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Abstract: Arthropods, the most abundant group in ecosystems, play crucial roles in human
production. Soil physicochemical properties reflect soil health and are linked to arthropods through
cascading effects. Gravel-sand mulching, commonly practiced in dry farming regions, initially aids
in water retention and temperature regulation. However, long-term cultivation can lead to land
degradation and habitat fragmentation. This study aimed to investigate field systems using multiple
comparison, linear, and nonlinear correlation analyses to explore the effects of different tillage
durations on soil properties and arthropod diversity under gravel-sand mulching. Results indicate
that arthropod diversity was lower while the fields maintained better soil fertility than the desert
steppe. Both soil fertility and arthropod diversity declined significantly with increased years of
cultivation. Mantel tests revealed no significant response of desert steppe arthropods to the altered
soil properties of gravel-sand mulched fields. However, the Generalized Additive Model analysis
indicated significant linear correlations between arthropod occurrence and total nitrogen (positive),
available phosphorus, and water content (negative). Arthropod abundance showed significant
nonlinear correlations with total potassium, alkali hydrolyzable nitrogen, and organic matter (OM),
with OM changes having the most pronounced impact. Thus, gravel-sand mulching can maintain
soil fertility over time but at the expense of local arthropod diversity.

Keywords: soil physicochemical properties; arthropod diversity; sustainable agriculture; gravel-
sand mulch; continuous crop; ecological function

1. Introduction

Arthropods play diverse ecological roles, offering ecosystem services or causing damage to
agricultural systems [1]. In agroecosystems, 18%-20% of global crop yield losses are attributed to
herbivorous arthropods [2]. Predators and parasitoids that prey on herbivores provide valuable
ecosystem services for pest regulation in various crops [3,4]. Wild bees are crucial pollinators
worldwide, significantly enhancing crop yields [5-7]. Arthropods are closely linked to soil health and
can indicate soil quality [8].

Watermelon, an economically significant fruit of the Cucurbitaceae family [9], is extensively
cultivated in over 120 countries, with China being the largest producer [10-12]. Watermelon
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cultivation requires adequate water, nutrients, and suitable temperatures to achieve high quality.
Limited water resources often constrain the watermelon industry in arid and semi-arid regions [13].
Gravel-sand mulching, a traditional agricultural practice in such areas, involves covering the soil
with local sand, gravel monomers, or mixtures to enhance warming, water retention, and moisture
conservation (Figure 1) [14,15]. However, long-term gravel-sand mulching can decline soil fertility
and disrupt soil microbial structure, increasing susceptibility to plant diseases [13,16]. This ancient
drought-resistant technique is widely used in regions with low precipitation worldwide, including
Colorado, Texas, and Montana, USA [17], South Africa [18], Montpellier, France [19], Chamoson,
Switzerland [20], and around Lanzhou in Gansu Province, China [21].

(a)

Figure 1. (a)Gravel-Sand Mulching Watermelon Fields and (b)Watermelons.

The cascade effect refers to changes in one subsystem of an ecosystem causing changes in others
[22], such as interactions between plants and herbivorous insects and the relationship between plant
traits and soil microbial subsystems [23]. Nitrogen is a limiting factor for insect growth, and excessive
nitrogen can reduce the diversity of plant communities, increase aboveground biomass, and change
the composition of plant communities to dominant species, affecting other parts of the food chain,
such as insects [24-26]. Research on cascade effects between insects and other soil elements has shown
varied impacts, such as increased populations of invasive ant Nylanderia fulva in calcium-fertilized
land in the southeastern USA, independent of nitrogen, phosphorus, sodium, or potassium levels
[27]. Additionally, the cascade effect between soil and insects primarily focused on a single insect or
group, and it was found that the survival rates of Phoetaliotes nebrascensis adults were the highest
under low nitrogen conditions. At the same time, the oviposition was unaffected by the nitrogen
concentration of the plant host [28]. The parasitism rate of wheat aphids by natural enemies increased
under moderate nitrogen addition but decreased after excessive nitrogen application [29].

