figure 3D-F);
available potassium from 3 mg/kg to 700 mg/kg, from 3 mg/kg to 360 mg/kg, and from
1 mg/kg to 627 mg/kg, respectively (Figure 3G-I); the ratio of nitrogen to phosphorus from
0.1 mg/kg to 274.09 mg/kg, from 0.066 mg/kg to 835 mg/kg, and from 0.0073 mg/kg to
3706 mg/kg, respectively (Figure 4A-C); the ratio of nitrogen to potassium from 0.15 mg/kg
to 10.15 mg/kg, from 0.039 mg/kg to 24.33 mg/kg, and from 0.02 mg/kg to 25.1 mg/kg,
respectively (Figure 4D-F); the ratio of phosphorus to potassium from 0.002 mg/kg to
15.85 mg/kg, from 0.006 mg/kg to 11.04 mg/kg, and from 0.0006 mg/kg to 104.9 mg/kg,
respectively (Figure 4G-I).

3.2. Spatial Variation of Available N, P, and K Stoichiometry

The available nitrogen content of Hainan Island was less than 30 mg/kg in the part of
Lingao during the period of 2006-2010 (Figure 5A). During the period of 2006-2010, the
available nitrogen content in some areas of Danzhou, Haikou, Chengmai, Ding’an, and
Baoting ranged from 30 to 60 mg/kg. In 20062010, the available nitrogen content in parts of
Changjiang, Ledong, and Wanning was 120-150 mg/kg. The areas with available nitrogen
content greater than 150 mg/kg were mainly Baisha, Qiongzhong, Wuzhishan, and Baoting.
In the remaining areas, the available nitrogen content was in the range of 60-90 mg/kg
and 90-120 mg/kg, except for Dongfang City, where the available nitrogen content was
90-120 mg/kg. During the period of 2011-2015, the regions with available nitrogen content
below 30 mg/kg included Dongfang, Ledong, and Danzhou, and the regions with an avail-
able nitrogen content of 30-60 mg/kg included Dongfang, Ledong, Danzhou, Tunchang,
Baisha, Qiongzhong, Wuzhishan, Baoting, Lingshui, Qionghai, Chengmai, Wenchang, and
Changjiang, and the regions with an available nitrogen content of 90-120 mg/kg included
Lingao, Danzhou, Qiongzhong, Wanning, Qionghai, Tunchang, and Ding’an, Haikou,
and the areas with an available nitrogen content of 120-150 mg/kg were mainly parts of
Qiongzhong. The available nitrogen content in the remaining areas was 60-90 mg/kg.
From 2016 to 2020, the area with 30-60 mg/kg, 60-90 mg/kg, and 90-120 mg/kg available
nitrogen in farmland soil of Hainan Island were Danzhou, Baisha, and Changjiang, and the
area with 90-120 mg/kg and 120-150 mg/kg available nitrogen was Tunchang and Baoting.
The areas containing 60-90 mg/kg, 90-120 mg/kg, and 120-150 mg/kg were Wenchang,
Dingan, Linggao, Chengmai, Qionghai, Wanning, Wuzhishan, Dongfang, and Ledong. The
areas containing 90-120 mg/kg, 120-150 mg/kg, and >150 mg/kg were Haikou, Qionghai,
Qiongzhong, and Sanya.



Agriculture 2022, 12, 39

7 of 16

250

o] Mean =4.14 2001 Mean =4.02 Mean =4 55
Std. Dev, =0 583 Std. Dev, -0.62 Std. Dev_=0 586
N=372 2269 N=1173
B M
200
— 150
Kb
40 / _
A
g rzr 2 3 150 Z
c o =
o @ @
E ES | 3
& 30 =100 H
o o 2
w — w w
— 100+
20 )
50
504
107
o T T T T T T T T o f T T
200 400 500 500 700 100 300 400 500 5.00 7.00 200 400 500
available N (2006-2010) available N (2011-2015) available N {2016-2020)
200 Mean =2.13 300 Mean =1.59 1007 Mean =302
Std. Dey, =1 469 Std. Doy, =1108 Std. Dey =1 573
N=1 243 N N=2269 N=1A78
M 1 60 r
150 _ i J
| 200 / N
y 3 3 6o i H
2 H c - H il I
] @ 2N @
: : :
@ 100 @ @
o o @
™ w w
Il 40
i 100
504
% | qu{d]
o T T T T T T o T T T S
E 000 250 500 750 200 200 400 500 2! 000 250 500 750
available P (2006-2010) available P (2011-2015) available P (2016-2020)
2007 - 2507 Wean =3 60 1507 'l Wean =4 08
St v 767 Std. Dev, =0 658 Std Dev, =0 84
N=1,943 - N=2270 N=1i78
1 200-{ [
1501 1 B
-1 -
o M 100 X‘
Iy 3150 Iy M
e — 3‘ 2 = l 2
o = @ 1 @
S E E
o Ly o a
o ] o
£ raTE A £ £
_ 100
50
e 7
0 T T T T T o T T 0 T T
300 400 500 600 7.00 1.00 3.00 400 500 500 200 an0 50
available K (2006-2010) available K (2011-2015) available K (2016-2020)

