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A B S T R A C T   

Anthropogenic activities are supposed to reduce global biodiversity and negatively influence the development of 
diverse groups in the tree of life. Yet how agricultural management shapes the diversity of microscopic organisms 
and their evolution in the soil, especially at large spatial scale, remains unknown. Here, we investigated how 
agricultural land-use affected the biodiversity and the underlying evolutionary events of soil nematodes by 
comparing their communities in natural and agricultural soils covering a latitudinal transect spanning 2500 km 
across China. In natural habitats, nematode phylogenetic and taxonomic diversity and species richness showed a 
hump-shaped relationship with latitudes and peaked at 30◦ N, while in agricultural habitats those community 
matrices did not change across the studied latitudinal spectrum. Meanwhile, agricultural management reduced 
both diversity and richness of nematodes with the effect being more pronounced in subtropical zones. However, 
evolutionary diversification rates were greater in agricultural than in natural habitats across the entire latitudinal 
range. This was associated with reductions of soil organic carbon and nitrogen as well as shifts of nematode 
community compositions towards rapidly evolving taxa (r–strategists) in agricultural habitats. Together, our 
results suggest that the relatively unfavorable environmental status induced by agricultural management could 
accelerate the community-level speciation rates of nematodes through enriching rapidly evolving taxon. These 
insights increase our understanding of the systematic impacts of agricultural activities on soil biodiversity that 
might facilitate conservation and restoration policies for the purpose of sustainable agriculture.   

1. Introduction 

Land-use change from natural to agricultural systems is the primary 
driver of biodiversity loss in terrestrial ecosystems (Foley et al., 2005; 
Newbold et al., 2015; Yin et al., 2020). As such, we face the issue of 
simultaneously increasing food production while reducing further 
negative impacts on biodiversity in agricultural systems (Cardinale 
et al., 2012; Tilman et al., 2012). Facing this dilemma, an increasing 
amount of studies highlight the value of enhancing ecosystem services 
by exploiting the functionalities of soil biota (Bender et al., 2016; Le 
Provost et al., 2020). While the effects of agricultural management on 
soil biodiversity is receiving increasing attention, the efforts are skewed 
towards soil microorganisms, with less attention given to soil fauna. 

Soil biodiversity represents a major biodiversity pool, supporting key 

ecosystem services and is under pressure from various anthropogenic 
activities (Cameron et al., 2018). Soil nematodes are the most abundant 
and diverse animals, their relationships between environmental vari-
ables are well characterized in comparison to other soil organism groups 
(van den Hoogen et al., 2019). They are functionally important as they 
occupy all major trophic levels (Nielsen et al., 2014; Wilschut et al., 
2019; Wu et al., 2016; Yeates, 2003; Yeates and Bongers, 1999). They 
are well-classified by life strategies (defined by c-p values) with high or 
low reproduction rates (Bongers, 1990). Furthermore, nematodes are 
also used to be bioindicators due to their sensitivity to the physico-
chemical changes in their habitat. They are documented to be driven by 
changes in soil organic carbon, pH, mean annual precipitation and 
temperature (Bongers and Ferris, 1999; Zhao and Neher, 2013). This 
also corroborates the importance of considering the roles of climate 
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factors when studying the effects of agricultural management on soil 
nematode diversity. 

Yet, biodiversity is studied in an unbalanced manner across organ-
ismal groups, with mechanisms of biodiversity changes within soil lag-
ging behind those on aboveground biota (Geisen et al., 2019; Veresoglou 
et al., 2015). Especially, the roles of evolutionary methods in explaining 
biodiversity changes are well studied among above-ground organisms 
and would be helpful to uncover the mechanisms of biodiversity changes 
in below-ground counterparts (Thakur et al., 2020). Given that evolu-
tionary history can provide critical information for perceiving, pre-
dicting and potentially ameliorating biodiversity changes, 
understanding the changes of soil biodiversity evolutionarily is of pro-
found significance (Cadotte et al., 2008). Until now, nearly nothing is 
known about evolutionary rates among soil organisms subjecting to 
environmental changes, i.e. land-use changes (Bardgett and van der 
Putten, 2014; Crawford et al., 2005). Indeed, a key challenge for tar-
geted evolutionary studies on soil biodiversity is the limited knowledge 
of the tremendous members of soil biota (Murakami et al., 2015). Thus 
the recognized numbers of nematodes together with their responsive-
ness to agriculture-induced changes make them an ideal model system to 
better understand evolution of soil biota in agroecosystems (Baldwin 
et al., 2004; Coghlan, 2005). 