Long-term agricultural activities can lead to soil degradation and loss of the ability to maintain
ecological balance, resulting in a decline in biodiversity, particularly in arid and semi-arid regions
[30,31]. However, few studies have explored how arthropod diversity changes interact with soil
physicochemical properties variations in desert-steppe areas. Therefore, this study focuses on soil
physicochemical properties and arthropod diversity in gravel-sand mulched watermelon fields in the
desert steppe of Zhongwei City, Ningxia, China. Specifically, it addresses the following scientific
questions: (1) How do soil physicochemical properties and arthropod diversity change over different
watermelon planting years? (2) How does arthropod diversity respond to changes in soil
physicochemical properties? By answering these questions, this study aims to provide insights into
the development of dryland agriculture and biodiversity conservation in arid and semi-arid
agricultural and pastoral areas.
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2. Materials and Methods
2.1. Site Details and Field Experimental Design

The study was conducted in the gravel-sand mulching planting area of Xiangshan Township,
Zhongwei City, Ningxia, China (104°50'0”E-105°30'0"E, 37°0'0”"N-37°25'0"N). This region, located in
the desert steppe of northwest China, is characterized by water scarcity, a fragile ecological
environment, and low precipitation. The area experiences high evaporation, with vegetation
coverage around 50%, predominantly herbaceous plants about 15 cm in height. Annual rainfall is
<200 mm, while evaporation is >2000 mm. Gravel-sand mulching is a traditional dry farming practice
here. Once a significant local industry, Watermelon was crucial in boosting farmers’ income and
supporting socio-economic development. However, the lack of unified planning and management
has led to extensive desertification and sand planting, particularly in the desert steppe of Zhongwei
City, the primary production area for Ningxia’s gravel-sand mulching watermelon cultivation. To
investigate the effects of varying durations of gravel-sand mulching on the local environment, areas
with 1, 5, 10, and 21 years of watermelon cultivation were designated as treatment areas, labeled GPS-
1Y, GPS-5Y, GPS-10Y, and GPS-21Y. Intact desert steppe and its transition zone adjacent to the
compacted sand planting area were used as control areas, labeled STZ (within 3 km of the compacted
sand land) and NG (more than 3 km from the compacted sand land).

2.2. Soil Collection and Physicochemical Properties Measurements

A random five-point sampling method was adopted in the monitoring area, with a minimum
spacing of 150 m between sampling points. Mixed soil samples were collected from the 0-20 cm
surface layer, ensuring the removal of sand and gravel mixtures before sampling. The samples were
then analyzed for various properties, including total nitrogen (g/kg), total phosphorus (mg/kg), total
potassium (mg/kg), alkali hydrolyzable nitrogen (mg/kg), available phosphorus (mg/kg), available
potassium (mg/kg), organic matter (g/kg, and electrical conductivity (EC) as 10 indexes of leaching
fluid conductivity us/cm, pH, and water content. Each index was measured in 10 replicates and
categorized into soil nutrient indexes (total nitrogen [TN], total phosphorus [TP], total potassium
[TK], alkali hydrolyzable nitrogen [AHN], available potassium [APP], available phosphorus [APK],
and organic matter [OM]) and physical properties indexes (EC, pH, and water content [W]). Fresh
soil samples were stored in aluminum boxes for moisture content determination. The soil samples
were cleared of impurities, naturally air-dried, and passed through a 2 mm sieve before measuring
the remaining soil indexes (Table 1) [32,33].

Table 1. Methods for determinations of soil physicochemical properties.

Indicators Abbreviation  Units Methods Instrument model
K2504, CuS04, Se
Total nitrogen ™N mg/k .boﬂmg + automa'tlc SMARTCHEN 450
g interrupted chemical =~ Chemistry analyzers
analyzer
Ammonium
k hosphomolybdat Agilent ICP-OE
Total phosphorus TP me/ priosphomo yb ate " gilent ICP-OES
g automatic chemical 5110
analyzer colorimetry
Hydrofluoric acid .
Total potassium TK ms/k cooking-ICP-0ES Agilent ICP-OES
g . 5110
detection
Alkali iffusi
Alkali hydrolyzable nitrogen AHN mg/k kaline diffusion ——
g method
Available phosphorus APK mg/k Sodium bicarbonate SMARTCHEN 450

extraction + automatic

Chemistry analyzers
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interrupted chemical
analyzer

Ammonium acetate

k Agilent ICP-OE
Available potassium APP mg/ extraction-ICP-0ES &l en5 11C0 OFS
& detection

. TOC analyzer, Elimonta VARIO

Organic matter OM g/kg Elimonta TOC
Conductivity of leaching solution EC us/cm  Conductivity meter DDS-307A

pH PH pH meter PHS-2F

Water content ' % Gravimetric method DHG-9075A

2.3. Collection of Arthropods

In May, July, and September 2023, arthropod samples were collected during the spring, summer,
and autumn seasons, corresponding to high arthropod activity periods. The random 5-point
sampling method was used for field investigation and sampling [34].

