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1  | INTRODUC TION

Belowground organisms play important roles in regulating eco-
system functioning in terrestrial ecosystems (Bardgett & van 
der Putten, 2014; Zhang, Li, Wu, & Hu, 2019), mediating the cy-
cling of carbon and other elements, and affecting aboveground 
community dynamics (Morriën et al., 2017). Compared with the 
well-known geographic patterns in the diversity and abundance 
of aboveground organisms (Hillebrand, 2004; Mannion, Upchurch, 
Benson, & Goswami, 2014), the geographic patterns of below-
ground organisms are relatively understudied (but see Decaëns, 
2010; Hendershot, Read, Henning, Sanders, & Classen, 2017; 
Maraun, Schatz, & Scheu, 2007). Because of the important interac-
tions between aboveground and belowground processes, a better 
understanding of geographic patterns of belowground organisms 
is needed (Fierer, Strickland, Liptzin, Bradford, & Cleveland, 2009; 
Lu, He, Ding, & Siemann, 2018; van der Putten, 2012; Wilschut 
et al., 2019), especially in light of multiple global change factors 
(Bardgett & Wardle, 2010; Coyle et al., 2017) that may perturb 
both aboveground and belowground communities.

One of important global change factors is the introduction 
of species to areas outside their historic geographic ranges (Alba, 
Fahey, & Flory, 2019; van der Putten, 2012). Species that spread 
rapidly may not be well adapted to their new geographic ranges or 
to the species in their new communities (Allen et al., 2017; Zhang, 
Pennings, Li, & Wu, 2019). One of the consequences may be that the 
invasive species may not show the same latitudinal clines in traits or 
species interactions that are often found in native species (Bhattarai 
et al., 2017; Liu, Strong, Pennings, & Zhang, 2017). For example, 
Cronin, Bhattarai, Allen, and Meyerson (2015) found that herbivory 
decreased with latitude for native Phragmites australis genotypes in 
Europe, but in its introduced range, North America, there was no lat-
itudinal gradient in herbivory, suggesting either that the invasive P. 
australis had not yet evolved latitudinal clines in plant defences typ-
ical of the native range, or that local herbivores had not yet adapted 
to utilize the introduced species. Whether a similar non-parallel lat-
itudinal pattern occurs for plant–soil biota interactions needs to be 
explored.

Species invasions can occur in various habitats, but are partic-
ularly consequential in coastal habitats because these habitats are 
typically dominated by a small number of plant species, making it 
likely that an invader will dramatically change species composition, 
the physical environment, or both (Li et al., 2009; Zhang, Pennings, 
et al., 2019). Examples of widespread invaders in coastal habitats 
include introduced genotypes of the grass Phragmites australis 
on the Atlantic and Gulf coasts of the United States (McCormick, 
Kettenring, Baron, & Whigham, 2010), and the grass Spartina alterni-
flora on the West Coast of the United States (Kerr, Hogle, Ort, & 
Thornton, 2016; Strong & Ayres, 2016) and in China (Li et al., 2009; 
Liu et al., 2019; Zhang et al., 2017). In China, introduced S. alterni-
flora displays latitudinal clines in plant traits that are not parallel to 
those of native plants or of S. alterniflora in its native range (W. Liu 
et al., personal communication; Y. Zhang et al., unpublished data). 

Here, S. alterniflora, with its continental-scale invasion, offers us an 
opportunity to investigate the biogeography of species invasions 
and interactions.

Nematodes dominate most soil communities and are the most 
abundant metazoan known on Earth (Bardgett & van der Putten, 
2014; van der Hoogen et al., 2019). They occupy all major trophic lev-
els of the soil food web (Boag & Yeates, 1998; Yeates, 1979), affect 
the physical and chemical properties of soil, and regulate nutrient 
cycling (Hunt & Wall, 2002; Neher, 2010; Neher, Wu, Barbercheck, 
& Anas, 2005). Many previous studies have focused on the relation-
ship between nematode diversity and environmental parameters 
including climatic and edaphic variables (Nielsen et al., 2014; Song 
et al., 2017; Wu, Chen, & Zhang, 2016). For example, in a meta-anal-
ysis, Song et al. (2017) found that the diversity of nematodes was 
positively correlated with annual mean temperature. Likewise, Wu 
et al. (2016) found that climatic variables including annual tem-
perature range and edaphic variables like pH were very important 
in influencing nematode community structure in coastal wetlands 
dominated by native plants. Because soil nematodes may respond to 
fine-scale changes in soil resources, pH and moisture, they interact 
with environmental parameters at fine spatial scales, and these in-
teractions and processes may be important in determining diversity 
patterns (Neher, 2010). Also, because plants are one of the major 
factors affecting nematode communities, introduced species may 
alter natural patterns of nematode diversity and distribution. In 
China, the nematode communities associated with native P. australis 
show a geographic pattern of decreasing genus-level diversity with 
increasing latitude; however, the nematode communities associated 
with introduced S. alterniflora do not show similar patterns, which 
may be related to the edaphic parameters and plant traits (Zhang, 
Pennings, et al., 2019). This finding suggests that the introduced S. 
alterniflora has homogenized the native nematode community across 
latitude; however, results were not compared with the native range 
of S. alterniflora.

Here, we compared latitudinal clines in nematode diversity in 
stands of S. alterniflora between the native and invaded ranges to 
better assess the ecological impact of the invader on soil communi-
ties. We sampled nematodes in stands of S. alterniflora from 32 sites 
in the native range in the United States and 41 sites in the invaded 
range in China. We tested three hypotheses: (a) nematode diversity 
in the native range of S. alterniflora will decrease with increasing lat-
itude, this pattern should be similar to that which was found in the 
native range of P. australis in China; (b) the cline of nematode diver-
sity in the introduced range of S. alterniflora will differ from that in 
the native range; and (c) different climatic and edaphic variables will 
explain the latitudinal patterns of nematode diversity in the native 
range of S. alterniflora versus the introduced range. Because nem-
atodes occupy a variety of trophic positions and vary considerably 
in life history, we examined geographic patterns both from the per-
spective of taxonomic diversity, by looking at species and genus 
richness, and also from the perspective of functional diversity, by 
looking at geographic variation in different feeding groups and dif-
ferent life-history groups.
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2  | METHODS

We sampled soil in June and July 2018 at 32 sites along the East 
Coast of the United States, from Florida to Maine, which spans a lati-
tudinal range of 30–43°N (Figure 1, Appendix S1: Table S1). These 
data were compared with those from 41 sites along the East Coast 
of China that spanned a latitudinal range of 30–39°N (Appendix S1: 
Table S1). Samples from China were collected in June 2015 (n = 24) 
and June 2017 (n = 17). The 2015 data were previously published 
(Zhang, Pennings, et al., 2019). In both countries, individual sites 
were at least 1 km apart. We chose 35°N to divide the sites into 
similar numbers of higher- and lower-latitude sites for comparison. 
All study sites fall into the temperate region, however, and this dis-
tinction was otherwise arbitrary. Climate data from the station clos-
est to each site (mean annual temperature, MAT, and mean annual 
precipitation, MAP) were obtained from http://data.cma.cn/ and 
https://www.wunde rgrou nd.com/.