Phylogenetic Comparative Methods (PCM) have been widely used to 
explain the biodiversity changes from evolutionary points of view (Losos 
and Glor, 2003). The net diversification rates, calculated as speciation 
minus extinction which were derived from PCM estimations, are ex-
pected to be positively related to the changes in biodiversity. For 
example, higher speciation and lower extinction rates are related to the 
biodiversity gradients in ectomycorrhizal fungi in temperate zones 
(Sánchez-Ramírez et al., 2015). A number of proposed explanations for 
the mechanisms of biodiversity changes are based on presumed varia-
tion in diversification rates (Belmaker and Jetz, 2015; Scholl and Wiens, 
2016). However, the potential roles of diversification rates of soil 
nematodes and their links with the pattern of diversity could help to 
explain the effects of agricultural managements on soil biodiversity. 

Here, we ask how agricultural management affects nematode di-
versity patterns through species gains but also potential species losses, i. 
e. the net diversification (Suppl. Fig. 1). For that we applied molecular 
techniques to investigate nematode communities in natural and agri-
cultural soils in a large transect across China. We tested the role of cli-
matic and edaphic factors in determining diversification rates and 
thereby on the overall pattern of nematode diversity. We hypothesized 
that 1) nematode diversity was reduced by the disturbance derived from 
agricultural managements, which were proxied by the reduction of 
resource supply for nematodes in agricultural habitats; 2) agricultural 
habitats might be dominated by soil nematodes that were characterized 
by lower speciation rates compared with natural habitats. 

2. Materials and methods 

2.1. Soil sampling 

Soil samples were taken from August to October 2016 during the 
maize harvest period, and more details about site description i.e. vege-
tation were illustrated in a previous study (Li et al., 2020). A total of 112 
soil samples (50 agricultural and 62 natural soils; samples failed with 
PCR amplification were not included) from a latitudinal sampling design 
ranging from 20◦ N to 40◦ N in China were used for downstream anal-
ysis. Considering the effects of climatic factors on the results in a lat-
itudinal experiment, we defined here that 20–30◦ and 30–40◦ N were 
subtropical and temperate zones, respectively (Zheng et al., 2020). To 
compare the effects of agricultural practices on soil nematodes, we 
collected soils from natural habitats within 100 km of each agricultural 
site. The natural habitats were defined as forests that were largely un-
affected by anthropogenic activity. Shrublands and woodlands that were 
unaffected for more than 20 years were chosen in those areas (Li et al., 

2020). All selected maize fields were in the regularly managed regions 
and were maintained in the same way according to the annual recom-
mendations from National Agro-Tech Extension and Service Center, e.g. 
the application of fertilization and chemical pesticides. However, due to 
the different climates, sowing and harvesting were one month late in the 
north of China. In each sample, five soil cores with a diameter of 3.5 cm 
and a depth of 0–10 cm were randomly collected and mixed. After 
sampling, soil was transported immediately to laboratory on ice. 

2.2. Soil and climate properties determination 

Soil chemical properties were determined using air dried soils (Klute, 
1986; Lu, 1999). Briefly, soil organic carbon (SOC, mg/kg) and total 
nitrogen (TN, mg/kg) were analyzed using a C/N analyzer (Elementar 
Co., Germany). Soil pH was measured using soil water suspension (1:2.5 
wt/volume) with a pH meter. Percentages of clay, silt and sand were 
estimated after sieving by granulometric analysis. For each site, we 
recorded the altitude, latitude, longitude and the vegetation types. We 
also extracted two climate variables, the mean values of annual tem-
perature (C̊) and annual precipitation (mm), from WorldClim version 2 
(http://www.worldclim.org/) with the time series 1970–2000 and the 
spatial resolution of 30 s. 

2.3. Nematode extraction and DNA isolation 

Nematodes were extracted from 100 g fresh soil using a modified 
Baermann method followed by sugar centrifugal flotation (Liu et al., 
2008). After extraction, nematodes were transferred to a 2 mL Eppen-
dorf tube with 1 mL sterilized water and were divided into two aliquots. 
One aliquot was used for counting numbers and morphological identi-
fication. DNA were isolated from another aliquot according to the in-
structions of DNeasy Blood & Tissue Kits (Qiagen GmbH, Hilden, 
Germany). According to the numeration, the individuals spanned from 
68 to 688 and from 42 to 959 in natural and agricultural habitats, 
respectively. Averagely, there were 290 and 363 individuals used for 
DNA extraction for forest and agricultural habitats, respectively. DNA 
isolates were then stored at − 20 ◦C for further use. 