Trap method: Disposable plastic cups (diameter 7.5 cm, height 9 cm) were used as traps. Five
sampling points were established in each monitoring area, serving as five replicates. Each replicate
consisted of five traps spaced >5 m apart in a random 5-point arrangement. Thus, a total of 25 traps
were set in each monitoring area. The cups were buried in the soil, flush with the ground surface,
and filled with approximately 60 mL of an attractant solution of 33.33% ethylene glycol (ethylene
glycol: water = 1:2) with 3% detergent. Arthropods trapped in the cups were collected every 10 days,
and the traps were replaced simultaneously.

2.4. Statistical Analysis of Data

One-way analysis of variance (ANOVA) was performed to investigate differences in soil
physicochemical properties and steppe insect diversity among GPS-1Y, GPS-5Y, GPS-10Y, GPS-21Y,
STZ, and NG at the six study sites. Mantel test and the GAM analysis were conducted on four study
sites with different tillage years, namely GPS-1Y, GPS-5Y, GPS-10Y, and GPS-21Y, to examine insect
dynamics and soil factors.

The species and numbers of different arthropods were counted based on identification results.
The diversity of arthropods in various study areas was analyzed using ecological methods,
calculating the Margalef richness index (d), Simpson dominance index (A), Shannon-Wiener diversity
index (H), and Pielou evenness index (E) calculated according to the following formulas [35,36]:

d = (S—1)/InN 1)

A = INi(Ni — 1) /NN - 1)] )
H = — ¥Piln(Pi) ®)

E = H/InS 4)

S is the number of species, Pi is the proportion of the ith species to the total abundance, Ni is the
abundance of the ith group, and N is the total abundance.

Fitting arthropod occurrence to soil factors: The GAM is a generalized linear model that uses a
link function to establish the relationship between the mean of the response variable and the
“smoothing” function of the explanatory variable. GAM can establish highly nonlinear and non-
monotonic relationships between response and explanatory variables, making it widely used in
ecological research. The optimal influencing factor was selected using the stepwise regression
method, with the best model chosen based on the lowest Akaike Information Criterion and residual
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bias and the significance of the impact judged by the P value [37,38]. The general form of the formula
is as follows:

gEM) = Bo + £1(Xy) +H(X2) + -+ + fi(Xy) ©)

In the formula, Y is the response variable, E(Y) is the expected value of the response variable Y,
and g is a link function that relates E(Y) to a linear combination of the predictor (the independent or
explanatory variable in the model that predicts or explains the change in the dependent variable), 30
is the intercept and is a constant, f1(X1), f2(X2),...., fi(Xk) are nonlinear smoothing functions also known
as smooth terms, and they correspond to predictorsX, Xa,...., Xk

GAM can best characterize the linear or nonlinear relationship between arthropod and soil
variables using a nonparametric smoothing term. Therefore, based on the advantages of GAM in the
nonlinear relationship between adaptive variables, GAM is expected to effectively simulate the
relationship between soil variables and arthropods, providing reliable results [39].

The aov() function in the stats package and the HSD..test() function in the agricolae package were
used for one-way ANOVA analysis and Duncan multiple comparisons of the differences in soil
physicochemical properties and diversity indexes in R language, respectively [40]. In the Mantel test
in R language, the Bray-Curtis and Euclidean distances between species were calculated using the
mantel function of the linkET package, and the Mantel correlation between arthropods and soil was
performed, along with Spearman correlation analysis between soil factors was performed [41]. GAM
analysis was performed using the mgcv package [37].

Graphical visualization was done using the ggplot2 package, with data analysis and graphical
output completed in R 4.3.1 [42].

