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Desertification poses a permanent threat to the security of arid ecosystems.

Perennial arid vegetation plays a crucial role in maintaining the structure and

function of arid ecosystems and slowing the process of desertification by

forming “fertile islands” under the tree canopy. However, the process of

formation and development of these fertile islands remains uncertain. Here,

we explored how three typical woody plants (i.e., Populus euphratica,Haloxylon

ammodendron, and Nitraria tangutorum) in the Ebinur Lake Basin of

northwestern China differed in their soil nitrogen and phosphorus. 1)

Significant differences of organic carbon and total and available nitrogen/

phosphorus were observed in the soil among the three typical woody plant-

dominated ecosystems. Populus euphratica had significant differences of N and

P contents between the canopy and bare soils, except for ammonium nitrogen.

2) Our RDA analysis revealed that the major factors that influenced the soil

nutrient differences among the three vegetations were plant crown width, soil

water content, salinity, and pH. 3) The organic carbon content of bare soil was

significantly correlated with N and P in all the three vegetations. This study

contributes to our understanding of the factors that influence the fertile island

effect in arid ecosystems, which may contribute to soil conservation in arid

areas.
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Introduction

Soil and plants are important components of terrestrial ecosystems. The

physicochemical properties of soil affect the growth and development of plants

(Zhang et al., 2019). Plants improve the physicochemical properties of soil through

the rhizosphere (Chen et al., 2022) and litter decomposition (Jiang et al., 2020), both of

which affect each other through various feedbacks. The rhizosphere/litter decomposition-

influence mechanism is more obvious in arid regions (Mora & Lazaro. 2013; Yang et al.,

2015). Around perennial plants, due to the combined action of biological and abiotic
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processes, soil nutrients gradually flow into the canopy,

wheretheir contents are significantly higher than those outside

thecanopy, which is evidence of a nutrient-accumulation

phenomenon in the spatial distribution that is called the

‘fertile island’ effect (Chen et al., 2004). Formation of the

fertile island effect can promote the growth of plant roots

(Zhao et al., 2002) and increase the contents of nutrients and

water around plants, thereby improving their survival rates,

which is important for renewal and diffusion of plants

(Fuhlendorf et al., 2001). The fertile island effect is also the

main mechanism by which plants use nutrients and adapt to arid

and barren environments.

Scholars in China and abroad have conducted many studies

on the effects of plant fertilizer island. The formation of global

dry land fertile islands depends, to a large extent, on the local

climate, topography, soil characteristics, structure, and properties

of plant communities and soil microbial communities (Ochoa-

Hues et al., 2017). Researchers used biological and abiotic data on

a wide range of drought gradients in eastern Australia to show

that the ‘fertile island’ effect increases with increasing drought

levels(Ding and Eldridge, 2020). In a study on soil properties at

three different altitudes in the Qilian Mountains, researchers

showed that with the increase in altitude, the soil nutrition and

microbial-biomass parameters mostly decreased, and the

‘fertile island’ effect increased(Zhao and An, 2021). In

woody plants and shrub communities, such as Haloxylon

ammodendron, Tamarix ramosissima, and Populus

euphratica, the nutrient enrichment in the topsoil under the

canopies was obvious, and the ‘fertile island’ effect in the upper

soil layer was greater than that in the lower soil layer (Reynolds

et al., 1999; Chen et al., 2018; Guo et al., 2020; Bomans et al.,

2021). Researchers investigated the soil moisture, nutrient

content, and fine root density, and they found that the

interaction between plants and soil was important for the

formation and development of fertile islands and that its

influence was not only related to the soil surface but also

extended to the depth of the root contact (Cao et al., 2021).

Researchers studied the soil nutrient content and microbial

community under the canopy of a plant community in the

southeast of the Tengger Desert in northwestern China, and

they found that the bacterial community was significantly

related to the spatial heterogeneity of some of the physical

and chemical properties of the soil. The establishment of fertile

islands in a desert ecosystem formed soil bacterial

communities, which affected the soil characteristics, and the

soil was then fed back to the plants, which affected plant

growth and development (Li et al., 2021).