Figure 3. The density histogram of available nitrogen (A) for the 2006-2010 time period. The density
histogram of available nitrogen (B) for the 20112015 time period. The density histogram of available
nitrogen (C) for the 20162020 time period. The density histogram of available phosphorus (D) for
the 20062010 time period. The density histogram of available phosphorus (E) for the 2011-2015
time period. The density histogram of available phosphorus (F) for the 20162020 time period. The
density histogram of available potassium (G) for the 2006-2010 time period. The density histogram of
available potassium (H) for the 2011-2015 time period. The density histogram of available potassium
(I) for the 2016-2020 time period.
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Figure 4. The density histogram of the ratio of N and P (A) for the 20062010 time period. The density
histogram of the ratio of N and P (B) for the 2011-2015 time period. The density histogram of the
ratio of N and P (C) for the 20162020 time period. The density histogram of the ratio of N and K (D)
for the 2006-2010 time period. The density histogram of the ratio of N and K (E) for the 2011-2015
time period. The density histogram of the ratio of N and K (F) for the 2016-2020 time period. The
density histogram of the ratio of P and K (G) for the 2006-2010 time period. The density histogram of
the ratio of P and K (H) for the 2011-2015 time period. The density histogram of the ratio of P and K
(I) for the 2016-2020 time period.
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Figure 5. The spatial distribution of each indicator available nitrogen (A) at different stages. The spa-
tial distribution of each indicator available phosphorus (B) at different stages. The spatial distribution
of each indicator is available potassium (C) at different stages.

Figure 5B showed the spatial distribution characteristics of available phosphorus
content in Hainan Province. The content of available phosphorus in the middle of Lingao,
the west of Haikou, the east of Chengmai, parts of Sanya, the southwest of Qionghai, and
the border area of Tunchang and Ding‘an during 2006-2010 was more than 40 mg/kg.
In 2006-2010, the content of available phosphorus was 20-40 mg/kg in the southern
of Ledong and Dongfang, the western of Baisha, the central part of Qiongzhong, the
northeastern of Qiongha, Sanya, Wenchang, and the northern of Haikou the Sanya, and in
Dongfang, Ledong, northern Baisha, the central of Danzhou and Tunchang and Ding’an
was 10-20 mg/kg, in northern Changjiang, northwest and east Danzhou, southern Haikou,
and central Hainan was 5-10 mg/kg, while the content of available phosphorus in northern
Danzhou, northwest Wenchang, and southern Lingshui was extremely low, less than
3 mg/kg. From 2011 to 2015, the content of available phosphorus in Danzhou was extremely
high, both greater than 20 mg/kg, and even higher than 40 mg/kg in the central part of
Danzhou. the content of available phosphorus was 10-20 mg/kg in Dongfang, Baisha,
Qiongzhong, Baoting, Ledong, Chengmai, and part of Wenchang. The content of available
P in Tunchang, Baisha, Qionghai, Ding’an, Baoting, and Sanya was less than 3 mg/kg, and
in other areas of Hainan Island was 10-20 mg/kg. In 2016-2020, except for Chengmai,
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Haikou, Ding’an, and Danzhou, the available phosphorus content in the soil of Hainan
Province was greater than 40 mg/kg.

In 20062010, the content of available potassium in farmland soil of Hainan Island
was higher in the southwest and lower in the east. Specifically, the soil available potas-
sium content in southern Lingao, southern Danzhou, southwestern Chengmai, southern
Haikou and Wenchang, and most areas of Ding’an were all less than 30 mg/kg. In western
Danzhou, Baisha, Qiongzhong, Wanning, and Qionghai, soil available potassium content
was 30-50 mg/kg. Soil available potassium content was 50-100 mg/kg in northern Wen-
chang, Haikou, Changjiang, Dongfang, Ledong, Sanya, and Lingshui, and 100-150 mg/kg
in Haikou, Wuzhishan, Baoting, Sanya, and some parts of Lingshui. In 20102015, the
content of available potassium was between 100 and 150 mg/kg in Ledong and parts of
Dongfang, in Dongfang, Ledong, Lingshui, Qiongzhong, Danzhou, Haikou, and parts of
Wenchang were 50-100 mg/kg, and less than 30 mg/kg in other regions. In 2016-2020,
the content of available potassium in the soil of Haikou, Chengmai, Dongfang, and the
northwest of Ledong was 150-200 mg/kg, and in eastern Ledong, Wuzhishan, Baoting,
Lingshui, Tunchang was 100-150 mg/kg, and in Wenchang, Wanning, Qiongzhong, Baisha,
Danzhou, and Sanya was 50-100 mg/kg (Figure 5C).

