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Abstract: Soil quality decline can adversely affect ecosystem health and land productivity, with
soil-dwelling mesofauna considered to potentially fulfill vital functions in accurately predicting
these outcomes. However, the current state of research reveals a gap concerning the relationships
between soil quality decline and soil-dwelling mesofauna in the Mollisols Region. For a more
profound understanding of this issue, we conducted a comprehensive investigation of soil-dwelling
mesofaunal communities in the different agricultural lands of the Mollisols Region. In this study,
soil-dwelling mesofauna were collected, and 11 soil properties were determined following standard
procedures, with soil quality levels quantified by utilizing soil quality index (SQI). Our results
revealed that there was a gradient of soil quality across the different agricultural lands, which were
divided into five levels, including very strong, strong, medium, weak, and very weak. Subsequently,
this investigation provided empirical evidence that the decline in soil quality had implications for
soil-dwelling mesofaunal communities in agricultural lands of the Mollisols region. A consistent
decrease in the density of soil-dwelling mesofauna was observed with the decline of soil quality. In
contrast, a greater richness was observed in areas with relatively weaker soil quality, suggesting that
the consequences of soil quality decline on soil-dwelling mesofauna were not exclusively negative.
Various taxa of soil-dwelling mesofauna exhibited varying degrees of response to the decline in soil
quality. Oribatida was overwhelmingly dominant in the sampling fields with medium soil quality,
and most Entomobryidae were found in agricultural lands with very weak soil quality. During soil
quality decline, soil nutrients were observed to correlate positively with the density of soil-dwelling
mesofauna. Overall, the outcomes of this investigation carry significance for comprehending how
soil quality decline relates to soil-dwelling mesofauna, and can provide valuable ecological insights
for formulating biodiversity guidelines targeted at preserving soil resources in the Mollisols region.

Keywords: soil quality index; soil-dwelling mesofauna; community characteristics; belowground
ecosystems; Mollisols resources

1. Introduction

Soil quality decline is attributed to a synergistic effect of both natural forces and human
activities [1]. It can cause reductions in agricultural productivity, decreases in land use
efficiency, and the deterioration of belowground ecosystems [2]. Mollisols, a soil order in
the United States Soil Taxonomy, forms beneath temperate and cold-temperate grassland or
steppe vegetation and is characterized by a surface layer containing dark humified organic
material [3]. Although Mollisols cover only 7% of the global land area, their richness
in organic content and exceptional fertility contribute significantly to global agricultural
production [4]. Nevertheless, Mollisols worldwide have been experiencing different levels
of quality decline after cultivation [5]. Soil quality decline in Mollisols regions seems certain
to drive changes in belowground ecosystems, ultimately altering soil environments [6].

Agriculture 2024, 14, 766. https:/ /doi.org/10.3390/agriculture14050766

https://www.mdpi.com/journal/agriculture


https://doi.org/10.3390/agriculture14050766
https://doi.org/10.3390/agriculture14050766
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0001-5199-3151
https://orcid.org/0009-0004-7028-8852
https://doi.org/10.3390/agriculture14050766
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture14050766?type=check_update&version=1

Agriculture 2024, 14, 766

20f17

As a result, these declines have been recognized as a serious issue closely correlated with
sustainable agriculture worldwide and the balance of belowground ecosystems [7].

The adverse effects of soil quality decline on ecosystem health and land productivity
are considered to be pervasive and systemic. Accordingly, numerous research endeavors
have focused on how soil quality decline impacts belowground systems, especially regard-
ing the relationships between soil physical properties, nutrients, or microbial communities,
and the decline in soil quality, yielding definitive findings [8-10]. All things considered, soil
quality decline results in soil becoming thinner, less fertile, and more compacted, thereby
restricting ecological functions in belowground systems [11]. Consequently, the impacts
of soil quality decline on belowground systems have recently gained increased attention.
Among these, the links between soil quality decline and soil faunal communities have been
increasingly explored. For instance, Yan et al. illustrated that the abundance and functional
traits of soil fauna, based on the mixed taxonomic resolution, could be used to assess soil
quality [12]. Analysis of Megascolecidae and Lumbricidae could exhaustively describe the
physical and chemical features as well as the biological properties associated with changes
in soil quality [13,14]. Following decline in soil quality, communities of spiders, beetles and
ants underwent significant simplification, but they demonstrated potential for recovery
within only four years of land restoration in Northeast Brazil [15]. In addition to the studies
on soil macrofauna communities mentioned above, Martin et al. employed factor analysis
strategies to integrate the community structure and function of soil nematodes into the
current framework of soil health indicators [16]. Du Preez et al. demonstrated that the
metabolic footprints of soil nematodes could serve as indirect measures of soil quality [15].
Thus, these studies have provided valuable insights into the intricate connections between
soil faunal communities and soil quality decline, building upon earlier observations. Soil-
dwelling mesofauna constitute integral components of soil biological communities, and
thus the implications of declining soil quality for them cannot be underestimated.