However, the focus of these studies is the difference in

‘fertile island’ effect in different soil depths or different scales

or differences in the fat island effect between plants. Few

researchers have focused on the effects of plants themselves

or soil conditions on the ‘fertile island’ effect. Therefore, in this

study, we analyzed the soil nutrient contents of typical woody

plants in arid areas around the Aqikesu River in the Ebinur

Lake Basin. The soil nutrient contents under the canopy and

bare soil were compared and analyzed, and the following

problems were proposed: 1) does the soil under a typical

woody plant canopy in the arid area have a ‘fertile island’

effect? 2) Are there significant differences in different plant

nutrient ‘fertile island’ effect? 3) What factors affect the ‘fertile

island’ effect?

Methods

Overview of the study area

The Ebinur Lake Wetland National Nature Reserve (79°53 ′-
85°02 ′ E and 43°38 ′-45°52 ′ N) is located in the Xinjiang Uygur

Autonomous Region. The basin has the continental climate of the

northern temperate zone. The climate varies substantially over

the four seasons. Rainfall in summer is scarce, and winter is cold

and dry. The annual average temperature is 6.6–7.8°C. The

annual maximum temperature can reach 44°C, and the

minimum temperature can reach 33°C below zero. The annual

rainfall is less than 100 mm, and the annual gale weather is

165 days (winds greater than 17 m/s). The typical soil types in the

study area are mainly gray desert soil, aeolian sandy soil,

gray–brown desert soil, meadow soil, and marsh soil, and the

soil in the hidden area is mainly saline soil (Wang et al., 2019;

Wang. 2020). The main plants in the study area are Populus

euphratica, Haloxylon ammodendron, Suaeda glauca, and

Kalidium foliatum (Yang et al., 2009).

Sample setting and sample collection

This study is drawn on the results of soil moisture and

salinity surveys in previous studies, and we set a transect

vertically along the banks of the Achixu River. The transect is

about 500 m from the river channel. In the sample belt, the study

arranged 30 × 30 m quadrats at 30 m intervals, with a total of

60 quadrats. In addition, the study arranged sample plots about

1 km away from the sample belt, and the study divided the 480 ×

600 m sample plots into 320 quadrats of 30 × 30 m. From these

320 quadrats, the study selected the quadrats according to the

chessboard interval, for a total of 80 quadrats of 30 × 30 m. The

study included a total of 140 quadrats in the transect and plot.

Plant quadrat surveys and soil sampling were carried out for each

selected quadrat. In the determined standard quadrat, the study

selected the soil sampling points by the “diagonal” sampling

method, and the study took three portions of soil (three

replicates) of 0–10 cm for each quadrat. The study used

aluminum boxes to collect the soil samples (the study weighed

the quality of the aluminum boxes in advance). After the study

completed the aluminum-box collection of the soil, the study
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numbered the numbers, immediately weighed the fresh soil, and

then brought it back to the laboratory. The study sampled each

quadrat by species for crown soil sampling (sampling as close as

possible to the root) and randomly selected three plants for each

plant (less than three plants, similar plants with the same growth

in adjacent quadrats). The study selected three to five sampling

points under the canopy and gently shoveled the uppermost layer

of litter with a small shovel when sampling. Then, soil samples

were collected at 0–10 cm depth at the identified sample sites,

and three plants were selected for each species. Finally, the

researchers mixed the soil collected under the crowns of the

three plants. After collecting the soil under the crown, the

researcher collected the bare soil of the corresponding quadrat

and put the number into a self-sealing bag. After taking the soil

samples back to the laboratory, they were naturally air-dried and

pretreated, and the corresponding indexes were measured in the

later stage.

Determination items and methods

To measure the ‘fertile island’ effect, the study measured seven

indicators of the soil function related to C, N, and P cycles: organic

carbon, total nitrogen, nitrate nitrogen, ammonium nitrogen, alkali-

hydrolyzable nitrogen, total phosphorus, and available phosphorus.

The study outlines the experimental method as Table 1.