At each site, we worked in the salt marsh habitats within areas 
dominated by monospecific stands of the grass Spartina alterni-
flora. We worked in the middle of the S. alterniflora zone, avoiding 
Creekbank locations. Within each site, we haphazardly located at 
8 m transect and collected nine sediment cores at 1 m intervals along 
the transect, using a modified O’Connor split corer (3.2 cm diameter) 
to 10 cm depth. We mixed the nine sediment samples to create a 
single composite sample, fixed a 150 g subsample in 4% hot formalin 
for nematode analysis, split the remaining sediment into a number 
of subsamples and measured several edaphic parameters to iden-
tify potential correlates of nematode community structure (detailed 
methods in Appendix S1).

We extracted nematodes from the soil samples by flotation in 
Ludox TM, examined each sample under a dissecting microscope 
and identified the first 100 nematodes to genus level that we en-
countered from each sample on glass slides. Thus, we calculated 
the Shannon–Wiener diversity index (H′) at the genus level for each 
sample, but not the density of nematodes in each sample. We quan-
tified the beta diversity of nematode communities among samples 
as Bray–Curtis dissimilarity (Bray & Curtis, 1957), using the “vegan” 
package in R (Oksanen et al., 2016).

Each genus was assigned to one of six feeding types (plant-feed-
ers, bacterial-feeders, fungal-feeders, algal-feeders, carnivores and 
omnivores) based on the literature (Yeates, Bongers, De Goede, 
Freckman, & Georgieva, 1993). Each genus was also assigned a colo-
nizer–persister (c–p) value ranging from 1 to 5 based on the literature 
(Bongers, 1990). The nematodes with higher c–p values have longer 
generation times, larger body sizes, lower reproductive capacities, 
and are more sensitive to disturbance than those with lower c–p 
values. We collapsed these five categories into three based on the 
literature (De Goede, Bongers, & Ettema, 1993): enrichment oppor-
tunists (c–p 1), general opportunists (c–p 2) and persisters (c–p 3–5). 
We calculated the proportion of individuals and the proportion of 
genera in each category.

We compared nematode genus richness and H′ diversity indi-
ces across latitude and between the two countries using general 

linear mixed models, with site as a random effect, and latitude and 
country as fixed effects, using the nlme package in R version 3.4.3 
(R Development Core Team, 2014). Within each country, we related 
nematode feeding types and colonizer–persister (c–p) groups to lati-
tude using linear regression in SPSS (version 19.0).

To further examine latitudinal patterns in nematode community 
structure, we divided the sites into high (>35°N) and low (<35°N) 
latitude, and produced ordination plots for each country using 
non-metric multidimensional scaling (NMDS) using a ranked simi-
larity matrix based on Bray–Curtis similarity measures of nematode 
communities. We used one-way ANOSIM to determine the signifi-
cant difference between groups, using permutation/randomization 
methods with 999 times on the similarity matrix. Both analyses were 
done using PRIMER version 5.2 (Primer-E Ltd.). The proportional 
data were log(x + 1) transformed before analysis. We also pooled 
samples from S. alterniflora in China and the United States to run 
a single principle components analysis (PCA) in CANOCO 5.0 (ter 
Braak & Smilauer, 2012) and tested for a country × latitude inter-
action on nematode community structure using PERMANOVA in R 
2.15.1 (R Development Core Team, 2014).

Redundancy analysis (RDA) is a powerful multivariate analysis 
technique with wide ecological applications (Borcard, Legendre, & 
Drapeau, 1992). In RDA, variables are chosen to maximize the ex-
tent of their correlation with a set of predictor variables (Borcard 
et al., 1992). We used redundancy analysis (RDA) to evaluate how 
the nematode diversity (genus richness and the Shannon–Wiener 
diversity index H′) was related to the climate and edaphic variables 
using CANOCO 5.0 (ter Braak & Smilauer, 2012). To exclude the vari-
ables that were highly correlated with each other in this analysis, we 
calculated Spearman rank-order correlations between all variables 
using the cor.test function in the stats library of R. Based on this 
analysis, we selected MAT, MAP, pH, salinity, soil organic matter, C:N 
ratio, soil moisture, porosity, proportion of clay and proportion of silt 
to explain nematode richness and diversity patterns through RDA.

3  | RESULTS

We identified 64 nematode genera from 24 families and six orders 
from the 32 sites in the United States, and 63 genera from 32 fami-
lies and seven orders from the 41 sites in China (Appendix S1: Table 
S2). Geographic patterns of nematode genus richness (ANCOVA: 
Latitude: p = .03; Country: p < .001; Latitude × Country: p < .001) 
and Shannon–Wiener diversity (ANCOVA: Latitude: p = .03; 
Country: p = .23; Latitude × Country: p = .006) differed strik-
ingly between the two countries (Figure 2). In the United States, 
richness and Shannon–Wiener diversity decreased with increas-
ing latitude, with the richness at low latitudes being almost twice 
that at high latitudes; however, there was no relationship between 
richness or diversity and latitude in China (Figure 2). Because 
the composition of the nematode community might change over 
time, we conducted separate analyses for the samples collected 
in China in 2015 and 2017, and obtained similar results for the 

http://data.cma.cn/
https://www.wunderground.com/


626  |     ZHANG et Al.

two years (Appendix S1: Figure S1). Because the samples from 
the United States extended to higher latitudes than the samples 
from China, we repeated these analyses with the 10 highest-lat-
itude sites from the United States omitted and obtained similar 
results as nematode genus richness (Latitude: p = .040; Country: 
p < .001; Latitude × Country: p < .001) and Shannon–Wiener di-
versity (Latitude: p = .144; Country: p = .148; Latitude × Country: 
p = .006) (Appendix S1: Figure S2).