3.3. The Relationship of Available Nitrogen, Phosphorus, and Potassium on Time Scale

The available N, P, and K showed different relationships at different stages. The
concentration of available nitrogen decreased first and then increased with the increase
of available phosphorus concentration during 20062010, 2011-2015, and 2016 to 2020
(Figure 6A-C). During the period from 2006 to 2010, the content of available phosphorus
increased significantly with the increase of available potassium content in the agricultural
soil of Hainan Island (Figure 6D). In 2011-2015, the content of available P decreased first
and then increased with the increase of available potassium content. When the content of
available potassium was 2.3 mg/kg, the content of available P was 1.27 mg/kg at the lowest
(Figure 6E). When the concentration of available potassium was less than 3.13 mg/kg, the
concentration of available phosphorus from 2016 to 2020 decreased increased significantly
with the increase of available potassium concentration; while when the available potas-
sium concentration was greater than 3.13 mg/kg, the available phosphorus concentration
increased significantly with the increase of available potassium concentration (Figure 6F).
The available nitrogen concentration showed a trend of first increasing and then decreasing
trend with the increase of the available potassium concentration in the three time periods
of 20062010, 20112015, and 2016-2020 (Figure 6G-I).
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Figure 6. The relationship between available nitrogen and available phosphorus (A) for the 2006—
2010 time period. The relationship between available nitrogen and available phosphorus (B) for
the 2011-2015 time period. The relationship between available nitrogen and available phosphorus
(C) for the 20162020 time period. The relationship between available phosphorus and available
potassium (D) for the 2006-2010 time period. The relationship between available phosphorus and
available potassium (E) for the 2011-2015 time period. The relationship between available phosphorus
and available potassium (F) for the 2016-2020 time period. The relationship between available
nitrogen and available potassium (G) for the 2006-2010 time period. The relationship between
available nitrogen and available potassium (H) for the 2011-2015 time period. The relationship
between available nitrogen and available potassium (I) for the 20162020 time period. The gray open
circles represent the element concentration, and the broken lines represent the relationship between
the elements.

4. Discussion

The significance of this research is to provide support for better evaluation of soil
fertility, the guidance of nutrient management, and understanding of the biological earth
cycle through the study of the temporal and spatial variability of available N, P, and
K stoichiometry in farmland soil. It is of great significance to study the temporal and
spatial variation characteristics of available nitrogen, phosphorus, and potassium content
in soil for exploring nutrient cycles and ecological environment change in soil circle,
rational utilization of soil resources, and improvement of the ecological environment [40].
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Understanding the distribution of soil nutrients and their influencing factors is of great
significance to fertilizer management and environmental protection [41].

The average values of available N (84.22 mg/kg = 6.02 mmol/kg) and P (30.15 mg/kg
= 0.97 mmol/kg) concentrations in farmland soils in Hainan Island during the period
2006-2020 were lower than the average N (94.4 mmol/kg) and P (14.9 mmol/kg) concentra-
tions in global farmland soils [22]. This was due to the influence of environmental factors
in terrestrial ecosystems such as climate, parent material, topography, soil properties, vege-
tation types, human activities, etc., resulting in large spatial heterogeneity of soil nutrients
and their stoichiometric characteristics at regional and global scales [42]. According to the
Chinese soil nutrient classification standard, available nitrogen and available potassium in
the study area are at medium level, and available phosphorus was at high levels. Shang-
guan mentioned in his study entitled “A China Data Set of Soil Properties for Land Surface
Modeling” that the available nitrogen, phosphorus, and potassium contents of surface
soil in China ranged from 9.8-648 mg/kg, 0.9-16.5 mg/kg, and 21.9-703.8 mg/kg, respec-
tively [43]. It can be seen that the content of available nitrogen and available potassium in
the farmland soil of Hainan Island were both within this range, but the content of available
phosphorus was higher than that of the topsoil in China.

Our research results showed that the available N, P, and K contents in farmland soil of
Hainan Island were the highest during 20162020 and the lowest during 2010-2015. Since
the 1980s, the soil nitrogen and phosphorus content have increased significantly [29]. Our
results also showed that the concentration of nitrogen and phosphorus in the 2016-2020
time period was significantly higher than the other two time periods. Paradoxically, the
concentration of N, P, and K during the period 2006-2010 was significantly higher than
the concentration of N, P, and K during the period 2011-2015. This may be related to the
amount of fertilizer applied at different stages. The changes in nitrogen, phosphorus, and
potassium content in farmland soil were closely related to fertilization [44]. On the other
hand, the concentrations of nitrogen, phosphorus, and potassium in soil showed different
rules in different time periods, which may be related to continuous cropping in farmland
soil. Some scholars have shown that continuous cropping will cause an imbalance of soil
elements [45,46].

Studies have shown that the N:P ratio of surface soil has increased significantly from
the 1980 s (2.9) to 2000 s (3.5) [47,48]. However, in our research, the N/P of farmland soil
in Hainan Island showed no significant difference in the three time periods of 2006-2010,
2011-2015, and 2016-2020. This was diametrically opposed to the results of studies before
2000. It was not true for N/K, which showed a gradually increasing trend. The ratio of
P and K also reached its maximum value in 2016-2020. Phosphorus and potassium are
mainly controlled by the weathering rate of the parent material [49,50]. Therefore, the
difference in the ratio between different elements at different stages may be related to the
weathering rate of parent materials at different stages.