Data processing in the study

The patch distribution pattern of the arid desert ecosystem is

strongly affected by vegetation coverage, so the study defined the

nutrient-accumulation effect as the relative difference between

the plant canopy and the bare area without plant growth

(Allington and Valone. 2014). Armas used the relative

interaction index (RII) to estimate the accumulation-effect

value of each soil index (Armas et al., 2004). The formula of

the relative interaction index (RII) is as follows:

RII � Xp −Xn

Xp +Xn
. (1)

In the aforementioned formula, X is the target variable and Xp

and Xn are the soil index values of the canopy soil and the bare

soil, respectively.

TABLE 1 Study outline of the experimental method.

Main methods of experimental indicators

Organic carbon potassium dichromate dilution heating method

Total nitrogen Kjeldahl determination

Nitrate nitrogen phenol–sulfonic acid method

Ammonium nitrogen indophenol blue colorimetric method

Total phosphorus molybdenum antimony resistance colorimetric method

Available phosphorus sodium bicarbonate molybdenum antimony colorimetric
method

Alkali-hydrolyzable nitrogen alkali n-proliferation method

TABLE 2 Difference analysis of soil nutrients under three woody plant canopies.

Nutrient species Land-use type Populus euphratica Haloxylon ammodendron Nitraria tangutorum

SOC Cover 13.06 ± 7.70Aa 6.79 ± 8.05Ab 8.77 ± 6.58Aab

CK 4.66 ± 4.02B 4.66 ± 4.02A 4.66 ± 4.02B

TN Cover 0.90 ± 0.43Ab 0.58 ± 0.46Aab 0.71 ± 0.44Aa

CK 0.36 ± 0.20B 0.36 ± 0.20B 0.36 ± 0.20B

TP Cover 0.61 ± 0.10Ab 0.66 ± 0.32Aab 0.83 ± 0.36Aa

CK 0.92 ± 0.27B 0.92 ± 0.27B 0.92 ± 0.27A

AP Cover 41.95 ± 12.97Aa 49.12 ± 24.07Aa 53.22 ± 20.69Ab

CK 30.60 ± 5.51B 30.60 ± 5.51B 30.60 ± 5.51B

NO3
−-N Cover 31.07 ± 39.03Aa 27.86 ± 26.12Aa 35.05 ± 32.73Aa

CK 5.65 ± 7.74B 5.65 ± 7.74B 5.65 ± 7.74B

NH4
+-N Cover 9.92 ± 4.30Aa 21.31 ± 56.60Aa 22.60 ± 64.42Aa

CK 9.76 ± 2.93A 9.76 ± 2.93A 9.76 ± 2.93A

AN Cover 66.43 ± 38.77Aa 107.77 ± 397.80Aa 93.52 ± 176.2Aa

CK 35.20 ± 20.39B 35.20 ± 20.39A 35.20 ± 20.39A

Note: n = 30. SOC, organic carbon; TN, total nitrogen; NO3
−-N, nitrate nitrogen; NH4

+-N, ammonium nitrogen; TP, total phosphorus; AP, available phosphorus; AN, alkali-hydrolyzable

nitrogen; Cover, sub-crown soil; CK, bare soil; AB: the difference in nutrient contents between sub-crown soil and bare soil; ab: the difference in nutrient contents between sub-crown soil of

different plants.
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The study used the average method to calculate the

nutrient accumulation effect value of each plant (Bowker

et al., 2013). The average method of calculating the formula

is as follows:

MRII � 1
F
∑

F

i�1g(ri(fi)). (2)

In the aforementioned formula, MRII represents the nutrient

accumulation effect, fi represents the accumulation effect value

of different nutrients, ri is a mathematical function that

converts fi into a positive value, g represents the

standardization of all measured values, and F represents the

number of measured nutrients.

The study used a paired t-test to analyze the differences in

soil nutrient properties between the canopy soil and bare soil

of Populus euphratica, Haloxylon ammodendron, and

Nitraria tangutorum and the analysis of variance to

analyze these differences. If the results were obvious, then

the study used the least squares difference (LSD) method to

conduct the difference test for pairwise comparison of the soil

nutrient contents in different habitats. The study used

SPSS25 (Statistical Product and Service Solutions) (IBM,

New York, NY, United States ) to complete the entire

statistical analysis and used Origin2022 and Canoco5

(Copyright Petr Šmilauer 2012-2021) to complete the

drawing.