Soil-dwelling mesofauna are invertebrates with body sizes ranging from 0.1 mm to
2 mm, typically extracted by the Tullgren funnel extraction method [17]. Soil-dwelling
mesofauna, constituting the bulk of soil organisms, are instrumental in various processes
essential for soil formation, development, and improvement [16]. Most soil-dwelling meso-
fauna, such as mites and springtails, possess minuscule body sizes, fragile body structures,
and limited migratory abilities, making them extremely sensitive to changes in environ-
mental conditions [18]. In environmental gradient processes in particular, soil-dwelling
mesofauna appear to directly indicate variations in ecosystem deterioration [19]. In this
regard, soil-dwelling mesofauna are considered to potentially fulfill vital functions in the
accurate prediction of soil health, and some previous studies have focused on this issue.
From the perspective of mesofaunal community statistical analysis, simple counting of
soil-dwelling mesofauna could effectively reflect changes in soil environment, surpassing
the analysis of soil microbial properties [20]; mesofaunal community characteristics (abun-
dance, richness, diversity) were closely associated with soil properties, but the additional
nitrogen might have a general negative impact on the community [21]. Considering various
taxonomic groups of mesofauna, epedaphic and euedaphic Collembolans played relatively
important roles in assessment of land degradation [22]; abundance, richness and diversity
of mesostigmatid mite communities could increase with declining nitrate-nitrogen levels
in European ash stands [23]. Nevertheless, studies examining the relationships between
soil-dwelling mesofauna and soil quality, particularly compared to physical, chemical, and
other biological features, have been relatively lacking [24].

Considering this background, soil quality levels were quantified by utilizing soil
quality index (SQI). Soil-dwelling mesofauna were collected from the agricultural lands
under investigation. Here, we hypothesize (H1) that the community characteristics of
medium-sized soil invertebrates are negatively affected by soil quality decline in the
Mollisols region and (H2) that soil quality decline impacts different taxa of soil-dwelling
mesofauna to varying extents.
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2. Materials and Methods
2.1. Study Area and Sampling Design

To gain deeper insights into this knowledge gap, we set up an investigation in agri-
cultural lands of the Mollisols Region, which is located on the Songnen Plain of Northeast
China. This investigation was carried out in the southeast region of the Songnen Plain,
Harbin, Heilongjiang Province, China (45°43'-45°46" N, 126°53/-126°58' S), and this region
is situated on the south bank of the Songhua River, at the intersection of an alluvial plain
and low hills (Figure 1). It features a temperate continental monsoonal climate and experi-
ences an average annual temperature of 5.6 °C and an average annual rainfall of 550 mm.
Mollisols are the dominant soil type in the study area, with pH levels that are slightly acidic
to neutral and a rich organic material content. The predominant crop cultivated in the area
is maize (Zea mays).
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Figure 1. Location of the sampling fields.

The most conspicuous sign of soil quality decline is decrease in crop yield [25]. Con-
sequently, we searched for continuously cropping fields with different levels of average
annual maize yields in this study area. The average annual maize yield over three years
in these fields was estimated by consulting local farmers after the final harvest in 2021,
and five levels of average annual yields were selected for this study (Table 1). Then, we
roughly estimated soil nutrients using an IN-HT300 rapid soil nutrient tester (Comecause,
China) to select fields within a gradient of soil quality decline. Finally, five sampling
fields were selected in this study (Figure 1). In this study, we requested that the field
administrators maintain agricultural management methods at the same level for maize
cultivation. The maize variety was Hongxu 78. Conventional fertilizer application and
tillage practices commonly used in Northeast China were applied. Encapsulated urea,
triple superphosphate and potassium sulphate were used as fertilizer, with application
rates of N 180 kg/hm?, P,Os 120 kg/hm?, K,SO, 100 kg/hm?, respectively. To avoid
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impacting soil-dwelling mesofauna, insecticides were not used in this study. Soil samples
were collected in August 2022 (R3 stage of maize), corresponding to the active period of
soil-dwelling mesofauna, while minimizing the disturbance from tillage. Three separate
sampling stands (200 m x 200 m) were selected from each sampling field in the study area.
Randomly, five replicate sampling plots (1 m x 1 m) were set up, one in each sampling
field. In each sampling plot, a soil sample (cross-section: 100 cm?; depth: 20 cm) was taken
to extract soil-dwelling mesofauna. In this investigation, we collected 75 fresh samples
(5levels x 3 replicated stands x 5 replicated plots) from different fields. Concomitantly, we
obtained other soil samples from each plot (depth: 20 cm) using soil augers to determine
soil properties. The weather during the collection of these samples was sunny and rain-free.

Table 1. Maize yield levels and average annual yields in different sampling fields.

Sampling Fields Yield Levels Averagfkglr;lrxg)l Yields
SF1 Very high yields 12,000
SFII High yields 10,000
SF1III Moderate yields 8000
SFIV Low yields 6000
SFV Very low yields 4000

2.2. Processing of Samples

The soil samples (used for extracting soil-dwelling mesofauna) were brought back
to the laboratory and then placed in Tullgren funnel extractors. Standard bulbs of 25 W
output provided both light and heat. The mesh size of Tullgren funnel extractors was
10 mesh sieves (2 mm). The soil samples were extracted for 48 h at 40 °C. After extraction,
soil-dwelling mesofaunal specimens were all stored in 75% ethanol. Counting of specimens
and identification of their taxonomic ranks up to the familial (subordinal) levels were
conducted under a Nikon SMZ745T stereoscopic microscope [26].