Studying the temporal and spatial variability of soil nutrients in tropical farmland was
of great significance for promoting the sustainable development of tropical agriculture [29].
The spatial heterogeneity of soil was a kind of soil characteristic widely existing in soil
aggregates [51], soil nutrients [52], and soil moisture [53]. Many studies have shown that
soil organic carbon, soil moisture, and other indicators were different in spatial distribu-
tion [54,55]. This study mainly discussed the spatial variability of soil nutrients. Due to
various natural and man-made factors, soil nitrogen, phosphorus, and potassium were
unevenly distributed in space [41]. The available nitrogen, phosphorus, and potassium
contents of Ding‘an, Haikou, Wuzhishan, Changjiang, Dongfang, Ledong, Sanya, and
Lingshui in the study area are all within the range of previous research results [56-59].
No matter what time period in Wenchang and Haikou, farmland soil P and K content
were higher. This was similar to the results of the second soil survey on farmland soil
in Hainan Island. The results showed that soil available N, P, and K contents changed
in different degrees in different time periods. The spatial variability of soil elements is
determined by both internal and external factors. The temporal and spatial differences
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of soil element content were not only related to the different soil parent materials, soil
types, vegetation cover, and land-use patterns in this region, but also closely related to
the content of initial soil elements, generally speaking, the higher the content of initial soil
elements, the faster the loss of nutrient elements [54]. Studies have shown that soil parent
material is the main factor affecting the spatial distribution pattern of soil phosphorus and
potassium [41]. The spatial distribution of available nutrients is also dependent on temporal
variability. With the increase of years, the available nitrogen content in Haikou showed
an increasing trend, the available phosphorus content showed an increasing trend in the
south of Wenchang, and the available potassium in Tunchang and the southeast of Haikou
showed an increasing trend. The temporal and spatial variability of soil nutrients could
also be caused by topographic factors, which have a strong relation with soil nutrients [60],
thereby affecting nutrient stoichiometry. At the same time, it may also be closely related to
the different types of vegetation in farmland soils [61] in different regions of Hainan Island.
Wau et al. (2016) believed that vegetation type was the dominant controlling factor of soil
nitrogen. Furthermore, available nitrogen, phosphorus, and potassium were the most easily
absorbed nutrients by plants, so they were greatly affected by plant growth [41]. Therefore,
the different types of vegetation in different regions will lead to different absorption of
available N, P, and K by plants, which in turn will affect the content of N, P, and K in
the regional soil. One of the most important factors affecting the content of elements in
the soil of different regions was the different ways of using land by humans in different
regions [18], and the application of fertilizers was a very important aspect. Studies have
shown that human land use will significantly increase the potassium content of the soil [18].
The changes in soil nutrient content in recent years were closely related to the application of
chemical fertilizers, and the uneven distribution of soil nutrient content was a reflection of
the application of fertilizers in the study area [29]. Therefore, fertilization planning can be
carried out according to the spatial and temporal distribution of soil nutrients to maintain
the balance of soil nutrient content.

Many studies have shown that there was a relation between soil N, P, and K and many
soil properties. For example, studies have pointed out that there was a positive relationship
between soil organic matter and soil nitrogen, phosphorus, and potassium nutrients [62]
and soil available N, P, and K had significant positive effects on the contents of N, P, and K
in potato tubers [63]. Moreover, Mousumi et al. showed that there was a close relationship
between soil nitrogen, phosphorus, and potassium and soil organic carbon [64]. This study
found that there was also a relation between soil nitrogen, phosphorus, and potassium itself.
Moreover, the relationship between soil available phosphorus and potassium in different
time periods was not the same. However, available N and P, and available N and K have
the same relationship in different time stages. In their research, Oimahmad et al. showed
that there was a strong relationship between elements such as nitrogen, phosphorus, and
potassium in the soil of the mining area [65]. This study further showed that there was also
a relation between the available nitrogen, phosphorus, and potassium content of farmland
soil, which was the same as the findings in the soil in mining areas.

5. Conclusions

The content of available nitrogen, phosphorus, and potassium in farmland soils in
Hainan Island showed different patterns of temporal and spatial variation. The content
of available N, P, and K showed the same pattern of variation over time, which was the
highest in the 20162020 time period and the lowest in the 20102015 time period. There is
no significant difference in N/P in different time stages, while the maximum values of N/K
and P/K both appeared in the 2016-2020 time period. In the 2006-2010, 2011-2015, and
20162020 stages, the available nitrogen content first decreased and then increased with the
increase of the available phosphorus content, while the available phosphorus content in
the 2011-2015 and 2016-2020 periods decreased firstly and then increased with the increase
of the available potassium content. The available nitrogen content in the three time periods
first increased and then decreased with the increase of available potassium content. There
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are similar trends in the spatial distribution of available nitrogen, available phosphorus,
and potassium at different times. The content of N increased in Haikou, Lingao, and
Ding’an, and P increased in Wengchang and Lingshui and K increased in Danzhou, and
Wanning as time increased. Combining tropical crop types and soil nutrient status, our
research will focus on crop nutrient management and fertilization regulation in the future.

Author Contributions: G.F. designed the research. C.J. conceived and designed the research and
wrote the manuscript. H.L. performed the main experimental work. Z.C. and Q.L. performed the
data analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the earmarked fund for China Agriculture Research System
(CARS-33-ZP2) and the National Key R&D Program of China (2020YFD1000600).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors are grateful to China Rubber Research Institute for providing
the data.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Yang,S,; Shi, Z.Y.; Zhang, M.H.; Li, Y.; Gao, ] K.; Wang, X.G. Stoichiometry of Carbon, Nitrogen and Phosphorus in Shrub Organs
Linked Closely with Mycorrhizal Strategy in Northern China. Front. Plant Sci. 2021, 12, 687347. [CrossRef] [PubMed]

2. Poschenrieder, C.; Busoms, S.; Barcelo, J. How Plants Handle Trivalent (+3) Elements. Int. . Mol. Sci. 2019, 20, 3984. [CrossRef]
[PubMed]