Non-metric multidimensional scaling analyses of nematode 
community composition similarly indicated stronger latitudinal 

structuring in the United States than in China. For the United States, 
the high- and low-latitude samples were almost completely seg-
regated in the NMDS plot (Figure 3a, Appendix S1: Table S4). In 
contrast, samples from high and low latitudes in China were mod-
erately interspersed (Figure 3b), although still statistically different 
(Appendix S1: Table S4). Community dissimilarity increased with 
geographic distance in the United States (Figure 4a), but no pattern 
was seen in China (Figure 4b). If all the samples were combined in 
a single PCA analysis, there was a significant country and latitude 
interaction, confirming that the nematode communities associated 

F I G U R E  1   Sampling sites for soil 
nematodes from salt marshes dominated 
by Spartina alterniflora on the coast of 
the United States (left) and China (right). 
Detailed information about each site is 
provided in Appendix S1 (Table S1)

F I G U R E  2   Relationship between 
soil nematode (a) genus richness and (b) 
Shannon–Wiener diversity index (H′) and 
latitude for salt marshes dominated by 
Spartina alterniflora in the United States 
and China. Sample sizes (n) for each 
regression are shown in the figures
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with the two countries varied in different ways across latitude 
(p = .05) (Appendix S1: Table S5, Figure S3).

Despite strong latitudinal patterns of richness, diversity and com-
munity structure in the United States, none of the feeding groups or 
life-history groups were correlated with latitude (Appendix S1: Table 
S3). Similarly, none of the feeding groups or life-history groups were 
correlated with latitude in the Chinese samples (Appendix S1: Table 
S3).

Bivariate regressions between different environmental variables 
and nematode richness indicated that nematode richness in the 
USA was positively related to mean annual temperature (R2 = .399, 
p < .001) and soil C:N (R2 = .169, p = .020), and negatively related to 
mean annual precipitation (R2 = .179, p = .016) (Appendix S1: Figure 
S4), whereas the nematode richness in China was negatively re-
lated to soil moisture (R2 = .206, p = .003), organic matter (R2 = .196, 
p = .004), total C (R2 = .227, p = .002) and total N (R2 = .264, p = .001) 
(Appendix S1: Figure S4). Bivariate regressions between different 
environmental variables and nematode Shannon–Wiener diversity 
indicated that nematode diversity in the USA was positively related 
to mean annual temperature (R2 = .390, p < .001) and negatively re-
lated to mean annual precipitation (R2 = .202, p = .010) (Appendix S1: 

Figure S5), whereas nematode diversity in China was negatively re-
lated to soil moisture (R2 = .282, p < .001), organic matter (R2 = .255, 
p = .001), total C (R2 = .305, p < .001) and total N (R2 = .358, p < .001) 
(Appendix S1: Figure S5). In the multivariate RDA analysis, nema-
tode richness and diversity in the United States were again highly 
associated with mean annual temperature (contribution% = 72.6%, 
p = .002), mean annual precipitation (contribution% = 32.6%, 
p = .014) and soil C:N (contribution% = 30.5%, p = .026) (Appendix 
S1: Figure S6a), and nematode richness and diversity in China were 
again highly associated with soil moisture (contribution% = 34.0%, 
p = .006) and organic matter (contribution% = 32.3%, p = .006) 
(Appendix S1: Figure S6b).

4  | DISCUSSION

In the native range of the salt marsh grass Spartina alterniflora in the 
United States, soil nematode genus richness and diversity decreased 
with increasing latitude, with genus richness at lower latitudes being 
almost twice that at higher latitudes. This pattern is consistent with 
most previous studies of nematode diversity, which typically show 

F I G U R E  3   Non-metric 
multidimensional scaling (NMDS) 
ordination of soil nematode communities 
from salt marshes dominated by Spartina 
alterniflora in (a) the United States and (b) 
China. Squares represent sites located 
at higher latitudes (H, 37.45–43.33°N); 
circles represent sites located at lower 
latitudes (L, 30.02–33.85°N)

F I G U R E  4   Relationship between soil nematode community dissimilarity (Bray–Curtis dissimilarity index) and geographic distance, 
expressed as differences in latitude, for salt marshes dominated by Spartina alterniflora in (a) the United States and (b) China. Summary 
statistics in each figure are from linear regression
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higher diversity at low latitudes than at high latitudes (Lee & Riveros, 
2012; Nielsen et al., 2014; Song et al., 2017). This pattern is also 
consistent with the general trend of decreased diversity of species 
overall, and of richness within most taxa, at higher latitudes (Gaston, 
2000; Hillebrand, 2004; Mannion et al., 2014). Previous work along 
the East Coast of China found that soil nematode richness and di-
versity decreased with increasing latitude within wetland habitats 
dominated by the native grass Phragmites australis, with nematode 
richness about twice as high at low (22°) versus high (39°) latitudes 
(Zhang, Pennings, et al., 2019). Thus, this pattern of decreasing nem-
atode diversity with increasing latitude appears to be consistent for 
nematode in native plants dominating coastal wetlands as well as for 
nematodes in terrestrial habitats (Nielsen et al., 2014; Song et al., 
2017; Wu et al., 2016).

In striking contrast, this study, together with our previous work 
in China (Zhang, Pennings, et al., 2019), found no latitudinal pattern 
in richness or diversity for nematodes sampled from the salt marshes 
in China that were dominated by introduced S. alterniflora. As a re-
sult, beta diversity increased with geographic distance (latitude) in 
the United States, but not in China. Moreover, the number of nem-
atode genera found at low-latitude sites in the United States was 
almost twice the number found in China (Figure 2).

In this study in native S. alterniflora marshes in the USA and in 
previous work in native P. australis marshes in China, the richness 
and diversity of soil nematodes were correlated with mean annual 
temperature and mean annual precipitation along latitudinal gradi-
ents (Zhang, Pennings, et al., 2019). This finding is consistent with 
previous studies focusing on the relationships between nematode 
distribution patterns and environmental parameters (Nielsen et al., 
2014; Song et al., 2017). One of the classic ecological explanations 
for this geographical diversity pattern is the species–energy hypoth-
esis—that latitudinal variability in hydrothermal conditions (tempera-
ture, precipitation, etc.) drives diversity patterns of a broad range of 
taxa (Mittelbach et al., 2007; Schluter & Pennell, 2017). In addition 
to climatic parameters, however, other studies have emphasized 
the importance of edaphic parameters and plant traits in driving 
patterns of soil nematode richness and diversity (Fonseca & Netto, 
2015; Sauvadet, Chauvat, Fanin, Coulibaly, & Bertrand, 2016; Wu 
et al., 2016). In this study, edaphic parameters were not related to 
soil nematode richness and diversity in the native range of S. alterni-
flora (Appendix S1: Figures S4–S6). In the introduced range of exotic 
S. alterniflora in China, however, soil nematode richness and diversity 
were most closely related to edaphic variables. In neither case did 
we measure relevant plant traits to assess their possible importance.