3. Results
3.1. Changes in Soil Physicochemical Properties

Generally, the changes in soil physicochemical properties of NG and STZ were consistent, with
soil nutrients (TP, TK, TN, APP, AHN, APK, and OM) being significantly lower than those in the
gravel-sand mulching melon fields with varying tillage years. Gravel-sand mulching plots with
different tillage years maintained higher water content and lower salinization compared to the
control groups NG and STZ. However, soil nutrients gradually decreased with increased years of
planting.

In the control areas (NG and STZ), TK was significantly lower than in the gravel-sand mulching
plots with different years of treatment (P < 0.05). TP in NG and STZ was significantly lower than in
the gravel-sand mulching plots, and TP in GPS-1Y was significantly lower than in the other GPS
treatments (P < 0.05). TN in GPS-1Y was significantly higher than in GPS-10Y and GPS-21Y, and TN
in GPS-5Y was significantly higher than in GPS-21Y (P < 0.05). APP in NG was significantly higher
than in GPS-1Y, GPS-5Y, and GPS-21Y, whereas APP in GPS-21Y was significantly lower than in STZ,
GPS-1Y, and GPS-10Y (P <0.05). AHN in GPS-1Y was significantly higher than in all other monitored
areas, and AHN in STZ was significantly lower than in GPS-1Y and GPS-5Y (P < 0.05). APK in GPS-
21Y was significantly the lowest among all monitored areas (P < 0.05). The pH in NG and GPS-1Y
was significantly higher than in STZ, GPS-5Y, and GPS-10Y (P < 0.05). EC in NG was significantly
higher than in GPS-1Y, GPS-5Y, and GPS-10Y, and EC in STZ and GPS-21Y was significantly higher
than in GPS-10Y (P < 0.05). OM in GPS-1Y was significantly the highest among all monitored areas,
and OM in NG was significantly higher than in STZ (P < 0.05). W in NG was the lowest among all
monitored areas and was significantly lower than in GPS-1Y (P < 0.05) (Figure 2).
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Figure 2. Changes in soil physicochemical properties at different tillage years. Notes: APP is available
potassium mg/kg, TK is total potassium mg/kg, TP is total phosphorus mg/kg, AHN is alkali
hydrolyzable nitrogen mg/kg, PH is pH, EC is the conductivity of leaching solution us/cm, TN is total

nitrogen g/kg, OM is organic matter g/kg, APK is available phosphorus mg/kg, W is water content.

3.2. Changes in Arthropod Diversity

A total of 1,644 arthropods were sampled, representing 81 different species. Analysis of areas
with varying years of planting revealed that species number, Margalef richness index, Shannon
diversity index, and Pielou evenness index in GPS-21Y were significantly lower than those in the
other three groups (P < 0.05). These indices in all four treated groups were lower than those in the
native steppe (NG) area. The number of individuals in GPS-5Y was significantly higher than in the
other three treatment groups (P < 0.05) but still lower than in the NG area. The Simpson dominance
index in GPS-21Y was higher than in the other three treatment groups and the NG area (Figure 3).
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Figure 3. Changes in diversity of arthropods at different tillage years.

3.3. Mantel Test of Arthropod Community Changes and Soil Physicochemical Properties

Mantel test analysis showed no significant linear correlation between arthropods and soil factors.
However, there was a significant correlation between soil factors, with APP positively correlated with
APK, OM, and TK (P <0.05) and negatively correlated with TP (P <0.05). TK was positively correlated
with TN (P < 0.05). AHN was positively correlated with W (P < 0.001), OM (P < 0.001), and TN (P <
0.01). pH was positively correlated with EC (P < 0.01). TN was positively correlated with OM (P <
0.01). OM was significantly positively correlated with W (P <0.01) (Figure 4).
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Figure 4. Correlation of soil factors and Mantel test of soil factors and arthropod communities in

gravel-sand mulching watermelon fields.

3.4. Responses of Arthropod Community Changes to Soil Physicochemical Properties

The results of the GAM showed that the number of grassland insects in areas with different sand
compaction years was linearly correlated with APP, EC, TN, APK, and W; positively correlated with
APP, EC, and TN; negatively correlated with APK and W; and significantly correlated with TN (P <
0.05), APK (P<0.05), and W (P<0.01). The number of grassland arthropods was nonlinearly correlated
with TK, TP, AHN, pH, and OM, with AHN (P < 0.05), OM (P < 0.001), and TK (P < 0.001) being
significant. When the TP value was lower than 1400 mg/kg or higher than 1550 mg/kg, the number
of arthropods was negatively correlated with TP, while within the range of 1400 to 1550 mg/kg, TP
was positively correlated with arthropod numbers. There was a positive correlation between the
number of arthropods and a negative correlation when the pH was above 8.4 (Figure 5).
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Figure 5. GAM curves of arthropod responses to soil factors in gravel-sand mulching watermelon
fields.