3. Van de Waal, D.B,; Elser, ].J.; Martiny, A.C.; Sterner, RW.; Cotner, ].B. Editorial: Progress in Ecological Stoichiometry. Front.
Microbiol. 2018. [CrossRef]

4. Sadaf, J.; Shah, G.A.; Shahzad, K.; Ali, N.; Shahid, M.; Ali, S.; Hussain, R.A.; Ahmed, Z.1; Traore, B.I; Ismail, M.I. Improvements
in wheat productivity and soil quality can accomplish by co-application of biochars and chemical fertilizers. Sci. Total Environ.
2017, 6, 715-724. [CrossRef] [PubMed]

5. Li, Z.; Schneider, R.L.; Morreale, S.J.; Xie, Y.; Li, C.; Li, ]. Woody organic amendments for retaining soil water, improving soil
properties and enhancing plant growth in desertified soils of Ningxia, China. Geoderma 2018, 310, 143-152. [CrossRef]

6.  Zechmeister-Boltenstern, S.; Keiblinger, K.M.; Mooshammer, M. The application of ecological stoichiometry to plant-microbial-soil
organic matter transformations. Ecol. Monogr. 2015, 85, 133-155. [CrossRef]

7. Zhao, F; Kang, D.; Han, X. Soil stoichiometry and carbon storage in long-term afforestation soil affected by understory vegetation
diversity. Ecol. Eng. 2015, 74, 415-422. [CrossRef]

8.  Griffiths, B.S.; Spilles, A.; Bonkowski, M. C: N: P stoichiometry and nutrient limitation of the soil microbial biomass in a grazed
grassland site under ex perimental Plimitation or excess. Ecol. Processes 2012, 1, 1-11.

9. Li, Z; Zhao, B.; Olk, D.C,; Jia, Z.; Mao, ].; Cai, Y.; Zhang, J. Contributions of residue-C and -N to plant growth and soil organic
matter pools under planted and unplanted conditions. Soil Biol. Biochem. 2018, 120, 91-104. [CrossRef]

10. Wang, R.; Yao, Z.; Lei, Y. Modeling of soil available phosphorus surplus in an intensive wheat-maize rotation production area of
the North China Plain. Agric. Ecosyst. Environ. 2019, 269, 22-29. [CrossRef]

11. Rivas-Ubach, A.; Sardans, J.; Pérez-Trujillo, M.; Estiarte, M.; Pefiuelas, ]J. Strong relationship between elemental sotichiometry and
metabolome in plants. Proc. Natl. Acad. Sci. USA 2012, 109, 4181-4186. [CrossRef]

12. Sardans, J.; Pefiuelas, J. Climate and taxonomy underlie different elemental concentrations and stoichiometries of forest species:
The optimum“biogeochemical niche”. Plant Ecol. 2014, 215, 441-455. [CrossRef] [PubMed]

13. Sardans, J.; Pefiuelas, J. Potassium: A neglected nutrient in global change. Glob. Ecol. Biogeogr. 2015, 24, 261-275. [CrossRef]

14. Ren,SJ.; Yu, G.R; Tao, B.; Wang, S.Q. Leaf Nitrogen and Phosphorus Stoichiometry Across 654 Terrestrial Plant Species in NSTEC.
Environ. Sci. 2007, 28, 2665-2673.

15.  Yin, X.R; Liang, C.Z.; Wang, L.X.; Wang, W.; Liu, Z.L.; Liu, X.P. Ecological stoichiometry of plant nutrients at different restoration
succession stages in typical steppe of Inner Mongolia, China. Chinese . Plant Ecol. 2010, 1, 39-47.

16. Williamson, T.]J.; Cross, W.F.; Benstead, ].P.; Gislason, G.M.; Hood, ].M.; Huryn, A.D.; Johnson, PW.; Welter, J.R. Warming alters
coupled carbon and nutrient cycles in experimental streams. Glob. Chang. Biol. 2016, 22, 2152-2164. [CrossRef]

17.  Tian, LM.; Zhao, L.; Wu, X.D.; Fang, H.B.; Zhao, Y.H.; Hu, G.J.; Yue, G.Y.; Sheng, Y.; Wu, ].C.; Chen, J.; et al. Soil moisture and

texture primarily control the soil nutrient stoichiometry across the Tibetan grassland. Sci. Total Environ. 2018, 622, 192-202.
[CrossRef]


http://doi.org/10.3389/fpls.2021.687347
http://www.ncbi.nlm.nih.gov/pubmed/34557207
http://doi.org/10.3390/ijms20163984
http://www.ncbi.nlm.nih.gov/pubmed/31426275
http://doi.org/10.3389/fmicb.2018.01957
http://doi.org/10.1016/j.scitotenv.2017.06.178
http://www.ncbi.nlm.nih.gov/pubmed/28711001
http://doi.org/10.1016/j.geoderma.2017.09.009
http://doi.org/10.1890/14-0777.1
http://doi.org/10.1016/j.ecoleng.2014.11.010
http://doi.org/10.1016/j.soilbio.2018.02.005
http://doi.org/10.1016/j.agee.2018.09.023
http://doi.org/10.1073/pnas.1116092109
http://doi.org/10.1007/s11258-014-0314-2
http://www.ncbi.nlm.nih.gov/pubmed/25983614
http://doi.org/10.1111/geb.12259
http://doi.org/10.1111/gcb.13205
http://doi.org/10.1016/j.scitotenv.2017.11.331

Agriculture 2022, 12, 39 15 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Wang, W.; Sardans, J.; Zeng, C.; Zhong, C.; Li, Y.; Pefiuelas, J. Responses of soil nutrient concentrations and stoichiometry to
different human land uses in a subtropical tidal wetland. Geoderma 2014, 232, 459-470. [CrossRef]

Zhang, H.D.; Ru, H.L,; Jiao, F;; Xue, C.; Guo, M. C, N, P, K Stoichiometric Characteristic of Leaves, Root and Soil in Different
Abandoned Years in Loess Plateau. Environ. Sci. 2016, 37, 1128-1138.