Results and analysis

‘Fertile island’ effect of typical woody
plants

The study selected typical desert woody plants from all the plants

in the survey area: Populus euphratica,Haloxylon ammodendron, and

Nitraria tangutorum and analyzed their ‘fertile island’ effect. In

Table 2, we can see that the nutrient contents of the soil under

the Populus euphratica canopy were significantly different from those

of the bare soil, except for ammoniumnitrogen. The nutrient contents

of TN, TP, AP, and NO3
−-N in the soil under the Haloxylon

ammodendron canopy were significantly different from those in

the bare soil, while the other nutrient contents had no significant

differences. The nutrient contents of the soil organic carbon, TN, AP,

and NO3
−-N under the Nitraria tangutorum canopy were

significantly different from those in the bare soil, and there was

no significant difference in the nutrient contents. The contents of the

soil organic carbon, TN, and TP under Populus euphratica were

significantly different from those under Haloxylon ammodendron,

and the contents of the soil SOC, TN, and TP under Haloxylon

ammodendron were significantly different from those under Nitraria

tangutorum. The soil AP content under theHaloxylon ammodendron

canopy was significantly different from that under Nitraria

tangutorum. Populus euphratica had ‘fertile island’ effect on

nutrients other than NH4
+-N.

FIGURE 1
Correlation analysis of factors that influence the ‘fertile island’ effect of different nutrient contents in Populus euphratica.
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Factor analysis of fertile island effect in
typical woody plants

As shown in Figure 1, the ‘TP-fertile island’ effect of

Populus euphratica was significantly negatively correlated

with the soil salt content of the Populus euphratica canopy

(r = -0.37 and -0.38). The ‘AP-fertile island’ effect was

significantly negatively correlated with the soil water

content, pH value, and salt content (r = -0.41, -0.43, and

-0.48), and the ‘NO3
−-N-fertile island’ effect was significantly

negatively correlated with the soil pH value and salt content

(r = -0.46 and -0.49). There was no significant correlation

between the ‘fertile island’ effect and the plant crown width.

The ‘fertile island’ effect of SOC and TN was significantly

positively correlated (r = 0.83), indicating a highly consistent

accumulation process and SOC and TN in Populus euphratica.

The ‘fertile island’ effect of SOC was significantly positively

correlated with the ‘fertile island’ effect of TP, AP, and alkali-

hydrolyzable nitrogen (r = 0.43, 0.40, and 0.41), which

indicates that the accumulation of SOC affected the

accumulation processes of phosphorus and nitrogen to a

certain extent. In addition to DBH and soil salt content,

the plant crown width, height, DBH, soil water content,

pH, and salt content of Populus euphratica were

significantly positively correlated.

The ‘TP-fertile island effect’ ofHaloxylon ammodendron was

significantly positively correlated with the plant height of

Haloxylon ammodendron (r = 0.39), the ‘AP-fertile island’

effect was significantly negatively correlated with the soil

pH and salinity (r = -0.45 and -0.44), and the ‘alkali-

hydrolyzable-nitrogen fertile island’ effect was significantly

negatively correlated with the soil pH (r = -0.53). There were

no significant correlations between the ‘fertile island’ effect and

the plant crown width or other influencing factors. The ‘fertile

island’ effect of the SOC and TN was significantly positively

correlated (r = 0.90). The SOC, TN, TP, and AP-fertile island

effect of the ‘NO3
−-N-fertile island’ effect are significantly

positively correlated (r = 0.40, 0.39, 0.40, and 0.46). The

Haloxylon ammodendron crown width was significantly

positively correlated with soil pH and salinity. The height of

Haloxylon ammodendron is significantly correlated with soil

salinity. There was a significant positive correlation between

the soil water content, salt content, and pH (Figure 2).