2.4. Nematode community amplicon sequencing 

V4 region of the 18S rRNA gene was chosen for amplicon sequencing 
using the universal eukaryotic primer pair 3NDf and 1132rmod as pre-
viously described (Geisen et al., 2018). We chose the 18S rRNA genes to 
infer phylogenetic relationships of soil nematodes for the following 
reasons. First, this gene is the standard barcoding gene for nematodes 
and therefore is by far best represented in databases such as PR2. This 
primer set performs well in accompany with the PR2 database and 
already used for next generation sequencing for soil nematodes (Geisen 
et al., 2018; Wilschut et al., 2019). In a large-scale work like present 
study, we usually need to amplify a huge number of samples from 
various habitats. The NGS technique provide the opportunity to 
handling more samples than traditional morphology identification as 
well as the phylogenetic information of nematodes (Li et al., 2014; Wu 
et al., 2009). The primers were designed with overhang Miseq adapters 
at the 5′ end (5′-TCGTCGGCAGCGTCAGATG TGTATAAGAGACAG-3′ for 
forward primers and 5′-GTCTCGTGGGCTC GGAGATGTGTATAAG 
AGACAG-3′ for reverse primers). Each DNA extract was amplified in 
triplicate, including No Template Control (NTC), in 50 μl reaction vol-
ume containing 10 μl 5-fold Phusion GC Buffer, 50 ng of DNA, 0.2 μM 
each primer, 1 Unit Thermo Scientific® Phusion High-Fidelity DNA 
Polymerase, 5% DMSO and 0.2 mM of each of the four deoxynucleoside 
triphosphates. After initial denaturation at 98 ◦C for 1 min, the targeted 
DNA region was amplified by 25 cycles at 98 ◦C for 45 s, 53 ◦C for 45 s 
and 72 ◦C for 30 s, followed by a final elongation step at 72 ◦C for 5 min 
using a ProFlex PCR System (ThermoFisher Scientific). The triple PCR 
products were combined for each isolate and purified using PCR DNA 

X. Gong et al.                                                                                                                                                                                                                                    

http://www.worldclim.org/


Soil Biology and Biochemistry 155 (2021) 108183

3

Purification Mini Prep Kit (Genaxxon BioScience, Ulm, Germany). 
Amplicon concentration then was measured using Qubit™ dsDNA HS 
Assay Kit and a Qubit fluorometer (Invitrogen GmbH, Karlsruhe, Ger-
many). Purified PCR products were used for paired-end sequencing by 2 
× 300 bp Illumina Miseq platform at Allwegene sequencing company 
(Beijing, China). Raw sequences were deposited in the NCBI SRA data-
base under the accession number PRJNA669211. 

2.5. Sequence data processing 

Paired-end sequence data were joined, demultiplexed and analyzed 
using QIIME pipeline (Caporaso et al., 2010). Sequences <200 bp with 
an average quality score <20 and ambiguous characters were discarded. 
After chimeras and singletons were detected and removed by usearch 
6.1, operational taxonomic units (OTUs) were clustered on the basis of 
97% similarity with the uclust algorithm and assigned to taxonomic 
units using the quality curated PR2 4.12.0 database (Guillou et al., 
2013), unassigned OTUs by PR2 were then blasted against NCBI nt 
database, and all the OTUs assigned to Nematoda were included in 
further analysis. Phylogenetic tree was generated using QIIME script 
“make_phylogeny.py” with the default “FastTree” method. To improve 
the accuracy, the representative OTUs were remaped to the database 
and the full-length sequences were used for phylogeny. The OTU tables 
were rarefied to the same sequencing depth (1000 sequences per sam-
ple) to avoid the potential drawbacks due to uneven sequencing between 
samples. Subsequently, life strategy and feeding habits were allocated 
according to NEMAPLEX (http://nemaplex.ucdavis.edu/) where nema-
tode genera were applied. For the life strategy of nematodes, we applied 
the colonizer–persister (cp) value spanning from 1 to 5 to represent their 
ecological strategies transiting between r and K characteristics. Nema-
todes that rapidly reproduce under favorable conditions are considered 
as colonizers and those with a low reproduction rate as persisters 

(Bongers, 1990). For the feeding habits, nematodes were classified as 
bacterivores, fungivores, herbivores, omnivores and carnivores accord-
ing to their food sources (Yeates et al., 1993). 