Dise, N.B.; Matzner, E.; Forsius, M. Evaluation of organic horizon C: N ratio as an indicator of nitrate leaching in conifer forests
across Europe. J. Environ. Pollut. 1998, 102, 453-456. [CrossRef]

Qin, J.; Kong, H.Y,; Liu, H. Stoichiometric characteristics of soil C, N, P and K in different Pinus massonianaforests. |. Northwest.
Univ. 2016, 44, 68-82.

Gong, L.; Li, HL.; Liu, Y.T.; An, S.Q. Effects of nitrogen and phosphorus fertilizers on carbon, nitrogen, and phosphorus
stoichiometry of oasis cotton in the upper reaches of Tarim River, Xinjiang, China. Acta Ecol. Sin. 2017, 37, 7689-7697.

Wang, EK.; Xue, K.; Fu, W.G. Effects of soil nitrogen and phosphorus contents on ecological stoichiometry of wheat leaf. Chin. J.
Eco-Agric. 2019, 27, 60-71.

Wu, H.Y,; Wang, Y.; Zhao, TH.; Tian, R.R.; Zhang, M.; Sun, M.Y. Elevated ozone affects N and P ecological stoichiometry of
soybean. Ecol. Environ. Sci. 2019, 28, 299-306.

Luo, Y;; Gong, L.; Li, Y.M. Stoichiometry characteristics of root, stem and leaf of maize in different growth stages in the upper
reaches of the Tarim River. Res. Soil Water Conserv. 2018, 25, 112-119.

Song, G.X.; Zhang, J.; Wang, K. Selection of Optimal Auxiliary Soil Nutrient Variables for Cokriging Interpolation. PLoS ONE
2014, 9, €99695. [CrossRef] [PubMed]

Zhao, C.J.; Xue, X.Z.; Wang, X.; Chen, L.P; Pan, Y.C.; Meng, Z.J. Advance and prospects of precision agriculture technology
system. Trans. CSAE 2003, 19, 7-12.

Gemtos, T.; Fountas, S.; Tagarakis, A.; Liakos, V. Precision Agriculture Application in Fruit Crops: Experience in Handpicked.
Fruits. Proc. Technol. 2013, 8, 324-332. [CrossRef]

Wang, D.F,; Wei, Z.Y.; Qi, Z.P. Research on the degradation of tropical arable land soil: Part II the distribution of soil nutrients
in Eastern part of Hainan Island. In Proceedings of the 3rd International Conference on Photonics and Image in Agriculture
Engineering (PIAGENG), Sanya, China, 27-28 January 2013; SPIE: Bellingham, WA, USA, 2013; Volume 8762.

Chen, Y.L.; Chen, L.Y;; Peng, Y.E; Ding, ].Z,; Li, F,; Yang, G.B.; Kou, D.; Liu, L.; Fang, K.; Zhang, B.B.; et al. Linking microbial C: N:
P stoichiometry to microbial community and abiotic factors along a 3500-km grassland transect on the Tibetan Plateau. Glob. Ecol.
Biogeogr. 2016, 25, 1416-1427. [CrossRef]

Lauber, C.L.; Ramirez, K.S.; Aanderud, Z.; Lennon, J.; Fierer, N. Temporal variability in soil microbial communities across land-use
types. ISME ]. 2013, 7, 1641-1650. [CrossRef]

Wang, H.; Yang, S.H.; Yang, ].P; Lv, Y.; Zhao, X.; Pang, J.L. Temporal changes in soil bacterial and archaeal communities with
different fertilizers in tea orchards. J. Zhejiang Univ. Sci. 2014, 15, 953-965. [CrossRef] [PubMed]

Sprenger, M.; Tetzlaff, D.; Buttle, J.; Carey, S.K.; McNamara, J.P.; Laudon, H.; Shatilla, N.J.; Soulsby, C. Storage, mixing, and
fluxes of water in the critical zone across northern environments inferred by stable isotopes of soil water. Hydrol. Processes 2018,
32, 1720-1737. [CrossRef]

Zhang, B.B.; Xu, Q.; Gao, D.; Jiang, C.; Liu, E; Jiang, J.; Ma, Y. Higher soil capacity of intercepting heavy rainfall in mixed stands
than in pure stands in riparian forests. Sci. Total Environ. 2019, 658, 1514-1522. [CrossRef] [PubMed]

Jiang, W.; Hou, Q.Y,; Yang, Z.F; Yu, T.; Zhong, C.; Yang, Y.; Fu, Y.R. Annual input fluxes of heavy metals in agricultural soil of
Hainan Island, China. Environ. Sci. Pollut. Res. 2014, 21, 7876-7885. [CrossRef]

Soil System Classification Research Group of Nanjing Institute of Soil Research; Chinese Academy of Sciences. Classification of Soil
System in China (Amendment Scheme); China Agricultural Science and Technology Press: Beijing, China, 1995; pp. 5-23.