The soil samples (used for determining soil properties) were naturally air-dried, with
the removal of litter, roots, and gravels. Determination of soil properties was carried out
following standard procedures [27-30]. Briefly, the Walkley-Black method was employed
for measuring soil organic matter (SOM); a Seal AA3 continuous flow auto-analyzer was
applied to determine soil total nitrogen (TN), phosphorus (TP), available nitrogen (AN),
phosphorus (AP); a Thermo atomic absorption spectrophotometer was applied to deter-
mine soil total potassium (TK), available potassium (AK), exchangeable calcium (ExCa),
magnesium (ExMg), and manganese (ExMn); and a cylinder method was utilized for
quantifying soil bulk density (SBD).

2.3. Assessment of Soil Quality

Soil quality levels were quantified by utilizing soil quality index (SQI) in different
sampling fields. Firstly, the minimum dataset (MDS) was performed to select soil properties
indicators for calculating SQI [31]. The MDS was established by combining normalized
values based on the method of data reduction using principal component analysis (PCA).
All soil properties from the entire sample set were included in the PCA as descriptor
indicators. In PCA, the variability was examined by eigenvalues of different principal
components (PCs), and the PC with an eigenvalue of 1 or more was considered [32]. To
prevent some important indicators from being left out, the norm values of soil properties
indicators’ weight loadings were calculated [33]. Subsequently, the soil properties indicators
were chosen for the MDS if their norm values were at least 90% of the maximum value.
The following equations were utilized to calculate the norm value:
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where Ny represents the norm value of soil properties indicators i on first k-th PCs, uy, is
loading of soil properties indicators i on PC k, and Ay is the eigenvalue of the PC k.

After that, soil properties indicators were normalized to combinable scores within
the range of 0 to 1 using the linear scoring (LS) and non-linear scoring (NLS) systems [34].
Two categories of indicators” scoring functions were assigned to soil properties indicators
based on their impact on soil productivity [35]. Briefly, the SBD was classified as “the
lower, the better”, whereas other indicators were categorized as “the more, the better” [36].
The following two equations were utilized to calculate the combinable scores in the LS
system [37]:

LS = (1)

LS = )

where LS represents the score of a soil properties indicator based on linear scoring (LS)
systems, Equation (1) is the scoring function which follows “the lower, the better” category,
Equation (2) is the scoring function which follows “the more, the better” category, X
represents the original value of an indicator, and L and H represent the lowest and highest
values of an indicator among all the samples, respectively.

In the NLS system, a sigmoidal curve was applied using the following equation to
calculate the combinable scores [38]:

<]

1
b
(1+ %)
where NLS represents the score of a soil properties indicator based on non-linear scoring
(NLS) systems, X represents the value of an indicator, X represents average value of an
indicator among all the samples, b indicates slopes assumed as 2.5 for the category of “the
lower, the better” and —2.5 for the category of “the more, the better” [38].

Next, the weight value of a soil properties indicator was calculated based on its
communality in PCA. The weight value (W;) was calculated as the proportion of the
communality of a soil properties indicator to the summation of all indicators’ communalities
evaluated in the PCA [39]. Upon scoring and weighing the indicators, the soil quality index
(SQI) was carried out based on the following equation [40]. Finally, the SQIs were divided

into several levels based on statistical differences of SQI values between each sampling
field [41].

NLS =

n
SQI =Y W;N;
i=1

where SQI represents the value of soil quality index, N; represents the combinable score of
soil properties of the i-th indicator, W; represents weight value of the i-th indicator, and n
represents the number of indicators chosen based on the MDS.

2.4. Statistical Analysis

Principal component analysis (PCA) was executed to choose the most appropriate
indicators for establishing MDS and calculating SQI. The normality of the soil-dwelling
mesofauna and soil property data were examined by a Shapiro-Wilk test in each sampling
field. Tukey’s HSD test was applied to compare the differences in soil-dwelling mesofaunal
density (individuals/m?), soil properties, and SQIs among each sampling field. The “stats”
R 4.3.2 package was used to perform the aforementioned statistical analyses [42].

For the identification of unique and shared taxa across the different levels of soil qual-
ity, endemic taxa underwent manual screening. Then, the “VennDiagram” R 4.3.2 package
was used to illustrate a Venn diagram [43]. To demonstrate the richness of the soil-dwelling
mesofaunal communities, rarefaction curves were created to compare the differences in
richness using the “vegan” R 4.3.2 package [44]. The richness of the soil-dwelling meso-
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faunal communities was quantitatively represented by the taxon number. An unweighted
pair group method with arithmetical averages (UPGMA) was implemented to demonstrate
community structure of soil-dwelling mesofauna within different levels of soil quality via
the “stats” R 4.3.2 package [42]. Then, the result of hierarchical clustering was visualized
via a heatmap using the “pheatmap” R 4.3.2 package [45].

Data matrices of the soil-dwelling mesofauna (density, richness), soil physical proper-
ties (SBD), total nutrients (SOM, TN, TP, and TK), available nutrients (AN, AP, and AK), and
mineral nutrients (ExCa, ExMg, and ExMn) were set up to explore the effects of soil quality
decline on soil-dwelling mesofaunal communities. Then, a Mantel test was conducted to
examine relationships between different taxa of soil-dwelling mesofauna and each soil
property via the “vegan” R 4.3.2 package [44]. Subsequently, to assess the correlations
within different data matrices and to estimate the links of soil-dwelling mesofauna to soil
quality decline, multiple-factor analysis (MFA) was implemented via the “FactoMineR” R
4.3.2 package [18,46].