2.6. Speciation rates estimation 

We used the Geographic State Speciation and Extinction (GeoSSE) 
framework to test for differences in the overall speciation and extinction 
rates between subtropical and temperate lineages in natural and agri-
cultural habitats (Goldberg et al., 2011). Each OTU was affiliated with 
two states, i.e. subtropical vs temperate in the model. We analyzed the 
model for natural and agricultural habitats separately. The OTU table 
and phylogenetic tree were then matched for downstream analysis. This 
method was implemented in the function make.geosse in R package 
diversitree (Fitzjohn, 2012). Besides, diversification rates were 
expressed as speciation minus extinction rates in this model. Comple-
mentary to the SSE-based model, calculated based on the pre-
sence/absence of each nematode OTU in the subtropical and temperate 
zones, species-specific speciation rates of nematode lineages were 
calculated using the newly developed Cladogenetic Diversification rate 
Shift (ClaDS) model implemented in the function fit_ClaDS in R package 
RPANDA (Maliet et al., 2019; Morlon et al., 2016). This model use 
Monte Carlo simulations, making this approach perform well at inferring 
both small and large changes in diversification. This advantage is 
necessary for a research like present study using a phylogeny con-
structed from a general primer. For a more reliable comparison with the 
GeoSSE model, the Community-Weighted Mean (CWM) of speciation 

rates in each habitat was calculated using the equation: 
∑n

1
Mi*Pi, where 

Mi was the average of the speciation rates (derived from ClaDS model) 
and Pi was the relative abundance of the ith OTU. 

Fig. 1. Phylogenetic profiling of isolated nematode OTUs illustrated by feeding habits (where applicable) with different tip labels, by preferred living habitats 
(orange: agriculture; green: nature), family level and preferred climate regions (yellow: temperate; blue: subtropics) from the first to the third ring. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Relationship between latitude and nematode diversity represented by phylogenetic diversity inferred from Faith’s PD, species richness inferred from OTU 
numbers, Shannon index and the community-weighted mean (CWM) of speciation rates (a–d). The importance of every climatic and edaphic predictor that 
significantly (P < 0.05) affected the respective measure is shown on the right side of the respect panel as determined using Random Forest analysis. 
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2.7. Statistics 

All analyses were performed in R 4.0.0 (R Core Team, 2020). The 
Shannon diversity index was calculated with the nematode OTU table 
using the function diversity implemented in R package vegan (Oksanen 
et al., 2019), the richness and Faith’s phylogenetic diversity index were 
calculated using the function pd in R package picante (Kembel et al., 
2010). To test the relationships between nematode diversity and lati-
tude, we fitted linear and non-linear regression model to these factors 
using the function lm in R package base. Classification random forest 
(RF) analysis with 5000 permutations was performed to evaluate the 
most important climatic and edaphic factors predicting the diversity and 
speciation rates using R packages randomForest, A3 and rfPermute 
(Archer, 2020; Fortmann-Roe, 2015; Liaw and Wiener, 2002). Structural 
equation models (SEM) were applied to investigate the direct and in-
direct pathways through land use and latitudinal changes on the nem-
atode diversity. The assumption were that climatic and edaphic factors 
induced by latitude and land use changes could modify the diversifica-
tion rates of nematodes, which thereby contribute to changes of nema-
tode diversity (Suppl. Fig. 1). These analyses were performed in R using 
the lavaan package (Rosseel, 2012). To quantify the goodness of SEM 
model fit, we used three metrics: (1) Chi-square test (χ2; good fit indi-
cated by 0≤χ2/df ≤ 2 and 0.05<P ≤ 1.00), (2) the root mean square 
error of approximation (RMSEA; good fit indicated by 0≤RMSEA≤0.05), 
and (3) the Comparative Fit Index (CFI; good fit indicated by 
0.95<CFI≤1.00) (Schermelleh-engel et al., 2003). 