Hainan History Net. Section 1 Land Resources. Available online: http://www.hnszw.org.cn/data/news/2009/07/44585/
(accessed on 16 July 2009).

Shen, R.P; Sun, B.; Zhao, Q.G. Spatial and temporal variability of N, P and K balances for agro-ecosystems in China. Pedosphere
2005, 15, 347-355.

Lu, RK.; Shi, Z.Y.; Shi, ].P. Evaluation of farmland nutrient balance in 6 provinces in southern China Price and dynamic change
studies. Agric. Sci. China 2000, 33, 63-67.

Gou, L.H,; Sun, Z.D.; Nie, L.S.; Luo, PP; Wu, ].G.; Xu, W.D. Vertical distribution patterns of nitrogen, phosphorus, and potassium
in Chinese pine forest soils developed from different parent materials in Songshan Mountain Nature Reserve, Beijing of China.
Chin. J. Appl. Ecol. 2013, 24, 961-966.

Gao, X.S.; Xiao, Y.; Deng, L.J.; Li, Q.Q.; Wang, C.Q.; Li, B.; Deng, O.P.; Zeng, M. Spatial variability of soil total nitrogen, phosphorus
and potassium in Renshou County of Sichuan Basin, China. J. Integr. Agric. 2019, 18, 279-289. [CrossRef]

Tian, L.M.; Zhao, L.; Wu, X.D.; Fang, H.B.; Zhao, Y.H.; Yue, G.Y;; Liu, G.M.; Chen, H. Vertical patterns and controls of soil nutrients
in alpine grassland: Implications for nutrient uptake. Sci. Total Environ. 2017, 607, 855-864. [CrossRef]

Shangguan, W.; Dai, Y.J.; Liu, B.Y,; Zhu, A.X,; Duan, Q.Y.; Wu, L.Z,; Ji, D.Y,; Ye, A.Z.; Yuan, H.; Zhang, Q.; et al. A China data set
of soil properties for land surface modeling. J. Adv. Model. 2013, 5, 212-224. [CrossRef]

Li, Y; Wu, J; Liu, S,; Shen, J.; Huang, D.; Su, Y.; Wei, W,; Syers, J. Is the C: N: P stoichiometry in soil and soil microbial biomass
related to the landscape and land use in southern subtropical China? Glob. Biogeochem. Cycles 2012, 26, GB4002. [CrossRef]


http://doi.org/10.1016/j.geoderma.2014.06.004
http://doi.org/10.1016/S0269-7491(98)80068-7
http://doi.org/10.1371/journal.pone.0099695
http://www.ncbi.nlm.nih.gov/pubmed/24927129
http://doi.org/10.1016/j.protcy.2013.11.043
http://doi.org/10.1111/geb.12500
http://doi.org/10.1038/ismej.2013.50
http://doi.org/10.1631/jzus.B1400114
http://www.ncbi.nlm.nih.gov/pubmed/25367788
http://doi.org/10.1002/hyp.13135
http://doi.org/10.1016/j.scitotenv.2018.12.171
http://www.ncbi.nlm.nih.gov/pubmed/30678009
http://doi.org/10.1007/s11356-014-2679-0
http://www.hnszw.org.cn/data/news/2009/07/44585/
http://doi.org/10.1016/S2095-3119(18)62069-6
http://doi.org/10.1016/j.scitotenv.2017.07.080
http://doi.org/10.1002/jame.20026
http://doi.org/10.1029/2012GB004399

Agriculture 2022, 12, 39 16 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

Jian, Z.Y.; Wang, W.Q.; You, PJ. Analysis of Element Content in Soil for Continuous Cropping Panax Notoginseng. Mod. Chin.
Med. 2009, 11, 10-11.

Liu, D.H.; Wang, L.; Cui, X.M.; Guo, L.P; Jin, H.; Zhu, X.Y.; Yang, Y. Study on dynamic change law of N, P and K in Panax
notoginseng plant soils with different interval year. Chin. J. Chin. Materia Medica 2014, 39, 572-579.

Yang, Y.H.; Fang, ].Y.; Ji, C.J.; Datta, A.; Li, P.; Ma, WH.; Mohammat, A.; Shen, H.H.; Hu, H.E;; Knapp, B.O.; et al. Stoichiometric
shifts in surface soils over broad geographic scales: Evidence from China’s grasslands. Glob. Ecol. Biogeogr. 2014, 23, 947-955.
[CrossRef]

Yue, K.; Fornara, D.A ; Yang, W.Q.; Peng, Y.; Li, Z.].; Wu, EZ.; Peng, C.H. Effects of three global change drivers on terrestrial C: N:
P stoichiometry: A global synthesis. Glob. Chang. Biol. 2017, 23, 2450-2463. [CrossRef] [PubMed]

Goll, D.S. Coupled cycling of carbon, nitrogen, and phosphorus. In Soil Phosphorus; Lal, R., Stewart, B.A., Eds.; CRC Press: Boca
Raton, FL, USA; Taylor & Francis Group: Boca Raton, FL, USA, 2016; pp. 43—-64.