3. Results
3.1. Soil Quality

In this investigation, 11 soil properties across the different sampling fields are pre-
sented in Table 2. Soil bulk density (SBD) ranged from 1.20 to 1.37 g/cm?, peaking in
Sampling Field V (SF V) and bottoming out in SF I. In contrast, all the remaining 10 soil
properties reached their minimum values in SF V. These soil properties in SF V, with the
exception of soil total nitrogen (TN), potassium (TK), and exchangeable magnesium (ExMg),
were significantly lower compared to other sampling fields (p < 0.05). At the same time, the
difference in TK among different sampling fields was not significant (p > 0.05).

Table 2. Summary of descriptive statistics of the 11 soil properties across the different sampling fields

(mean =+ SE).
Sampling Fields
Soil Properties
SF1 SFII SF III SFIV SFV

Soil bulk density (g/cm?) 120+ 0.01¢ 1.21+0.02¢ 126 +0.01b 129+ 0.01b 1.37 £ 0.02a

Soil organic matter (g/kg) 18.45+0.01a 13.60 £ 0.14 b 10.92 £ 0.08 ¢ 829 £0.04d 724 £0.07e

TN (g/kg) 223 £0.01a 211 £0.03b 1.65 £0.01c 1.35+0.01d 1.3+0.01d

TP (g/kg) 0.63+0.01a 0.54 £0.01b 0.46 £0.01 cd 047 £0.01c 044 +£0.01d

TK (g/kg) 14.54 £ 027 a 1440+ 0.27 a 1426 £ 0.01 a 14.04 £ 0.08 a 14.00 £ 0.38 a
AN (mg/kg) 22537+ 1.12a 223.84 £2.15a 21036 £1.44b 18190 +1.12¢ 173.75 £1.09d

AP (mg/kg) 17.03 £ 024 a 1538 £ 0.32b 12.69 £ 0.08 ¢ 12.24 +0.04 c 11.1+0.26d
AK (mg/kg) 181.73 £2.35a 14397 £1.78 b 137.26 = 1.47 ¢ 133.79 £2.04 ¢ 106.28 +1.94d

ExCa (g/kg) 252 £0.03a 2.08 £0.04b 159 £0.01c 153 +0.01¢ 1.12+0.01d

ExMg (g/kg) 0.82+0.01a 0.59 £0.02b 0.56 £0.01b 0.57 £0.01b 0.56 £0.01b
ExMn (mg/kg) 63.29 £2.00 a 60.9 £ 1.03 ab 5774 £0.36 b 51.77 £0.36 ¢ 38.20 £0.25d

Note: different letters indicate a significant difference between each sampling field at p < 0.05 based on the
statistical method of Tukey’s HSD test.

Soil quality levels were quantified based on a statistical method utilizing soil qual-
ity index (SQI), and a minimum dataset (MDS) was performed to select soil properties
indicators for calculation of SQI using principal component analysis (PCA). Results de-
rived from PCA indicated that only the eigenvalue of the first principal component (PC1)
was higher than 1, accounting for 81.74% of the cumulative percentage of total varia-
tion (Supplementary Table S1). Subsequently, the norm value was calculated to select soil
properties indicators if the value was at least 90% of the maximum value. The norm
values showed that TK (Norm: 1.52), ExMg (Norm: 2.43), and ExMn (Norm: 2.66) were
less than 90% of the maximum norm value, and thus they were excluded from the MDS
(Supplementary Table S1). Consequently, SBD, SOM, TN, TP, AN, AP, AK, and ExCa were
included in MDS to estimate the SQIL.
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The SQIs from the different sampling fields were illustrated in Figure 2. Whether
the linear transformation (LS) or the non-linear transformation (NLS) was performed, the
SQIs exhibited the same trend in this investigation. Briefly, the SQIs from SF I were greater
than those from other sampling fields; it was obvious that SF V had the lowest value; the
rest of the sampling fields were in intermediate positions, respectively. Additionally, the
difference in SQI among different sampling fields was significant (p < 0.05), and these
SOIs were classified into five levels following Zeraatpisheh’s method [36], including very
strong, strong, medium, weak, and very weak. Therefore, to more clearly demonstrate
how soil quality decline affects soil-dwelling mesofaunal communities, we designated “SF
I” as “very strong soil quality” (VSSQ); “SF I1” as “strong soil quality” (55Q); “SF 111" as
“medium soil quality” (MSQ); “SFIV” as “weak soil quality” (WSQ); and “SF V" as “very
weak soil quality” (VWSQ) in the following text.
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Figure 2. Soil quality indexes (SQIs) in agricultural lands of the Mollisols region. (A) Soil proper-
ties indicators were normalized to combinable scores using linear scoring (LS). (B) Soil properties
indicators were normalized to combinable scores using non-linear scoring (NLS) systems. Different
letters indicate a significant difference between each sampling field at p < 0.05 based on the statistical
method of Tukey’s HSD test. VSSQ, very strong soil quality; SSQ, strong soil quality; MSQ, medium
soil quality; WSQ, weak soil quality; VWSQ, very weak soil quality.