3. Results 

Across all samples, we obtained a total of 800,802 sequences after 
quality curation. Those were grouped into 958 OTUs, among which 256 
OTUs (accounting for 401,353 sequences) that were assigned into 103 
genera, 64 families, 13 orders and 2 classes in the phylum Nematoda 
(Fig. 1). Of those 256 nematode OTUs, 251 OTUs were assigned to genus 
level, which were used for downstream assignment of life strategy and 
feeding habits. The relative abundance of carnivores (usually with high 
c-p values) were lower in agricultural than in natural habitats (F = 10.6, 
P = 0.002; Suppl. Fig. 2), and in temperate than in subtropical zones (F 
= 7.27, P = 0.008). The effects of land-use on the relative abundance of 
bacterivores and fungivores were dependent on climate zones (F = 6.78, 
P = 0.011 and F = 15.5, P < 0.001, respectively). Bacterivores and 
fungivores were 25% more abundant in agricultural than in natural 
habitats in subtropical zones (P < 0.05), but 30% more abundant in 

natural than agricultural habitats in temperate zones (P < 0.05). Be-
sides, natural and agricultural habitats in subtropical zones harbored 30 
and 2 endemics, respectively (Suppl. Fig. 3). While in temperate zones, 
the natural and agricultural habitats hold 0 and 3 endemics. 

Phylogenetic and taxonomic diversity, as well as the richness, of 
nematodes were correlated with latitude in natural habitats, showing 
hump-shape relationships (P < 0.05; Fig. 2a–d). They increased with 
latitude from 20◦ to 30◦ and decreased beyond 30◦, whereas the reverse 
was true for the CWM of speciation rates. Diversity and richness were 
lower in agricultural than in natural habitats when the latitude was 
below 30◦ (P < 0.05), but the difference disappeared when the latitude 
was beyond 30◦. The CWM of speciation rates was generally greater in 
agricultural habitats across the whole latitudinal range. Mean annual 
precipitation was the most important predictor for the diversity and 
richness (Average IncMSE%>15%, P < 0.05), while the CWM of speci-
ation rates was mostly driven by the content of soil organic carbon and 
total nitrogen (SOC and TN; IncMSE%>15%, P < 0.05; Fig. 2e–h). 

Nematode speciation rates in agricultural habitats were five times 
higher than those in natural habitats estimated by the GeoSSE model, 
with the medium of 15 and 3 for agricultural and natural habitats, 
respectively (Fig. 3). Extinction rates were lower in agricultural than in 
natural habitats in temperate zones, but the reverse pattern was 
observed in the subtropics. Net diversification (speciation minus 
extinction) rates were negative in natural habitats in temperate zones 
but positive in subtropics for natural habitats, while the rates were 
higher in agricultural than in natural habitats in both climate zones. 
Similarly, lineage-specific speciation rates varied by as much as two 
orders of magnitude within clades according to the ClaDS model (Fig. 4). 
The clade of Chromadorea exhibited higher speciation rates compared 
with Enoplea, with a greater relative abundance of Chromadorea being 
found in agricultural habitats (Suppl. Fig. 2 and Suppl. Fig. 4). In natural 
habitats, higher speciation rates usually correlated with higher diversity 
of nematodes (especially in subtropical zones), while in agricultural 
habitats speciation rates were usually negatively correlated with nem-
atode diversity (Suppl. Fig. 5). 

The c-p values of nematodes were negatively corelated with specia-
tion rates (R2 = 0.317, P < 0.001), with speciation rates of colonizers 
being greater than those of persisters (Fig. 5a). Together, more colo-
nizers (c-p values 1 and 2) were found in agricultural than in natural 
habitats and the reverse was true for persisters (Fig. 5b; P < 0.05). 
Smaller values and a narrower distribution of SOC contents were found 
in agricultural habitats and were negatively correlated with CWM 
speciation rates in both habitats (Fig. 5c). Soil pH had a quadratic 