4. Discussion
4.1. Changes in Soil Physicochemical Properties

It is undeniable that farmers who have practiced gravel-sand mulching for watermelon
cultivation over extended periods have effectively maintained soil nutrients through field operations.
The nutrient levels in these fields can be significantly higher than those in uncultivated grasslands
[43,44]. Gravel-sand mulching fields can also maintain higher water content and lower salinization,
likely due to fertilization and proper field management during long-term planting [45].

N, P, and K are commonly used in evaluating soil nutrients, reflecting changes in soil nutrients
from different perspectives. TP indicates the total storage of soil phosphorus and helps evaluate soil
nitrogen availability. TN helps assess soil fertility and nitrogen supply capacity, while TK indicates
soil potassium supply potential and reflects soil weathering [33,46]. In different years of cultivation
(GPS-5Y, GPS-10Y, and GPS-21Y), TK and TP were significantly higher than in NG and STZ,
suggesting that long-term planting and continuous fertilizer application increase soil potassium and
phosphorus content [47]. The TK content in GPS-1Y was significantly higher than in NG and STZ. In
contrast, the TP content in GPS-1Y was not significantly different from NG. Still, it was significantly
higher than in STZ, indicating that TP levels in areas with shorter cultivation periods remain
consistent with uncultivated areas after fertilization and watering. There was no significant difference
in TK between different planting years, suggesting that TK content is relatively stable in the pressed
sand area. However, perennial planting can lead to the accumulation of TP [48,49]. TN was
significantly higher in GPS-1Y than in GPS-10Y and GPS-21Y, and TN in GPS-5Y was significantly
higher than in GPS-21Y. This may be due to faster decomposition of organic matter and fertilizers in
the early planting stages (GPS-1Y and GPS-5Y), releasing more nitrogen, or it may indicate that
perennial planting rapidly depletes TN, making it difficult to replenish soil fertility through
fertilization alone [50,51].

APP was significantly higher in NG than GPS-1Y, GPS-5Y, and GPS-21Y, indicating higher
potassium availability in uncultivated farmland. This could be due to more efficient organic matter
decomposition and nutrient cycling in natural grassland ecosystems. AHN was significantly higher
in GPS-1Y than in all other areas, indicating higher initial fertility in newly planted areas [52]. AHN
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in STZ was significantly lower than in GPS-1Y and GPS-5Y, showing that agricultural practices can
significantly improve soil fertility [53]. In long-term cropping areas (GPS-21Y), phosphorus
availability was significantly lower than in all other regions, suggesting that crop consumption
exceeds the natural replenishment rate of phosphorus in the soil. This is consistent with research
showing that long-term agricultural activities can deplete certain key soil nutrients [54]. pH was
significantly higher in NG and GPS-1Y than in STZ, GPS-5Y, and GPS-10Y, possibly due to soil
acidification from agricultural activities and fertilizer use [55]. EC in NG was significantly higher
than in GPS-1Y, GPS-5Y, and GPS-10Y, while EC in STZ and GPS-21Y was significantly higher than
in GPS-10Y. The high EC value in NG may result from natural salt accumulation, climate, geology,
and other conditions [56]. High EC values in STZ and GPS-21Y might be due to salt accumulation
from long-term agricultural irrigation and fertilization [57,58]. OM in GPS-1Y was significantly
higher than in other regions, possibly due to the initial application of large amounts of organic
fertilizer or cover crop residues, increasing soil organic matter content [59]. OM in NG was
significantly higher than in STZ, reflecting organic matter accumulation in natural grassland soils
due to natural vegetation decomposition and less human disturbance [60,61]. The water content in
NG was significantly lower than in GPS-1Y, possibly due to the primary grassland’s soil structure
and vegetation cover, which allows water to evaporate quickly. In contrast, GPS-1Y effectively
maintained higher soil moisture due to gravel cover and water retention measures [62].