3.2. Soil-Dwelling Mesofauna

We collected 4815 individuals from all sampling fields, and these soil-dwelling meso-
fauna belonged to 36 taxa (families/suborders), 20 orders, 6 classes, and 2 phyla. The
taxonomic composition of soil-dwelling mesofauna in the different levels of soil quality
are displayed in Figure 3. We found that soil quality declines resulted in variations in
the taxonomic compositions of the soil-dwelling mesofauna (Figure 3A). In the sampling
fields with very strong soil quality (VSSQ), Isotomidae (34.17%), Actinedida (34.17%),
and Elateridae (10.79%) were the dominant taxa. Actinedida (23.32%) and Isotomidae
(18.50%) occupied dominant positions in the sampling fields with strong soil quality (SSQ).
Oribatida (64.68%) was only absolutely dominant in the sampling fields with medium soil
quality (MSQ). Gamasida (31.94%) and Actinedida (13.09%) were the dominant taxa in the
sampling fields with weak soil quality (WSQ). Entomobryidae (59.63%) and Actinedida
(11.93%) were the dominant taxa in the sampling fields with very weak soil quality (VWSQ),
in which Entomobryidae accounted for more than half of the individuals.
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Figure 3. Soil-dwelling mesofaunal community structures in agricultural lands of the Mollisols region.
(A) Taxonomic composition (%) of soil-dwelling mesofauna in the different soil quality levels. (B) The
overlap and distinctiveness of soil-dwelling mesofaunal taxa in the different soil quality levels. VSSQ,
very strong soil quality; SSQ, strong soil quality; MSQ, medium soil quality; WSQ, weak soil quality;
VWSQ, very weak soil quality.

The unique and shared taxa of soil-dwelling mesofaunal communities are summa-
rized in Figure 3B. Oribatida, Isotomidae, Actinedida, Pseudachortidae, Cantharidae, and
Neanuridae were found in all of the sampling fields and contributed 27.27-60.00% of the
soil-dwelling mesofaunal taxa. Geophilidae, Zodariidae, and Cicadellidae were unique
taxa in the VSSQ fields; Enchytraeidae, Lumbricidae, Nematocera, and Phalangiidae were
unique taxa in the SSQ fields; Tomoceridae, Sminthuridae, Curcuionidae, and Philodromi-
dae were the only unique taxa in the MSQ fields; and Lycosidae, Psocidae, and Aphididae
were unique taxa in the WSQ fields. However, the VWSQ fields exhibited no unique taxa.

The density of soil-dwelling mesofauna varied across different levels of soil quality
(Figure 4A). Regarding the box and whisker plot, specifically, VSSQ fields exhibited signifi-
cantly higher density in these agricultural lands (p < 0.05); both SSQ and MSQ fields showed
significantly greater density than WSQ and VWSQ fields (p < 0.05), with no significant
distinction in this respect between 55Q and MSQ fields (p > 0.05); the density in WSQ fields
significantly surpassed that in VWSQ fields (p < 0.05); and the minimum value of density
was recorded in the VWSQ fields.

The rarefaction curves revealed variations in the richness among these plots (Figure 4B).
Plateau formations were observed in the curves for all locations, indicating the compre-
hensive detection of the majority of the soil-dwelling mesofaunal taxa in these agricultural
lands. Among these curves, the richness of soil-dwelling mesofauna was consistently at
the lowest level in the VWSQ fields, whereas it was consistently higher in WSQ fields than
those in other levels of soil quality. However, the richness in the VSSQ fields was relatively
low compared to the other levels of soil quality.
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Figure 4. Density and richness of soil-dwelling mesofauna in agricultural lands of the Mollisols
region. (A) Box and whisker plots depicting density (Ind/m?) of soil-dwelling mesofauna across
different soil quality levels, with line in the box indicating mean values of density. (B) Rarefaction
curves illustrating richness (taxon number) for density (Ind/ m?) of soil-dwelling mesofauna across
different soil quality levels. Matching letters indicate no significant difference between each level of
soil quality level at p < 0.05. VSSQ, very strong soil quality; SSQ, strong soil quality; MSQ, medium
soil quality; WSQ, weak soil quality; VWSQ, very weak soil quality.

A heatmap demonstrated that the five sampling fields were clustered into four clusters
(Figure 5). It revealed that substantial similarity in the community structure of soil-dwelling
mesofauna could be found in the WSQ and VWSQ fields, and there were some differences
among the other sampling fields. At the same time, a high level of similarity could be
observed among the remaining sampling fields. The soil-dwelling mesofaunal commu-
nities were also clustered into three clusters. Briefly, Oribatida exclusively constituted
the first cluster; Isotomidae and Actinedida were the second cluster; and other species
constituted another cluster. The VSSQ fields exhibited a higher density of Isotomidae and
Actinedida, and a large count of Oribatida was also observed in the MSQ fields. Addition-
ally, a large portion of soil-dwelling mesofauna was evenly distributed throughout these
agricultural lands.
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Figure 5. Distribution characteristics of soil-dwelling mesofauna in agricultural lands of the Mollisols
region. Colors symbolize soil-dwelling mesofaunal density (Ind/ m?). The right dendrogram repre-
sents the clustering of different soil quality levels, while the upper dendrogram shows the clustering
of different soil-dwelling mesofauna. These clusters are formed using an unweighted pair group
method with arithmetical averages (UPGMA). VSSQ, very strong soil quality; SSQ, strong soil quality;
MSQ, medium soil quality; WSQ, weak soil quality; VWSQ, very weak soil quality.
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3.3. Relationship between Soil-Dwelling Mesofauna and Soil Quality