The ‘TP-fertile island’ effect of Nitraria tangutorum was

significantly positively correlated with the crown width and

basal diameter of Nitraria tangutorum (r = 0.43 and 0.47), the

‘AP-fertile island’ effect was significantly negatively correlated

with the crown width of Nitraria tangutorum (r = -0.39), and the

‘NO3
−-N-fertile island’ effect was significantly negatively

correlated with the soil water content and pH (r = -0.44 and

FIGURE 2
Correlation analysis of influencing factors of the ‘fertile island’ effect of different nutrient contents in Haloxylon ammodendron.
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-0.47). No significant correlation was observed between the

nutrient-fertile island effect and the crown width. The ‘fertile

island’ effect of SOC and TN was significantly positively

correlated (r = 0.91). The ‘NH4
+-N-fertile island’ effect was

significantly negatively correlated with the ‘TP-fertile island’

effect (r = -0.51). The crown width was positively correlated

with the soil water content, pH, and salinity. There was a

significant positive correlation between the soil water content,

salt content, and pH (Figure 3).

Relationship between overall plant
nutrient fertile island effect and soil
physicochemical properties of bare soil

The analysis of RDA results is shown in Figure 4. The first

axis explained 53.84% of the relationship between soil

physical and chemical factors and the overall nutrient

fertile island effect of plants, and the second axis explained

84.78%. The highest correlation in the first ordination axis

was mainly soil NO3
−-N and soil water content, and the

highest correlation in the second axis was soil salt content

and AN.

This shows that for different species, the first axis mainly

reflects the changes in the overall nutrient ‘fertile island’ effect of

plants in soil nitrate nitrogen, water content, and other factors,

while the second axis mainly reflects the changes in salt content,

alkali-hydrolyzable nitrogen, and other factors. Combining the

first two axes, nitrate nitrogen, water content, salt content, and

alkali-hydrolyzable nitrogen in bare soil are all soil physical and

chemical factors that affect the overall nutrient fertile island effect

of plants. In addition, as shown in Supplementary Table S1, the

SOC content of bare soil is significantly correlated with the overall

nutrient fertile island effect of the three species (p = 0.014). This

shows that this environmental factor is the main factor affecting

the overall nutrient fertile island effect of species.

Discussion

Differences in the fertile island effect of
typical woody plants and their possible
influencing mechanisms

In this study, in addition to the TP, we found significant

differences in the contents of the SOC, TN, AP, and NO3
−-N

in the soil under the canopies and in the bare soil of typical

woody plants in arid areas, which was evidence of the ‘fertile

island’ effect in the canopy, which is consistent with the

related research (Liu et al., 2016; Cha et al., 2017). Populus

FIGURE 3
Correlation analysis of influencing factors of the ‘fertile island’ effect of different nutrient contents in Nitraria tangutorum.
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euphratica had a ‘fertile island’ effect for each nutrient, and

the contents of the soil SOC and TN under the canopy were

higher than those of Haloxylon ammodendron and Nitraria

tangutorum, which is consistent with the research results of

Guo et al. (Guo et al., 2020). However, for the other nutrients,

we found the highest soil nutrient contents under the crown.

On one hand, different plants have different utilizations of

soil nutrients in the growth process (Chen et al., 2013; Wang

et al., 2020). On the other hand, the biomass and

decomposition rates of different plant litters were different

(Yang et al., 2012), so the effects of different plants on the soil

nutrients were different.

In this study, the plant biological factors and soil physical

factors affected the ‘fertile island’ effect of the TP and AP in the

three plants. The reason might be that phosphorus was a

limiting factor for plant growth in the study area (Zhang

et al., 2019). The main factors that affected the ‘fertile island’

effect of Populus euphratica and Nitraria tangutorum were

crown width, soil water content, salinity, and pH. The

factors that affected the ‘fertile island’ effect of Haloxylon

ammodendron were plant height, soil water content, salinity,

and pH. The reason for the effect of the canopy width on the

‘fertile island’ effect might be that the growth of plants under

larger canopies and woody canopies increases the threshold

wind speed. Therefore, the wind deposits atmospheric dust and

windblown sediments from the gaps around plants, which

further strengthens the ‘fertile island’ effect (Yan et al.,

2019). Soil water content affects the ‘fertile island’ effect due

to the amount of water content in the soil affecting the content

of hydrolase in the soil, which thereby affects the soil nutrient-

cycling process, which results in differences in the soil nutrient

contents (Zhang et al., 2022). Soil salinization is a common

phenomenon in arid areas. Salinity affects the ‘fertile island’

effect due to salinity and alkaline stress affecting the contents

and types of microorganisms and enzymes in the soil, which

results in differences in the soil nutrient contents (Cao et al.,

2015; Luo et al., 2017).