4.2. Changes in the Diversity of Steppe Arthropods

Compared with the maintenance of soil physical and chemical properties in pressed sand melon
fields, watermelon cultivation that destroys the original grassland habitat significantly reduces
arthropod diversity by planting a single species and increases the vulnerability of the local desert
steppe habitat. The number of species in NG and STZ was significantly higher than in the four
continuous cultivation areas. The diversity index results for NG and STZ were generally consistent,
indicating similar biodiversity levels at these sites. This similarity might be due to their habitat
characteristics or exposure to similar environmental impacts. In contrast, the biodiversity in the
watermelon cultivation areas with pressed sand gradually decreased with increasing years of
planting, showing a trend toward species homogeneity. This may be due to the disturbance and
habitat destruction caused by planting activities, highlighting the negative impact of such activities
on biodiversity.

Regarding species number, Margalef richness index, Shannon diversity index, and Pielou
evenness index, GPS-21Y showed significantly lower values than other planting areas of different
years and the primary grassland (NG) areas. This suggests that biodiversity and ecosystem structure
can be negatively affected over time and with prolonged planting, possibly due to soil erosion, habitat
destruction, or other factors leading to ecosystem degradation [63,64]. On the other hand, the number
of arthropod individuals in GPS-5Y was significantly higher than in other years’ planting areas. This
might be because, after five years of planting, the ecosystem reached a stable state of biological
community due to the storage of water resources and temperature in the planting area. However, the
number of individuals was still lower than the original grassland (NG), possibly due to ecosystem
changes caused by human intervention [65,66]. The Simpson concentration probability index of GPS-
21Y was significantly higher than in other planting areas of different years and primary grassland
(NG) areas. This suggests that after 21 years of watermelon cultivation, arthropod communities tend
to congregate in a few species, possibly due to ecosystem degradation [67]. These results support the
idea that pressed sand cultivation impacts biodiversity and ecosystem structure. Long-term
cultivation can lead to reduced biodiversity and ecosystem degradation [68]. Medium-term (5 years)
planting may promote an increase in the number of individuals but still not return to the level of the
original ecosystem. These findings highlight the importance of preserving primary grasslands and
avoiding over-cultivation to maintain biodiversity and ecosystem health.
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4.3. Responses of Steppe Arthropod Diversity to Changes in Soil Physicochemical Properties

Mantel test analysis showed no significant linear correlation between arthropod community
structure and soil factors. This test examined the linear correlation between the arthropod community
structure and soil physicochemical properties matrices [69]. APP, an essential source of plant
nutrients for assessing soil potassium supply capacity, was positively correlated with other nutrients
such as OM and TK, indicating that fertile soils are generally nutrient-rich [70]. The negative
correlation between APP and TP might be due to the differing chemical behaviors of phosphorus in
soil. For instance, Baribault et al. found a significant negative correlation between soil N and P when
studying tropical tree growth limiting factors [71]. However, Bhattacharyya et al. found that soil K
was significantly negatively correlated with some soil nutrients after 30 years of studying fertilization
in the Himalayas [72]. The positive correlation between total potassium and total nitrogen suggests
these nutrients may accumulate in the soil through common sources (e.g., organic matter
decomposition) or soil management practices (e.g., fertilization). [73,74]. AHN was positively
correlated with water content and organic matter, indicating that soils with high organic matter tend
to have higher nitrogen content and better water retention capacity, which is essential for plant and
microbial activities [75]. The positive correlation between soil pH and electrical conductivity showed
that higher pH values may be associated with higher salt content. Conductivity, as an indicator of
salt concentration, reflects soil salinity status and the degree of salinization [76]. The positive
correlation between total nitrogen and organic matter further confirmed that organic matter
decomposition is a primary source of soil nitrogen. There was a significant positive correlation
between organic matter and water content, supporting that soils rich in organic matter generally have
better water retention capacity, essential for maintaining the health and stability of soil biomes [77].