To effectively evaluate the effects of soil quality decline on soil-dwelling mesofaunal
communities, a comprehensive evaluation was meticulously conducted to delineate the
relationship between soil-dwelling mesofaunal communities and soil quality decline utiliz-
ing a Mantel test and an MFA (Figures 6 and 7). We found that the effects of soil physical
properties, soil total nutrients, soil available nutrients, and soil mineral nutrients on soil-
dwelling mesofaunal communities were primarily characterized by positive influences,
and none of the negative influences were significant (p > 0.05). Among these soil properties,
the effects of soil mineral nutrients were lower compared to the other factors. At the same
time, different soil properties correlated with each taxon of soil-dwelling mesofauna in
various ways. For instance, inconspicuous correlations were observed between Oribatida
and all of the soil properties; Isotomidae, Actinedida, Elateridae, Cantharidae, Brachycera,
Zodariidae, and Cicadellidae were susceptible to the influence of soil properties; and TK
exhibited an effect that did not reach statistical significance on the majority of soil-dwelling
mesofauna (p > 0.05).

Oribatida | » 3 | 2 »
Isotomidae | A% [y | v | e [ vir (ol
Actinedida |2 eyt oir| v [vir (e oir [ o ol
Entomobryidac iy 4 |4 2 [ # |43 |4 | %] - ¥
Gamasida | & (3 (8|2 |2 || 8> (2|8
Hypogastruridac | 4 & w 3|
Pseudachortidae | w 4
To:::;f;:j: eSS d i '\,? T . = Soil mineral nutrients
Elateridae L. 4 [y r[vr| o | v [vir|vhr| e[| &
Cantharidae L. |4 vy [fy|vr| o ||| o (| | &
Neanuridae |4 1 Lk » (W
Lithobiidae | 4 s * » W
Brachycera L. |fiy| 4|4 | % | # |3 |3 |38 = |3
Answ::lr;; 2 e ¥l : Soil available nutrients
Scarabaeidae L. | » s (B . o
Phlacothripidae | & » s (W
Enchytraeidae |4 |« |fr ||| e
Staphylinidae L. | & | & | = |8 JEIEARIL S
Geophilidac | 4[| e el v | [vhr | vir (| &
Agclenidac | 8| || |« |A]&| (4|8 Soil total nutrients
Lumbricidac || ¢ [ | w(s|w
Noctuidae L. |4 4 | o8|
Nematocera L. |4 | | | s (W
Zodariidae | 4 [y [y v | v [Yir | e[l
Sminthuridae 3 v | 3|8
Curcuionidae L. 3 R
Chrysomelidae L. 4| [fr| | w w Soi . .
Phalangiidae | 48| & |dr| PPN P P ey e oil physical properties
Coccidae |4 w w (W
Cicadellidac |4 [y r[ye| | v [vir | e[|
Lycosidae LA JRARAL SR ARIRIRAE
Philodromidae » » 3|8
Psocidae L L SRR SR IEIE IR,
Aphididac |« |28 | 3| = | = |33 ] = |
g § EEEZZY LE %% Correlations Mantel's p
=od e —— >0.05
[ ___ | —— Positive  001-005
-1.0 0 1.0 :
Pearson's » —— Negative | — <001

Figure 6. Correlations between different taxa of soil-dwelling mesofauna and soil properties. Stars
correspond to correlation coefficients between different soil-dwelling mesofauna and each soil
property via a Pearson correlation method. Star sizes represent the correlation coefficient’s absolute
value. Star color indicates the correlation coefficient. Pairwise comparisons of predictors (soil physical
properties, total nutrients, available nutrients, and mineral nutrients) are shown on the right. Edge
colors denote correlations via a Mantel test. Edge width represents the correlation coefficient’s
absolute value via the Mantel test.
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Figure 7. Relationships between soil-dwelling mesofauna and soil quality decline. (A) Two-
dimensional scatter graph illustrating the variation among the different sampling fields. (B) Two-
dimensional ordination diagram representing the relationships based on the entire dataset, including
soil-dwelling mesofauna, soil physical properties, total nutrients, available nutrients, and mineral
nutrient data. The two-dimensional plots are generated using a multiple-factor analysis (MFA). VSSQ,
very strong soil quality; SSQ, strong soil quality; MSQ, medium soil quality; WSQ, weak soil quality;
VWSQ, very weak soil quality. SBD, soil bulk density; SOM, soil organic matter; TN, total N; TP,
total P; TK, total K; AN, available N; AP, available P; AK, available K; ExCa, exchangeable Ca; ExMg,
exchangeable Mg; ExMn, exchangeable Mn.

Multiple-factor analysis (MFA) was implemented for estimating the links between
soil-dwelling mesofauna and soil quality decline. The results of MFA were demonstrated
by a two-dimensional diagram (Figure 7). The two-dimensional space defined by the
MFA explained 88.03% of the total variability. Specifically, the axis of dimension 1 (Dim 1)
explained 81.30% of the variance. Due to the fact that the VWSQ, WSQ, MSQ, SSQ, and
VSSQ fields were positioned along Dim 1 from the negative to the positive direction, we
deemed that Dim 1 indicated the gradient of soil quality decline (Figure 7A). This concretely
showed that the positive direction indicated a greater level of soil quality, whereas the
negative direction indicated a lower level of soil quality.