Why would the results from the two native plants be so different 
from those obtained from the exotic plant? One possible reason is the 
short history of Spartina alterniflora in China. Spartina alterniflora was 
introduced to China in 1979 from three low-latitude sites (Florida, 
Georgia, North Carolina) in the United States and propagated in a 
common garden (Guo et al., 2015; Liu et al., 2019). The following 
generations of S. alterniflora that were distributed across the Chinese 
coastline likely had little genetic variability and no genetic structure 
by distance, because the source populations cross-fertilized each 

other and the same offspring were distributed everywhere (An 
et al., 2007; Bernik, Li, & Blum, 2016; Guo et al., 2015). The avail-
able evidence suggests that S. alterniflora in China has little genetic 
differentiation (Shang et al., 2019) and has not undergone rapid se-
lection for most traits over the following four decades, and thus, the 
populations remain genetically similar across latitude (Liu, Maung-
Douglass, Strong, Pennings, & Zhang, 2016; Liu et al., 2017; Zheng, 
Shao, & Sun, 2018). Because plant traits are one of the major factors 
driving nematode community structure, along with soil character-
istics and climate (Nielsen et al., 2014; van der Hoogen et al., 2019; 
Wu et al., 2016), the relatively genetic homogeneity of introduced 
S. alterniflora populations in China may explain the lack of a strong 
latitudinal trend in associated nematodes. This hypothesis, however, 
remains to be tested with a common garden experiment and by mea-
suring plant traits that are most relevant to nematodes, such as root 
structure and plant exudates. Moreover, because S. alterniflora is 
recently introduced to China, the lower nematode genus richness 
at lower latitudes in China may reflect a lack of time for local nema-
todes to adapt to the novel soil conditions and food webs associated 
with this exotic plant. We are unaware of any studies examining spe-
cies accumulation curves over time for soil communities associated 
with exotic species, but similar studies of aboveground herbivores 
suggest that it takes up to 100 years or more before an introduced 
plant species accumulates as many herbivores in its exotic range as 
it has in its native range (Bezemer, Harvey, & Cronin, 2013; Brändle, 
Kühn, Klotz, Belle, & Brandl, 2008; Gruntman, Segev, Glauser, & 
Tielbörger, 2017).

Salt marshes dominated by exotic S. alterniflora in China lack a 
“normal” nematode community (as defined by the representation 
of different nematode genera in soils from native S. alterniflora in 
the United States or native P. australis in China). This suggests that 
the belowground food web in Chinese salt marshes dominated by S. 
alterniflora may not be functioning normally. Changes to nematode 
community composition may alter the microbial community struc-
ture, carbon cycling, decomposition, and the abundance of species 
that compete with or feed on nematodes (Alkemade, Wielemaker, 
Herman, & Hemminga, 1994; Bastow, 2011; Kreuzinger-Janik, 
Brüchner- Hüttemann, & Traunspurger, 2019). Given the vast extent 
of the S. alterniflora invasion in China, these potential consequences 
of the altered nematode communities could have important impli-
cations for coastal ecosystem structure and functions, and hence 
deserve further attention.

Our study was explicitly geographic and examined nematode 
composition and diversity across a broad range of latitude. If we had 
limited our research to a few sites from low latitudes, or a few sites 
from high latitudes, we would have reached opposite conclusions 
about how nematode diversity differed between the United States 
and China. Thus, one important lesson from our work and others 
that have taken a broad geographic perspective (Liu et al., 2016; Nie 
et al., 2010) is that studies assessing the ecological and evolution-
ary consequences of exotic species can gain important insights from 
studying populations from as much of the native and introduced 
ranges as possible.
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One of the possible mechanisms for plant invasion is enemy 
release: invasive plants may be more productive in their new geo-
graphic range because they have escaped consumption by natural 
enemies (Keane & Crawley, 2002). Compared to the long evolu-
tionary history of the native plant with the biota, there are known 
examples of rapid host shifts in response to introduced plants, in-
cluding one example of an herbivore feeding on S. alterniflora in 
China (Zhang, Ju, Pan, Pan, & Wu, 2019); however, most evidence 
suggests that it takes a century or more for root-associated nem-
atodes (Lu et al., 2018; Wilschut et al., 2019) or an entire commu-
nity to adapt to a novel host species (Bezemer et al., 2013; Brändle 
et al., 2008; Gruntman et al., 2017). In this study, we found the 
opposite result: in the native range of S. alterniflora, almost no 
nematodes were plant-feeders, whereas up to 17 per cent were 
plant-feeders in the introduced range in China in (Appendix S1: 
Figure S7). Although this difference was not statistically significant, 
it was in the opposite direction as predicted by the enemy release 
hypothesis, and so we ruled out this possibility based on our study. 
However, one caveat of our study is that we did not sample root 
endoparasitic nematodes because they live inside the roots of their 
hosts (Castagnone-Sereno, 2006) and therefore are not sampled 
well using the Ludox solution method. Little is known about root 
endoparasitic nematodes in S. alterniflora, or whether any such spe-
cies were introduced from the United States to China along with 
the introduction of S. alterniflora. Future studies could explore lat-
itudinal patterns in root-feeding nematodes in both the native and 
geographic ranges of S. alterniflora.

Grasses in the genus Spartina have been aggressive invaders of 
coastal habitats worldwide (Strong & Ayres, 2013). In these new 
habitats, S. alterniflora typically transforms intertidal mudflats into 
high-intertidal salt marshes, with profound consequences for above-
ground plant communities (Biswas et al., 2018; Li et al., 2009), mi-
gratory shorebirds (Ma, Gan, Choi, & Li, 2014), macroinvertebrate 
communities (Neira, Levin, Grosholz, & Mendoza, 2007), hydrologic 
and edaphic parameters (Adams et al., 2012), and soil biochemistry 
(Wang et al., 2019). Our work has shown that the geographic struc-
ture of nematode communities is also affected (Zhang, Pennings, 
et al., 2019; this paper), emphasizing both the importance of exam-
ining the soil food web and the importance of taking a geographic 
approach to studying species invasions.