Augusto, L.; Achat, D.L.; Jonard, M.; Vidal, D.; Ringeval, B. Soil parent material—A major driver of plant nutrient limitations in
terrestrial ecosystems. Glob. Chang. Biol. 2017, 23, 3808-3824. [CrossRef]

Liu, J.L.; Zhang, L.L.; Fu, Q.; Ren, G.Q.; Liu, L.; Yu, P,; Tan, S.Y. Spatial variability of soil particle-size distribution heterogeneity in
farmland. Trans. ASABE 2018, 61, 591-601. [CrossRef]

Liu, C.; Song, X.X.; Wang, L.; Wang, D.L.; Zhou, X.M.; Liu, J.; Lin, H.]J. Effects of grazing on soil nitrogen spatial heterogeneity
depend on herbivore assemblage and pre-grazing plant diversity. |. Appl. Ecol. 2016, 53, 242-250. [CrossRef]

Yang, Y.; Dou, Y.X.; Liu, D.; An, S.S. Spatial pattern and heterogeneity of soil moisture along a transect in a small catchment on
the Loess Plateau. J. Hydrol. 2017, 550, 466-477. [CrossRef]

Liang, E.R.; Wang, X.B.; Cai, D.X; Liu, S.; Wang, Y. Spatial autocorrelation analysis on soil organic carbon distribution in Henan
Province. J. Appl. Ecol. 2007, 18, 1305-1310.

Kim, D. Incorporation of multi-scale spatial autocorrelation in soil moisture-landscape modeling. Phys. Geogr. 2013, 34, 441-455.
[CrossRef]

Yang, A.F.; Wang, T.Z.; Tang, S.M. Spatial Variation of Soil Main Nutrients on Arable Land in Ding’an County. Chin. ]. Trop. Crop.
2007, 1, 44-50.

Fang, Y.; Zhang, D.M. Soil Nutrient Survey and Evaluation of Farmland in Haikou. Chin. . Trop. Agric. 2020, 9, 20-23.

He, C.C.; Feng, H.D.; Wei, Z.Y.; Hou, X.W.; Chen, Y.Y. Investigation of Current Situation of Fertilization and Analysis of Soil
Nutrients of Mango Orchard in Hainan Island. Chin. |. Trop. Crop. 2018, 12, 2336-2348.

Wang, H.; Feng, H.D.; Wang, R.X.; Wang, T.Z.; Wang, D.F. The Investigation and Evaluation of Soil Nutrients of Arable Land in
Wuzhishan City. Chin. J. Trop. Agric. 2017, 1, 21-25.

Weintraub, S.R.; Taylor, P.G.; Porder, S.; Cleveland, C.C.; Asner, G.P.; Townsend, A.R. Topographic controls on soil nitrogen
availability in a lowland tropical forest. Ecology 2015, 96, 1561-1574. [CrossRef]

Wu, X.D.; Zhao, L.; Fang, H.B.; Zhao, Y.G.; Smoak, ] M.; Pang, Q.Q.; Ding, Y.J. Environmental controls on soil organic carbon
and nitrogen stocks in the high-altitude arid western Qinghai-Tibetan Plateau permafrost region. J. Geophys. Res. Biogeosci. 2016,
121, 176-187. [CrossRef]

Rezaei, S.A.; Gilkes, R.J. The effects of landscape attributes and plant community on soil chemical properties in rangelands.
Geoderma 2005, 125, 167-176. [CrossRef]

Rodney, L.G.; Rintaro, K.; Tsutomu, S.; Daigo, A.; Jiwan, P.P.; Masayuki, T. Available Soil Nutrients and NPK Application Impacts
on Yield, Quality, and Nutrient Composition of Potatoes Growing during the Main Season in Japan. Am. J. Potato Res. 2020,
12,234-245.

Mousumi, G.; Waqar, A.; Hiteshkumar, B.V,; Duminda, N.; Vidana, G.; Prasanta, K.; Patral, A.B. Short-Term Carbon Sequestration
and Changes of Soil Organic Carbon Pools in Rice under Integrated Nutrient Management in India. Agriculture 2021, 11, 348.
Oimahmad, R.; Robert, K.; Dorota, S.].; Smolarek-Lach, ]. Vegetation and Environmental Changes on Non-Reclaimed Spoil Heaps
in Southern Poland. Biology 2020, 9, 164.


http://doi.org/10.1111/geb.12175
http://doi.org/10.1111/gcb.13569
http://www.ncbi.nlm.nih.gov/pubmed/27859966
http://doi.org/10.1111/gcb.13691
http://doi.org/10.13031/trans.12541
http://doi.org/10.1111/1365-2664.12537
http://doi.org/10.1016/j.jhydrol.2017.05.026
http://doi.org/10.1080/02723646.2013.857267
http://doi.org/10.1890/14-0834.1
http://doi.org/10.1002/2015JG003138
http://doi.org/10.1016/j.geoderma.2004.07.010

	Introduction 
	Method 
	Study Site 
	Sample Collection and Determination 
	Data Analysis 

	Result 
	Variation of Stoichiometry of N, P, and K with Time 
	Spatial Variation of Available N, P, and K Stoichiometry 
	The Relationship of Available Nitrogen, Phosphorus, and Potassium on Time Scale 

	Discussion 
	Conclusions 
	References