Fig. 3. Posterior probabilities of speciation, 
extinction and net diversification (speciation 
minus extinction) rates of nematodes corre-
sponding to agricultural and natural habitats 
in temperate (panel a, b and c) and sub-
tropical (panel d, e and f) zones. Posterior 
probabilities were computed using MCMC 
analyses for the best-fitting model on the 
consensus tree. Bars below each distribution 
pattern represent the 95% credibility interval 
of each estimated parameter. Speciation 
rates refer to within-biome speciation.   
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relationship with speciation rates, with neutral pH demonstrating the 
lowest speciation rates (R2 = 0.188, P = 0.009 and R2 = 0.161, P =
0.006 for agricultural and natural habitats, respectively; Fig. 5d). The 
optimal SEM models supported that overall climatic and edaphic factors 
contributed to the changes of biodiversity through mediating speciation 
rates in both agricultural and natural habitats; with the pathway being 
negative in agricultural habitats but positive in natural habitats (Suppl. 
Fig. 6). The correlation analysis demonstrated that positive or negative 
relationships complemented to the Random Forest analysis showing the 
power of predictions. While the power of pH was weaker than other 
predictors revealed by Random Forest analysis, the difference among 
variance explained by those predictors was less than 5% (Fig. 2). 
Further, soil pH showed a U-shaped correlation and was the only pre-
dictor that significantly correlated to the CWM speciation in both nat-
ural and agricultural habitats. SOC as well as TN and clay contents 
significantly correlated negatively to CWM speciation solely in natural 
habitats, with the effects of TN and clay contents being similar to SOC 

(Suppl. Fig. 7). 

4. Discussion 

Nematode diversity and the CWM speciation rates show different 
responses to agricultural disturbance, which are embodied in the 
changes of edaphic factors. Besides negative effects of intensive activ-
ities, agricultural habitats are of lower contents and narrower distribu-
tion of SOC, thus restricting the supply of available resources to 
microbial growth and therefore result in lower diversity of nematodes. 
Our findings that agricultural habitats are dominated by rapidly 
evolving species underline the effects of agricultural management on 
soil biodiversity from an evolutionarily view. However, limitations 
should be taken into consideration about the potential bias of excluding 
agricultural samples that failed during sample processing (DNA extrac-
tion, PCR amplification or low read output). These missing samples 
might imply that these sites are of much less abundance of nematodes 
compared with other sites, thus all the interpretations from present 
study are based on the sites of higher numbers of nematodes. 

4.1. Effects of land-use change on nematode diversity patterns along 
latitudes 

The result that diversity and richness of soil nematodes are generally 
greater in natural than in agricultural habitats in subtropical regions 
confirms the first hypothesis. Globally, land-use changes from natural to 
agricultural habitats reduced one quarter of birds and insects (Flynn 
et al., 2009; Laurance et al., 2014; Seibold et al., 2019). From a regional 
scale study conducted in Europe, observations additionally showed that 
agricultural practices are a major threat to soil biodiversity (Tsiafouli 
et al., 2015). While significant differences were detected in subtropical 
regions, the current results denoted that nematode diversity in agricul-
tural habitats was not different from that in natural habitats in 
temperate zones. One explanation for this is that agriculture manage-
ment would erase climate constraints on soil nematode diversity (Li 
et al., 2020). Indeed, recurring and persistent external inputs in agri-
cultural soils can alleviate the limitations of available resources and 
thereby reduce the negative effects on nematodes (Licker et al., 2010). 
Furthermore, increased disturbance from mechanical tillage decreases 
some nematode taxa but could support certain nematodes with high 
plasticity, such as those characterized with short life spans (Vazquez 
et al., 2019). These taxa might account for the overall diversity in 
agricultural habitats in temperate zones. 

The result that nematode diversity in natural habitats declined with 
latitude in line with latitudinal diversity gradients common observed in 
aboveground animals and plants (Economo et al., 2018; Saupe et al., 
2019). This pattern is supported by the highest number of endemic 
nematodes in subtropical natural soils that are likely biodiversity res-
ervoirs (Romdal et al., 2013). Furthermore, we found a hump-shaped 
relationship between nematode diversity and latitude that peaked at 
30◦N. This pattern might be explained by the variations in contents of 
soil organic carbon determined by climatic factors at large spatial scales 
(Franzluebbers et al., 2001). Concisely, the lower temperature and 
higher precipitation resulted in the accumulation of SOC (Craine et al., 
2010). The SOC serves as a major determinant of microbes, which is 
positively correlated with nematodes and contribute to the higher 
nematode diversity in near 30◦N (Delgado-Baquerizo et al., 2018; 
Neilson et al., 2020; Song et al., 2017). Complementary to SOC, the 
content of soil total nitrogen (TN) greatly influences the abundance of 
opportunistic nematodes with cp values of 1 or 2 (Shaw et al., 2019). 
This might also contribute to the argument that resource is a major 
driver of nematode diversity changes. Moreover, we also find that soil 
physical properties (content of clay, silt and sand) contributed to the 
variations of nematode diversity, suggesting spatial niches were also 
important for the conservation of soil biodiversity (Lennon et al., 2012). 