In the two-dimensional ordination diagram (Figure 7B), the vector representing the
density of soil-dwelling mesofauna exhibited an evident positive correlation with Dim
1’s positive orientation. This indicated that soil quality decline decreased the density of
soil-dwelling mesofauna. At the same time, the two-dimensional ordination diagram
displayed that the vectors representing richness pointed towards WSQ fields and showed
negative correlations with density. In addition, the density of soil-dwelling mesofauna was
negatively related to soil temperature and soil bulk density.

4. Discussion
4.1. Community Characteristics of Soil-Dwelling Mesofauna under Soil Quality Decline

Soil quality levels in this study were quantified by utilizing soil quality index (SQI),
and a gradient of soil quality decline existed among the different sampling fields (Figure 2).
In practice, frequent plowing and cultivation during reclamation and planting are primary
contributors to soil quality decline in the Mollisols region [47]. The sampling fields in
the study area were managed by different local farmers, resulting in varying cultivation
histories and levels of land-use intensity, which contributed to a gradient of soil quality
decline in this study.
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In this study, it was evident that community structures and distribution characteristics
of soil-dwelling mesofauna varied across five levels of soil quality. Firstly, we found
variations in the taxonomic compositions of soil-dwelling mesofauna across different levels
of soil quality (Figure 3A). Compared to other fields with different soil quality levels,
Oribatida experienced absolute dominance in the fields with medium soil quality (MSQ),
accounting for 64.68% of the total. Oribatida is among the most abundant taxa of soil
mites, which live in a variety of habitats where they feed as scavengers on bacteria and
fungi [48]. A previous study has revealed that enhanced species diversity and more intricate
co-occurrence networks of bacterial communities emerged during the mid-term of soil
quality decline [49]. Consequently, this phenomenon might have led to Oribatida being
absolutely predominant in the MSQ fields. Meanwhile, Entomobryidae accounted for
59.63% of the total taxa, emerging as the absolute dominant taxa in the sampling fields with
very weak soil quality (VWSQ). Entomobryidae, a family of Entomobryomorpha within
the Collembola, is commonly consumed by various predators of soil macrofauna, such as
Reduviidae and Coccinellidae [50]. Rousseau et al. revealed that soil quality decline could
negatively affect soil macrofauna in agroecosystems [51]. Consequently, the very weak soil
quality led to the absence of natural predators for Entomobryidae, thereby contributing to
their higher proportion in the taxonomic compositions. Subsequently, we observed that the
VWSQ fields exhibited no unique taxa; rather, all observed taxa were common within this
study area (Figure 3B). This indicated that soil quality decline could reduce the probability
of soil-dwelling rare mesofaunal taxa appearing. As substantiated by previous studies, rare
taxa of soil fauna were vulnerable to the effects of soil environmental deterioration [52,53].

In the context of soil quality decline, a consistent decrease in the density of soil-
dwelling mesofauna was noted (Figure 4A). This finding partially confirms our hypothesis
(H1) that the community characteristics of soil-dwelling mesofauna were negatively affected
by soil quality decline in the Mollisols region. In general, substantial input of organic matter
is an essential element in the maintenance of soil quality in the Mollisols region [54]. Some
studies revealed that one of the primary factors contributing to decline in soil quality was
decrease in soil organic matter content [55,56], and our investigation also agreed with
these findings, as depicted in Table 2. Guidi et al. revealed that a substantial quantity of
organic matter can promote good living conditions and food resources for soil-dwelling
mesofauna [57]. Therefore, the lack of organic matter led to a shortage of food resources
for soil-dwelling mesofauna, resulting in a decrease in their density in areas with weaker
soil quality. Concurrently, it was observed that in the sampling fields categorized as
weak soil quality (WSQ), medium soil quality (MSQ), and strong soil quality (55Q), the
richness of the soil-dwelling mesofauna was higher than those in the sampling fields with
very strong soil quality (VSSQ) (Figure 4B). This was not consistent with our hypothesis
(H1). In the VSSQ sampling fields, soil-dwelling mesofaunal density was significantly
higher than that in the other sampling fields (p < 0.05) (Figure 4A). A greater number
of dominant individuals suggests that the majority of ecological niches have been filled,
posing challenges for subordinate individuals in locating suitable habitats and resources,
thus limiting their richness [58]. Consequently, a relatively lower richness was found in the
VSSQ sampling fields.

Additionally, the heatmap in this study demonstrated that substantial similarity in the
community structure of soil-dwelling mesofauna could be found in the WSQ and VWSQ
fields, and there were some differences among the other sampling fields (Figure 5). It indi-
cated that the effects of soil quality decline might be more pronounced on the community
structure of soil-dwelling mesofauna in environments with relatively stronger soil quality.
The competitive exclusion principle implies that when resources are limited, competition
will lead to the exclusion or reduction in numbers of organisms with weaker competitive
abilities [59]. There is relatively greater resource availability in environments with higher
soil quality, leading to relatively less competition among soil organisms [60]. Moreover, we
observed notable density variations of Isotomidae from VSSQ to MSQ), with no discernible
differences noted in the WSQ (Figure 5). Isotomidae, a family of long-bodied springtails
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within the Collembola order, is characterized by its minuscule body size, weak physical
constitution, and limited capacity for migration [61]. These characteristics might render
them particularly vulnerable to competition. Consequently, as soil quality declined in this
study, resources became more limited, intensifying competition, pronouncedly altering the
community structure of soil-dwelling mesofauna in environments with relatively stronger
soil quality. Conversely, a reduction in resources might result in relatively reduced competi-
tion among soil-dwelling mesofauna. Therefore, despite a decrease in soil quality, a drastic
competitive exclusion effect might not occur, allowing for a relatively similar community
structure in the WSQ and VWSQ fields.