The main factors that affect the ‘fertile
island’ effect of plants and their possible
influencing modes

According to the results, biological factors, such as plant

crown width and height, were significantly correlated with

soil water content, pH, and salinity. Therefore, we can infer

that the formation of the fertile island effect is because of the

continuous increase in the biomass during plant growth

affecting the animal action around plants, which results in

the concentrated distribution of animal action near plants,

which is convenient for feeding and avoiding light. These

action processes increase the litter, soil microorganisms,

and surface residues in the soil under the canopies of

plants and affect the physical and chemical properties

(Zhong et al., 2017; Li et al., 2018). Researchers have

found highly consistent processes and effects of the

accumulation of SOC and TN in Populus euphratica,

Haloxylon ammodendron, and Nitraria tangutorum. The

accumulation of SOC in Populus euphratica and Haloxylon

ammodendron affected the accumulation of phosphorus and

nitrogen to a certain extent, which was consistent with the

research of Cao et al. (Cao et al., 2016).

FIGURE 4
Redundancy analysis based on the correlation between soil physico-chemical properties and the overall plant fertile island effect.
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Analysis of influencing factors of plant
overall nutrient fertile island effect

This study showed that the bare soil SOC was the main factor

that affected the overall fertile island effect. Previous studies

have shown that the main reason for the accumulation of

nutrients under the canopy of plants was the transport of

surface soil materials from close distances (C, N, P, and K)

(Qu et al., 2015).

However, due to the insufficient collection of influencing factors in

this study, we could only predict a part of the fertile island effect. The

effects of abiotic factors on the fertile island effect in plants are yet to be

studied, especially the effects of biological factors on the fertile island

effect. Abiotic processes were insufficient to promote the continuous

development of the fertile island, so plant biological processes have

more important effects on the fertile island effect (Li et al., 2017). Plant

biological processes mainly include animal and microbial processes.

The rhizosphere region contains highly diversified microbial

communities, and the number of genes is far greater than that of

plant genes, which is one of the most complex ecological regions

(Mendes et al., 2013). Researchers have found many microorganisms

in the rhizosphere, such as bacteria, fungi, oomycetes, nematodes,

protozoa, algae, viruses, and archaea (Bonkowski et al., 2009; Buée et al.,

2009). In the rhizosphere region, on one hand, plant root exudates

attract all kinds of microorganisms to construct rhizosphere microbial

groups, and on the other hand, microorganisms regulate the

interaction between plants and the environment through various

activities, promote plant growth, accelerate the process of plant

restoration, and thus improve the ecological environment (Ying,

2019). Therefore, studying microbial and animal processes, and

quantifying them into indicators, is important for a more accurate

prediction of the plant fertile island effect.

Conclusion

The results showed that soil nutrients under the canopy of

Populus euphratica, Haloxylon ammodendron, and Nitraria

tangutorum were significantly higher than those under the

bare soil, which proved a fertile island effect exists in the

canopy of plants.

Among them, Populus euphratica had a higher fertile island

effect thanHaloxylon ammodendron and Nitraria tangutorum in

terms of nutrient content and enrichment rate. Soil water

content, salt content, soil pH, and plant crown width were the

main factors affecting the nutrient fertile island effect. The

influencing factor of the overall nutrient fertile island effect of

the three plants is the SOC content in the bare soil. Therefore, in

the process of ecological environment protection in arid areas,

maintaining the habitat of trees and shrubs can effectively

improve soil fertility, slow down desertification in arid areas,

and maintain the stability of the ecosystem.
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