Fig. 4. Phylogenetic tree simulated under the ClaDS model (λ0 = 1.26; σ =
0.86; α = 1.03; ε = 0.35; size, n = 256 tips), with branches colored according to 
their realized speciation rate (see colored bar, ranging from high (red) to low 
(blue) speciation rates). The corresponding band with the tip label of the tree 
shows the position of the two classes Chromadorea (red) and Enoplea (light 
green), the arrow also illustrates the separation of the two groups. The right 
panel shows relative abundance in agricultural and natural habitats for every 
OTU. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

X. Gong et al.                                                                                                                                                                                                                                    



Soil Biology and Biochemistry 155 (2021) 108183

7

4.2. Contributions of speciation rates to nematode diversity patterns 

Our finding that CWM speciation rates were greater in agricultural 
than in natural habitats across the entire latitudinal gradient, however, 
rejects our second hypothesis. This is due to the increase of colonizers 
(most r-strategists with small body sizes) in agricultural habitats (Liu 
et al., 2015). Also, agricultural habitats exhibited higher proportions of 
Chromadorea with high speciation rates according to our analysis. 
Together, these results suggest that agricultural practices would select 
nematode species characterized by traits that support accelerated 
diversification rates consistent with above-ground tests (Pyron and 
Burbrink, 2013). 

The CWM speciation rates showed a U-shaped relationship along 
with latitudes and was lowest at 30◦N. The same pattern also occurred in 
both agricultural and natural habitats for soil pH, indicating that pH 
could be a predictor of CWM speciation rates of soil nematodes. 
Different groups of nematodes have different preferred pH, which could 
impact on the physiology and community composition of nematodes 
along a pH gradient (Cong et al., 2020; Xiao et al., 2020). As neutral pH 
is linked to highest soil microbial diversity (Fierer et al., 2009; Lauber 
et al., 2009), these changes would be scaled up to the nematodes 
(Neilson et al., 2020). However, the neutral pH was linked to the lowest 
CWM speciation rates of nematodes. In addition, we also found that 
greater speciation rates do not translate to greater diversity and were 
negatively correlated with diversity especially in agricultural habitats. 
The mechanism responsible for the negative relationship between 
diversification rates and diversity could be related to the relatively harsh 
conditions in agricultural soils. With high-intensive management, the 
agricultural systems usually possess low levels of soil organic carbon and 
total nitrogen (Bommarco et al., 2013). This might drive nematode 
communities to be dominated by rapid evolving specis because “the Red 

Queen runs faster when she is under pressure” (Brown, 2014). 
The fact that higher speciation rates co-exist with lower diversity in 

agricultural habitats suggest that, on the one hand, speciation rates need 
to be studied together with environmental factors to get comprehensive 
information to advance soil macroecology (White et al., 2020). On the 
other hand, elevated speciation rates of soil nematodes in agricultural 
habitats, compared with those in natural habitats, suggests a need for 
specific strategies for biodiversity preservation in different habitats or 
regions (Watson and Watson, 2020). Thus, we propose the strategy that 
preserving the endemic species in the sub-tropical zones, and slow 
growing persister species, such as omnivore and carnivore nematodes in 
temperate zones. Last but not least, the different effects of land-use on 
evolutionary rates indicate that the roles of habitat in influencing the 
evolutionary processes of soil biota, therefore promoting the heteroge-
neity of habitats would simultaneously preserve a stable community 
involving more species that are of slow and fast speciation rates. 

5. Conclusions 

This study spanning climate gradient suggests that CWM speciation 
rates of nematodes were higher in agricultural habitats due to an in-
crease of species with high rates of speciation, specifically colonizers, 
and a lower abundance of persisters. With a forward-looking vision of 
biodiversity conservation on the globe, different strategies should be 
taken for sites with different land-use purposes. For example, preserving 
slow evolving species are in the first priority in agricultural habitats. For 
natural habitats, subtropics should be protected as natural reservoirs, as 
we show that these regions are biodiversity hotspots for the most 
abundant animals on Earth: Nematoda. Together, our study calls for 
more multidimensional researches targeting ecocentric conservation of 
biodiversity including various functional and trophic groups. 

Fig. 5. Speciation rates (a) and community composition (b) of nematodes grouped with c-p values ranging from 1 to 5. Relationship between the Community- 
Weighted Mean (CWM) of speciation rates and (c) soil organic carbon and (d) pH. 
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