ACKNOWLEDG EMENTS
We thank Z. Yang, W. Li and E.-J. Croll for help with field and labo-
ratory work. Financial support was provided by the National Key 
R&D Program of China (2017YFC1200103) and NSFC funding 
(41630528, 41871035). S. Pennings was supported by the National 
Science Foundation of the United States through the Georgia 
Coastal Ecosystems Long-Term Ecological Research programme 
under grant numbers OCE-1237140 and OCE-1832178. This is 
contribution number 1085 from the University of Georgia Marine 
Institute. Y. Zhang was partially supported by the China Scholarship 
Council (CSC) Scholarship at University of Houston. The authors de-
clare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data supporting this article can be found in electronic supplemen-
tary material and Dryad Digital Repository (Dryad, Dataset, https://
doi.org/10.5061/dryad.djh9w 0vwj) once the paper is accepted.

ORCID
Jihua Wu  https://orcid.org/0000-0001-8623-8519 

R E FE R E N C E S
Adams, J., Grobler, A., Rowe, C., Riddin, T., Bornman, T. G., & Ayres, D. 

R. (2012). Plant traits and spread of the invasive salt marsh grass, 
Spartina alterniflora Loisel., in the Great Brak Estuary, South 
Africa. African Journal of Marine Science, 34, 313–322. https://doi.
org/10.2989/18142 32X.2012.725279

Alba, C., Fahey, C., & Flory, S. L. (2019). Global change stressors alter re-
sources and shift plant interactions from facilitation to competition 
over time. Ecology, 100, e02859. https://doi.org/10.1002/ecy.2859

Alkemade, R., Wielemaker, A., Herman, P. M. J., & Hemminga, M. A. 
(1994). Population dynamics of Diplolaimelloides bruciei, a nematode 
associated with the salt marsh plant Spartina anglica. Marine Ecology 
Progress Series, 105, 277–284. https://doi.org/10.3354/meps1 05277

Allen, W. J., Meyerson, L. A., Cummings, D., Anderson, J., Bhattarai, G. P., 
& Cronin, J. T. (2017). Biogeography of a plant invasion: Drivers of lat-
itudinal variation in enemy release. Global Ecology and Biogeography, 
26, 435–446. https://doi.org/10.1111/geb.12550

An, S., Gu, B., Zhou, C., Wang, Z., Deng, Z., Zhi, Y., … Liu, Y. (2007). 
Spartina invasion in China: Implications for invasive species manage-
ment and future research. Weed Research, 47, 183–191. https://doi.
org/10.1111/j.1365-3180.2007.00559.x

Bardgett, R. D., & Van Der Putten, W. H. (2014). Belowground biodiver-
sity and ecosystem functioning. Nature, 515, 505–511. https://doi.
org/10.1038/natur e13855

Bardgett, R. D., & Wardle, D. A. (2010). Aboveground-belowground link-
ages: biotic interactions, ecosystem processes, and global change. New 
York, NY: Oxford University Press Inc.

Bastow, J. L. (2011). Facilitation and predation structure a grassland 
detrital food web: The responses of soil nematodes to isopod pro-
cessing of litter. Journal of Animal Ecology, 80, 947–957. https://doi.
org/10.1111/j.1365-2656.2011.01853.x

Bernik, B. M., Li, H., & Blum, M. J. (2016). Genetic variation of Spartina 
alterniflora intentionally introduced to China. Biological Invasions, 18, 
1485–1498. https://doi.org/10.1007/s1053 0-016-1096-3

Bezemer, T. M., Harvey, J. A., & Cronin, J. T. (2013). Response of native 
insect communities to invasive plants. Annual Review of Entomology, 
59, 119–141. https://doi.org/10.1146/annur ev-ento-01161 3-162104

Bhattarai, G. P., Meyerson, L. A., Anderson, J., Cummings, D., Allen, W. J., 
& Cronin, J. T. (2017). Biogeography of a plant invasion: Genetic vari-
ation and plasticity in latitudinal clines for traits related to herbivory. 
Ecological Monographs, 87, 57–75. https://doi.org/10.1002/ecm.1233

Biswas, S. R., Biswas, P. L., Limon, S. H., Yan, E. R., Xu, M. S., & Khan, 
M. S. I. (2018). Plant invasion in mangrove forests worldwide. Forest 
Ecology and Management, 429, 480–492. https://doi.org/10.1016/j.
foreco.2018.07.046

Boag, B., & Yeates, G. W. (1998). Soil nematode biodiversity in terrestrial 
ecosystems. Biodiversity and Conservation, 7, 617–630. https://doi.
org/10.1023/A:10088 52301349

Bongers, T. (1990). International association for ecology the maturity 
index: An ecological measure of environmental disturbance based 
on nematode species composition. Oecologia, 83, 14–19. https://doi.
org/10.1007/BF003 24627

Borcard, D., Legendre, P., & Drapeau, P. (1992). Partialling out the spatial 
component of ecological variation. Ecology, 73, 1045–1055. https://
doi.org/10.2307/1940179

https://doi.org/10.5061/dryad.djh9w0vwj
https://doi.org/10.5061/dryad.djh9w0vwj
https://orcid.org/0000-0001-8623-8519
https://orcid.org/0000-0001-8623-8519
https://doi.org/10.2989/1814232X.2012.725279
https://doi.org/10.2989/1814232X.2012.725279
https://doi.org/10.1002/ecy.2859
https://doi.org/10.3354/meps105277
https://doi.org/10.1111/geb.12550
https://doi.org/10.1111/j.1365-3180.2007.00559.x
https://doi.org/10.1111/j.1365-3180.2007.00559.x
https://doi.org/10.1038/nature13855
https://doi.org/10.1038/nature13855
https://doi.org/10.1111/j.1365-2656.2011.01853.x
https://doi.org/10.1111/j.1365-2656.2011.01853.x
https://doi.org/10.1007/s10530-016-1096-3
https://doi.org/10.1146/annurev-ento-011613-162104
https://doi.org/10.1002/ecm.1233
https://doi.org/10.1016/j.foreco.2018.07.046
https://doi.org/10.1016/j.foreco.2018.07.046
https://doi.org/10.1023/A:1008852301349
https://doi.org/10.1023/A:1008852301349
https://doi.org/10.1007/BF00324627
https://doi.org/10.1007/BF00324627
https://doi.org/10.2307/1940179
https://doi.org/10.2307/1940179


630  |     ZHANG et Al.