4.2. Exploring the Relationship between Soil-Dwelling Mesofaunal Communities and Soil
Quality Decline

Our results revealed that 11 soil properties exhibited varied correlations with different
taxa of soil-dwelling mesofauna during soil quality decline (Figure 6). This finding con-
firmed our hypothesis (H2) that soil quality decline impacts different taxa of soil-dwelling
mesofauna to varying extents. It is known that significant differences in diets, nutritional
requirements, life histories, and life forms are evident among the majority of soil-dwelling
mesofaunal taxa [62,63]. In this study, a total of 94.41% of the individuals isolated be-
longed to the following taxa: Actinedida (19.75%), Oribatida (18.69%), Isotomidae (16.64%),
Entomobryidae (6.60%), Elateridae (4.74%), Gamasida (4.24%), Hypogastruridae (3.24%),
Neanuridae (3.24%), Atemnidae (2.49%), Pseudachortidae (2.43%), Cantharidae (2.43%),
Noctuidae (2.06%), Enchytraeidae (1.81%), Aristocera (1.56%), Geophilidae (1.50%), Cocci-
dae (1.37%), and Staphylinidae (1.31%), and the majority of them were saprophagous or
phytophagous soil-dwelling mesofauna, while a minority belonged to predatory fauna. In
general, saprophagous and phytophagous soil-dwelling mesofauna depend more on or-
ganic matter and inorganic nutrients in the soil for their survival and reproduction [64]. This
results in soil properties exerting positive influences on saprophagous and phytophagous
fauna. Subsequently, an increase in phytophagous and saprophagous fauna might draw
in more predatory fauna to form colonies [65]. Consequently, the effects of soil properties
on soil-dwelling mesofauna were primarily characterized by positive influences in this
study. At the same time, we observed negative impacts on certain taxa of soil-dwelling
mesofauna. However, Mantel’s test indicated that the negative influences of soil properties
on soil-dwelling mesofaunal communities were not predominant. While soil properties
had negative impacts on partial taxa of soil-dwelling mesofauna, other factors such as food
resource availability, competition relationships, and migration patterns, might play more
significant roles in the formation and maintenance of mesofaunal communities [66,67]. In
this study, these negatively correlated taxa (e.g., Entomobryidae, Brachycera larvae) were
mainly distributed in the VWSQ fields. Therefore, contents of soil nutrients might not be
the primary factor influencing community composition in environments with very low
soil quality.

In addition, our results were congruent with prior research, indicating that monitoring
the characteristics of soil-dwelling mesofaunal communities could provide crucial infor-
mation about soil environmental changes, aiding in maintaining ecosystem health [68].
The two-dimensional ordination plot constructed based on the MFA provided further sup-
port for our hypothesis (H2), and it revealed that the density of soil-dwelling mesofauna
could signal soil quality decline in agricultural lands of the Mollisols region (Figure 7).
A reduction in density could be considered an ecosystem response to degradation, re-
flecting challenges for soil-dwelling mesofauna in terms of adaptation and survival [69].
Concurrently, soil total nitrogen (TN), phosphorus (TP), and potassium (TK); available
nitrogen (AN), phosphorus (AP), and potassium (AK); and exchangeable calcium (ExCa),
magnesium (ExMg), and manganese (ExMn) were positively related to the density of soil-
dwelling mesofauna. These soil nutrients can promote plant growth, thereby improving
the contents of organic matter entering the belowground environment as root exudates and
finally increasing the abundance of soil-dwelling mesofauna [70]. Therefore, this finding
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could suggest that the community characteristics of soil-dwelling mesofauna could reflect
soil quality decline to some extent in Mollisols regions.

5. Conclusions

To summarize, changes occurred in the communities of soil-dwelling mesofauna
as soil quality declined in agricultural lands of the Mollisols region. The investigation
results demonstrated a consistent decrease in the density of soil-dwelling mesofauna
with declining soil quality, indicating that density might signal soil quality decline in
agricultural lands of the Mollisols region. Amidst soil quality decline, the effects on
soil-dwelling mesofaunal communities were not exclusively negative, as greater richness
was observed in areas with relatively weaker soil quality. Soil quality decline impacted
different taxa of soil-dwelling mesofauna to varying extents. Oribatida was absolutely
predominant in agricultural lands with medium soil quality, and most Entomobryidae
were found in agricultural lands with very weak soil quality. Additionally, the changes
in soil properties during soil quality decline had various effects on the communities of
soil-dwelling mesofauna. Soil nutrients, in particular, exhibited a positive correlation with
the abundance of soil-dwelling mesofauna in agricultural lands of the Mollisols region,
but they might not constitute the primary factor influencing community composition in
environments with very weak soil quality. The outcomes of this study carry significance
for comprehending how soil quality decline relates to soil-dwelling mesofauna, and can
provide valuable ecological insights for formulating biodiversity guidelines targeted at
preserving soil resources in the Mollisols region.
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