GAM found that the relationship between arthropod communities and soil factors may not be
simply linear. Simple linear analysis does not capture complex relationships because the soil
environment is highly heterogeneous. Different soil factors affect arthropods through various
pathways and mechanisms, making it difficult for a single linear correlation analysis to reveal these
complex ecological relationships [78] entirely. In this study, soil TN was significantly positively
correlated with the number of arthropods. Nitrogen is a limiting factor for arthropod growth and
development, and nitrogen-mediated changes in plant community composition may have cascading
effects on arthropods [26]. For example, low nitrogen fertilizer can increase flower yield [79], leading
to more pollinator visits per plant and higher pollinator diversity[80]. Haddad et al. (2000) showed
that herbivorous and saprophytic insect abundance was significantly positively correlated with
nitrogen addition rates in grasslands over 14 years [81].

APK and W were significantly negatively correlated with arthropod numbers in this study. High
levels of APK can cause nutrient imbalances that negatively affect plant health, reducing food
resources for arthropods. Nutrient imbalances lead to impaired plant health, and E. Fenn et al. (1998)
in North America studied the effects of nitrogen excess on ecosystems and found that watershed
nitrogen excess is harmful because plant/soil nutrient relationships are disrupted, soil acidification
and aluminum mobility increase and long-term nitrogen input forests may lead to decreased
productivity and increased mortality [82]. Excess soil moisture can lead to soil hypoxia, inhibiting
plant growth and reducing arthropod food sources. It can also promote arthropod pathogens,
decreasing arthropod populations [83,84].

Soil AHN, OM, and TK were significantly nonlinearly correlated with arthropod numbers,
showing a threshold effect. AHN affects soil nitrogen supply capacity, directly impacting plant
growth and health. Fluctuations in AHN can lead to complex ecological responses. Related studies
generally found that arthropod diversity initially increased after short-term nitrogen treatment, then
showed almost no further increase [85,86]. This may be due to the rise in short-term nitrogen content
in leaves, which attracts exotic insects. However, the diversity of some species, such as Cicadellidae
[87] and Collembola [88], showed a downward trend after nitrogen application. Ockinger et al. (2006)
demonstrated that species numbers decreased after nitrogen application. Still, nutrient-dependent
species tended to increase, while nutrient-scarce-dependent species decreased, indicating that
atmospheric nitrogen deposition negatively impacts species composition [89]. The effects of TK on
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plants are complex and may vary at different concentrations, reflected in the nonlinear relationship
between arthropods and soil factors [90]. OM is a vital soil fertility indicator, affecting soil structure
and nutrient supply. The nonlinear relationship of its effects on arthropods may reflect complex
ecological feedback mechanisms, with fluctuating organic matter promoting soil health and plant
growth and fluctuating arthropod populations [91].

Combining the Mantel Test and GAM analysis provides a more comprehensive understanding
of the complex relationship between soil factors and arthropod or insect populations. The Mantel
Test’s failure to detect significant linear correlations suggests these relationships may not be linear.
GAM analysis revealed the complex linear and nonlinear effects of soil factors on arthropod
populations, reflecting the cascading effects of soil factors on arthropods.

5. Conclusions

1. Compared to the intact desert steppe (control areas NG and STZ), the manually intervened
gravel-sand mulching watermelon plots (GPS-1Y, GPS-5Y, GPS-10Y, and GPS-21Y) maintained the
physical and chemical properties of the soil. However, soil nutrients decreased in the gravel-sand
mulching watermelon plots with different cultivation years (TN, APP, AHN, APK, and OM). At the
same time, salinity and alkalinization (EC and pH) increased with the increase in watermelon
planting years.

2. The arthropod diversity in the manually intervened gravel-sand mulching fields was
significantly lower compared to the intact desert steppe, and it decreased year by year with the
increase in planting years. Continuous cultivation for 21 years (GPS-21Y) showed the lowest
arthropod diversity, characterized by a single dominant species and the most unstable arthropod
community.

3. Through matrix linear analysis and the Mantel test, it was found that the response of steppe
arthropods to the soil physicochemical properties in the gravel and mulching watermelon fields was
insignificant. Additionally, the correlation between soil factors in the manually intervened gravel-
sand mulching watermelon plots varied, with both positive and negative correlations observed —the
most significant and numerous correlations involved AHN, APP, and OM.

4. The GAM analysis indicated that the number of arthropods in the manually intervened gravel-
sand mulching plots was significantly and linearly correlated with TN, APK, and W, positively
correlated with TN, and negatively correlated with APK or W. The occurrence of arthropods was
significantly nonlinearly correlated with TK, AHN, and OM, with the response to changes in OM
being the most sensitive.
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