Brändle, M., Kühn, I., Klotz, S., Belle, C., & Brandl, R. (2008). Species rich-
ness of herbivores on exotic host plants increases with time since 
introduction of the host. Diversity and Distributions, 14, 905–912. 
https://doi.org/10.1111/j.1472-4642.2008.00511.x

Bray, J. R., & Curtis, J. T. (1957). An ordination of the upland forest com-
munities of Southern Wisconsin. Ecological Monographs, 27, 326–349. 
https://doi.org/10.2307/1942268

Castagnone-Sereno, P. (2006). Genetic variability and adaptive evolu-
tion in parthenogenetic root-knot nematodes. Heredity, 96, 282–289. 
https://doi.org/10.1038/sj.hdy.6800794

Coyle, D. R., Nagendra, U. J., Taylor, M. K., Campbell, J. H., Cunard, C. E., 
Joslin, A. H., … Callaham, M. A. (2017). Soil fauna responses to natu-
ral disturbances, invasive species, and global climate change: Current 
state of the science and a call to action. Soil Biology and Biochemistry, 
110, 116–133. https://doi.org/10.1016/j.soilb io.2017.03.008

Cronin, J. T., Bhattarai, G. P., Allen, W. J., Meyerson, L. (2015). 
Biogeography of a plant invasion: Plant–herbivore interactions. 
Ecology, 96, 1115–1127. https://doi.org/10.1890/14-1091.1

De Goede, R. G. M., Bongers, T., & Ettema, C. H. (1993). Graphical pre-
sentation and interpretation of nematode community structure: C-p 
triangles. Mededelingen van de Faculteit Landbouwwetenschappen, 
Rijksuniversiteit Gent, 58, 743–750.

Decaëns, T. (2010). Macroecological patterns in soil communi-
ties. Global Ecology and Biogeography, 19, 287–302. https://doi.
org/10.1111/j.1466-8238.2009.00517.x

Fierer, N., Strickland, M. S., Liptzin, D., Bradford, M. A., & Cleveland, C. C. 
(2009). Global patterns in belowground communities. Ecology Letters, 
12, 1238–1249. https://doi.org/10.1111/j.1461-0248.2009.01360.x

Fonseca, G., & Netto, S. A. (2015). Macroecological patterns of estu-
arine nematodes. Estuaries and Coasts, 38, 612–619. https://doi.
org/10.1007/s1223 7-014-9844-z

Gaston, K. J. (2000). Global patterns in biodiversity. Nature, 405, 220–
227. https://doi.org/10.1038/35012228

Gruntman, M., Segev, U., Glauser, G., & Tielbörger, K. (2017). Evolution 
of plant defences along an invasion chronosequence: Defence is lost 
due to enemy release – But not forever. Journal of Ecology, 105, 255–
264. https://doi.org/10.1111/1365-2745.12660

Guo, W., Qiao, S., Wang, Y., Shi, S., Tan, F., & Huang, Y. (2015). 
Genetic diversity, population structure, and genetic related-
ness of native and non-native populations of Spartina alterniflora 
(Poaceae, Chloridoideae). Hydrobiologia, 745, 313–327. https://doi.
org/10.1007/s1075 0-014-2117-9

Hendershot, J. N., Read, Q. D., Henning, J. A., Sanders, N. J., & Classen, 
A. T. (2017). Consistently inconsistent drivers of microbial diversity 
and abundance at macroecological scales. Ecology, 98, 1757–1763. 
https://doi.org/10.1002/ecy.1829

Hillebrand, H. (2004). On the generality of the latitudinal diver-
sity gradient. The American Naturalist, 163, 192–211. https://doi.
org/10.1086/660279

Hunt, H. W., & Wall, D. H. (2002). Modelling the effects of loss of soil 
biodiversity on ecosystem function. Global Change Biology, 8, 33–50. 
https://doi.org/10.1046/j.1365-2486.2002.00425.x

Keane, R. M., & Crawley, M. J. (2002). Exotic plant invasions and the 
enemy release hypothesis. Trends in Ecology and Evolution, 17, 164–
170. https://doi.org/10.1016/S0169 -5347(02)02499 -0

Kerr, D. W., Hogle, I. B., Ort, B. S., & Thornton, W. J. (2016). A review 
of 15 years of Spartina management in the San Francisco Estuary. 
Biological Invasions, 18, 2247–2266. https://doi.org/10.1007/s1053 
0-016-1178-2

Kreuzinger-Janik, B., Brüchner- Hüttemann, H., & Traunspurger, W. 
(2019). Effect of prey size and structural complexity on the func-
tional response in a nematode- nematode system. Scientific Reports, 
9, 1–8. https://doi.org/10.1038/s4159 8-019-42213 -x

Lee, M. R., & Riveros, M. (2012). Latitudinal trends in the species rich-
ness of free-living marine nematode assemblages from exposed 

sandy beaches along the coast of Chile (18–42°S). Marine Ecology, 33, 
317–325. https://doi.org/10.1111/j.1439-0485.2011.00497.x

Li, B., Liao, C., Zhang, X., Chen, H., Wang, Q., Chen, Z., … kuan,,  
(2009). Spartina alterniflora invasions in the Yangtze River estu-
ary, China: An overview of current status and ecosystem effects. 
Ecological Engineering, 35, 511–520. https://doi.org/10.1016/j.ecole 
ng.2008.05.013

Liu, H., Qi, X., Gong, H., Li, L., Zhang, M., Li, Y., & Lin, Z. (2019). Combined 
effects of global climate suitability and regional environmental vari-
ables on the distribution of an invasive marsh species Spartina al-
terniflora. Estuaries and Coasts, 42, 99–111. https://doi.org/10.1007/
s1223 7-018-0447-y

Liu, W., Maung-Douglass, K., Strong, D. R., Pennings, S. C., & Zhang, Y. 
(2016). Geographical variation in vegetative growth and sexual re-
production of the invasive Spartina alterniflora in China. Journal of 
Ecology, 104, 173–181. https://doi.org/10.1111/1365-2745.12487

Liu, W., Strong, D. R., Pennings, S. C., & Zhang, Y. (2017). Provenance-
by-environment interaction of reproductive traits in the invasion 
of Spartina alterniflora in China. Ecology, 98, 1591–1599. https://doi.
org/10.1002/ecy.1815

Lu, X., He, M., Ding, J., & Siemann, E. (2018). Latitudinal variation in soil 
biota: Testing the biotic interaction hypothesis with an invasive plant 
and a native congener. ISME Journal, 12, 2811–2822. https://doi.
org/10.1038/s4139 6-018-0219-5

Ma, Z., Gan, X., Choi, C. Y., & Li, B. (2014). Effects of invasive cordgrass 
on presence of marsh grassbird in an area where it is not na-
tive. Conservation Biology, 28, 150–158. https://doi.org/10.1111/
cobi.12172

Mannion, P. D., Upchurch, P., Benson, R. B. J., & Goswami, A. (2014). The 
latitudinal biodiversity gradient through deep time. Trends in Ecology 
and Evolution, 29, 42–50. https://doi.org/10.1016/j.tree.2013.09.012

Maraun, M., Schatz, H., & Scheu, S. (2007). Awesome or ordinary? Global 
diversity patterns of oribatid mites. Ecography, 30, 209–216. https://
doi.org/10.1111/j.2007.0906-7590.04994.x

McCormick, M. K., Kettenring, K. M., Baron, H. M., & Whigham, D. F. 
(2010). Extent and reproductive mechanisms of Phragmites austra-
lis spread in brackish wetlands in Chesapeake bay, Maryland (USA). 
Wetlands, 30, 67–74. https://doi.org/10.1007/s1315 7-009-0007-0

Mittelbach, G. G., Schemske, D. W., Cornell, H. V., Allen, A. P., Brown, J. M., 
Bush, M. B., … Turelli, M. (2007). Evolution and the latitudinal diversity 
gradient: Speciation, extinction and biogeography. Ecology Letters, 
10, 315–331. https://doi.org/10.1111/j.1461-0248.2007.01020.x

Morriën, E., Hannula, S. E., Snoek, L. B., Helmsing, N. R., Zweers, H., de 
Hollander, M., … van der Putten, W. H. (2017). Soil networks become 
more connected and take up more carbon as nature restoration pro-
gresses. Nature Communications, 8, 1–10. https://doi.org/10.1038/
ncomm s14349

Neher, D. A. (2010). Ecology of plant and free-living nematodes in natural 
and agricultural soil. Annual Review of Phytopathology, 48, 371–394. 
https://doi.org/10.1016/j.apsoil.2005.01.002

Neher, D. A., Wu, J., Barbercheck, M. E., & Anas, O. (2005). Ecosystem 
type affects interpretation of soil nematode community measures. 
Applied Soil Ecology, 30, 47–64. https://doi.org/10.1146/annur ev-
phyto -07300 9-114439

Neira, C., Levin, L. A., Grosholz, E. D., & Mendoza, G. (2007). Influence 
of invasive Spartina growth stages on associated macrofaunal com-
munities. Biological Invasions, 9, 975–993. https://doi.org/10.1007/
s1053 0-007-9097-x

Nie, M., Gao, L. X., Yan, J. H., Fu, X. H., Xiao, M., Yang, J., & Li, B. (2010). 
Population variation of invasive Spartina alterniflora can differenti-
ate bacterial diversity in its rhizosphere. Plant Ecology, 209, 219–226. 
https://doi.org/10.1007/s1125 8-009-9687-z

Nielsen, U. N., Ayres, E., Wall, D. H., Li, G., Bardgett, R. D., Wu, T., & Garey, 
J. R. (2014). Global-scale patterns of assemblage structure of soil 
nematodes in relation to climate and ecosystem properties. Global 

https://doi.org/10.1111/j.1472-4642.2008.00511.x
https://doi.org/10.2307/1942268
https://doi.org/10.1038/sj.hdy.6800794
https://doi.org/10.1016/j.soilbio.2017.03.008
https://doi.org/10.1890/14-1091.1
https://doi.org/10.1111/j.1466-8238.2009.00517.x
https://doi.org/10.1111/j.1466-8238.2009.00517.x
https://doi.org/10.1111/j.1461-0248.2009.01360.x
https://doi.org/10.1007/s12237-014-9844-z
https://doi.org/10.1007/s12237-014-9844-z
https://doi.org/10.1038/35012228
https://doi.org/10.1111/1365-2745.12660
https://doi.org/10.1007/s10750-014-2117-9
https://doi.org/10.1007/s10750-014-2117-9
https://doi.org/10.1002/ecy.1829
https://doi.org/10.1086/660279
https://doi.org/10.1086/660279
https://doi.org/10.1046/j.1365-2486.2002.00425.x
https://doi.org/10.1016/S0169-5347(02)02499-0
https://doi.org/10.1007/s10530-016-1178-2
https://doi.org/10.1007/s10530-016-1178-2
https://doi.org/10.1038/s41598-019-42213-x
https://doi.org/10.1111/j.1439-0485.2011.00497.x
https://doi.org/10.1016/j.ecoleng.2008.05.013
https://doi.org/10.1016/j.ecoleng.2008.05.013
https://doi.org/10.1007/s12237-018-0447-y
https://doi.org/10.1007/s12237-018-0447-y
https://doi.org/10.1111/1365-2745.12487
https://doi.org/10.1002/ecy.1815
https://doi.org/10.1002/ecy.1815
https://doi.org/10.1038/s41396-018-0219-5
https://doi.org/10.1038/s41396-018-0219-5
https://doi.org/10.1111/cobi.12172
https://doi.org/10.1111/cobi.12172
https://doi.org/10.1016/j.tree.2013.09.012
https://doi.org/10.1111/j.2007.0906-7590.04994.x
https://doi.org/10.1111/j.2007.0906-7590.04994.x
https://doi.org/10.1007/s13157-009-0007-0
https://doi.org/10.1111/j.1461-0248.2007.01020.x
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1016/j.apsoil.2005.01.002
https://doi.org/10.1146/annurev-phyto-073009-114439
https://doi.org/10.1146/annurev-phyto-073009-114439
https://doi.org/10.1007/s10530-007-9097-x
https://doi.org/10.1007/s10530-007-9097-x
https://doi.org/10.1007/s11258-009-9687-z


     |  631ZHANG et Al.

Ecology and Biogeography, 23, 968–978. https://doi.org/10.1111/
geb.12177

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, 
R. B., … Wagner, H. (2016). vegan: Community ecology package. R pack-
age version 2.3-4. Retrieved from https://CRAN.R-proje ct.org/packa 
ge=vegan

R Development Core Team (2014). R: A language and environment for 
statistical computing. Vienna, Austria: R Foundation for Statistical 
Computing. Retrieved from http://www.r-proje ct.org/

Sauvadet, M., Chauvat, M., Fanin, N., Coulibaly, S., & Bertrand, I. (2016). 
Comparing the effects of litter quantity and quality on soil biota 
structure and functioning: Application to a cultivated soil in Northern 
France. Applied Soil Ecology, 107, 261–271. https://doi.org/10.1016/j.
apsoil.2016.06.010

Schluter, D., & Pennell, M. W. (2017). Speciation gradients and the distri-
bution of biodiversity. Nature, 546, 48–55. https://doi.org/10.1038/
natur e22897

Shang, L., Li, L.-F., Song, Z.-P., Wang, Y. I., Yang, J. I., Wang, C.-C., … Li, B. 
O. (2019). High genetic diversity with weak phylogeographic struc-
ture of the invasive Spartina alterniflora (Poaceae) in China. Frontiers 
in Plant Science, 10, 1467. https://doi.org/10.3389/fpls.2019.01467

Song, D., Pan, K., Tariq, A., Sun, F., Li, Z., Sun, X., … Wu, X. (2017). Large-
scale patterns of distribution and diversity of terrestrial nema-
todes. Applied Soil Ecology, 114, 161–169. https://doi.org/10.1016/j.
apsoil.2017.02.013

Strong, D. R., & Ayres, D. R. (2013). Ecological and evolutionary mis-
adventures of Spartina. Annual Review of Ecology, Evolution, and 
Systematics, 44, 389–410. https://doi.org/10.1146/annur ev-ecols 
ys-11051 2-135803

Strong, D. R., & Ayres, D. A. (2016). Control and consequences of Spartina 
spp. invasions with focus upon San Francisco Bay. Biological Invasions, 
18, 2237–2246. https://doi.org/10.1007/s1053 0-015-0980-6

ter Braak, C. J. F., & Smilauer, P. (2012). Canoco reference manual and 
user's guide: Software for ordination, version 5.0. New York, NY: 
Microcomputer Power Ithaca.

van den Hoogen, J., Geisen, S., Routh, D., Ferris, H., Traunspurger, W., 
Wardle, D. A., … Crowther, T. W. (2019). Soil nematode abundance 
and functional group composition at a global scale. Nature, 572, 194–
198. https://doi.org/10.1038/s4158 6-019-1418-6

van der Putten, W. H. (2012). Climate Change, aboveground-below-
ground interactions, and species' range shifts. Annual Review 
of Ecology, Evolution, and Systematics, 43, 365–383. https://doi.
org/10.1146/annur ev-ecols ys-11041 1-160423

Wang, W., Sardans, J., Wang, C., Zeng, C., Tong, C., Chen, G., … Peñuelas, 
J. (2019). The response of stocks of C, N, and P to plant invasion in 
the coastal wetlands of China. Global Change Biology, 25, 733–743. 
https://doi.org/10.1111/gcb.14491

Wilschut, R. A., Geisen, S., Martens, H., Kostenko, O., Hollander, M., 
Hooven, F. C., … Putten, W. H. (2019). Latitudinal variation in soil 
nematode communities under climate warming-related range-ex-
panding and native plants. Global Change Biology, 3, 2714–2726. 
https://doi.org/10.1111/gcb.14657

Wu, J., Chen, H., & Zhang, Y. (2016). Latitudinal variation in nematode 
diversity and ecological roles along the Chinese coast. Ecology and 
Evolution, 6, 8018–8027. https://doi.org/10.1002/ece3.2538

Yeates, G. W. (1979). Soil nematodes in terrestrial ecosystems. Journal of 
Nematology, 11, 213–229.

Yeates, G. W., Bongers, T., De Goede, R. G., Freckman, D. W., & Georgieva, 
S. S. (1993). Feeding habits in soil nematode families and genera-An 
outline for soil ecologists. Journal of Nematology, 25, 315–331.

Zhang, D., Hu, Y., Liu, M., Chang, Y., Yan, X., Bu, R., … Li, Z. (2017). 
Introduction and spread of an exotic plant, Spartina alterniflora, along 
coastal marshes of China. Wetlands, 37, 1181–1193. https://doi.
org/10.1007/s1315 7-017-0950-0

Zhang, J., Ju, R. T., Pan, H., Pan, S. F., & Wu, J. (2019). Enemy-free space 
is important in driving the host expansion of a generalist herbivore 
to an inferior exotic plant in a wetland of Yangtze Estuary. Biological 
Invasions, 21, 547–559. https://doi.org/10.1007/s1053 0-018-1845-6

Zhang, P., Li, B., Wu, J., & Hu, S. (2019). Invasive plants differentially af-
fect soil biota through litter and rhizosphere pathways: A meta-anal-
ysis. Ecology Letters, 22, 200–210. https://doi.org/10.1111/ele.13181

Zhang, Y., Pennings, S. C., Li, B., & Wu, J. (2019). Biotic homogenization 
of wetland nematode communities by exotic Spartina alterniflora in 
China. Ecology, 100, e02596. https://doi.org/10.1002/ecy.2596

Zheng, S., Shao, D., & Sun, T. (2018). Productivity of invasive saltmarsh 
plant Spartina alterniflora along the coast of China: A meta-analysis. 
Ecological Engineering, 117, 104–110. https://doi.org/10.1016/j.ecole 
ng.2018.03.015

BIOSKE TCH
Our group studies soil animal biodiversity, with emphases on 
nematode taxonomy and ecology. Our recent work examined 
aboveground and belowground interactions under various types 
of human disturbance and global changes.

Author contributions: Y.Z., S.P. and J.W. designed the study; Y.Z. 
and S.P. collected soil samples from the Chinese and American 
coast; Y.Z. processed the soil and nematode samples and ana-
lysed the data; all authors wrote the manuscript.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Zhang Y, Li B, Wu J, Pennings SC. 
Contrasting latitudinal clines of nematode diversity in Spartina 
alterniflora salt marshes between native and introduced ranges. 
Divers Distrib. 2020;26:623–631. https://doi.org/10.1111/
ddi.13054

https://doi.org/10.1111/geb.12177
https://doi.org/10.1111/geb.12177
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://www.r-project.org/
https://doi.org/10.1016/j.apsoil.2016.06.010
https://doi.org/10.1016/j.apsoil.2016.06.010
https://doi.org/10.1038/nature22897
https://doi.org/10.1038/nature22897
https://doi.org/10.3389/fpls.2019.01467
https://doi.org/10.1016/j.apsoil.2017.02.013
https://doi.org/10.1016/j.apsoil.2017.02.013
https://doi.org/10.1146/annurev-ecolsys-110512-135803
https://doi.org/10.1146/annurev-ecolsys-110512-135803
https://doi.org/10.1007/s10530-015-0980-6
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1146/annurev-ecolsys-110411-160423
https://doi.org/10.1146/annurev-ecolsys-110411-160423
https://doi.org/10.1111/gcb.14491
https://doi.org/10.1111/gcb.14657
https://doi.org/10.1002/ece3.2538
https://doi.org/10.1007/s13157-017-0950-0
https://doi.org/10.1007/s13157-017-0950-0
https://doi.org/10.1007/s10530-018-1845-6
https://doi.org/10.1111/ele.13181
https://doi.org/10.1002/ecy.2596
https://doi.org/10.1016/j.ecoleng.2018.03.015
https://doi.org/10.1016/j.ecoleng.2018.03.015
https://doi.org/10.1111/ddi.13054
https://doi.org/10.1111/ddi.13054



