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Coastal land reclamation dramatically alters ecosystem structure and trajectories of ecological succession, yet knowledge about soil faunal colonization and community assembly in reclaimed coastal land is scarce. In this study, we investigated taxonomic and functional shifts in soil nematode communities following reclamation in sites at Hengsha Island, China. Six reclamation stages were identified based on reclamation age and vegetation type, including tidal flat, 1-year bare field, 3-year halotolerant pioneer community, 5-year grassland, 10-year, and 50-year secondary forests. We collected data on the morphological and life history traits of soil nematodes, including body size, cephalic setae, amphids, tail shape, life history strategy, and feeding habit, to assess the functional responses of nematodes to different reclamation stages. We found a significant decrease in both taxonomic and functional diversity as tidal flats were converted to dry land, followed by a gradual recovery that progressed with increasing reclamation age. Significant shifts in the taxonomic and functional composition of soil nematode communities were also observed. Tidal flat reclamation decreased the relative abundance of marine nematodes with cephalic setae, large amphids and clavate/conicocylindrical tails. With increasing reclamation age, bacterivores and r-strategists with conical and long tails were displaced by fungivores, herbivores, and K-strategists with rounded tails. These shifts were driven by changes in soil water content, organic matter, plant communities, and stress factors, such as pH and salinity. Our findings highlight the critical role of morphological and life history traits in understanding how soil nematode communities adapt to human-induced environmental changes, providing valuable insight into the long-term ecological impacts of coastal reclamation on soil biodiversity.
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1 Introduction

Human modification of the environment is increasingly recognized as a primary driver of ongoing changes in soil biodiversity (Geisen et al., 2019; Young et al., 2016). Understanding how human activity alters the development of soil faunal communities is essential to accurately predict how soil biodiversity will respond to future changes in land use and its implications for ecosystem functions and services (Eisenhauer et al., 2022). Throughout human history, coastal reclamation has been used to meet the demands of growing populations and to increase food production (Martínantón et al., 2016; Sengupta et al., 2020; Wang et al., 2014). In this practice, embankment and filling are used to transform wetlands and marine areas into terrestrial ecosystems, which significantly alters ecosystem structure and function (Tian et al., 2016). Newly reclaimed land provides space for the development of agriculture, forestry, and industry while also creating new habitats for biotic colonization and turnover (Ma et al., 2019; Xue et al., 2019). Soil chronosequences spanning soils of varying reclamation ages offer unique opportunities to study how soil biota have responded to accelerated ecosystem development during the Anthropocene (Walker et al., 2010; Wang et al., 2020; Xing et al., 2020).

Short-term pedogenesis and the influence of seawater cause the high salinity and low fertility that are frequently characteristic of newly reclaimed coastal lands, both of which restrict plant succession and colonization by terrestrial organisms (Feng et al., 2018). Generally, soil physicochemical qualities improve with increasing reclamation age as a result of natural succession and anthropogenic land management strategies. This improvement is typically characterized by decreasing soil salinity, pH, and bulk density and increasing soil organic matter (Fu et al., 2014; Li et al., 2014; Zhang et al., 2019). Changes in vegetation cover – from halophytic pioneer plants to mesophytes – occur in response to the combined effects of natural succession and human activity (Min and Kim, 2000; Sun et al., 2011). As land availability increases in later stages of reclamation, natural vegetation is often replaced by planted vegetation, which further influences soil properties (Li and Zhang, 2021; Pan et al., 2022). As soil and vegetation characteristics are considered major regulators of the structure of soil biotic communities (De Deyn and van der Putten, 2005; Wardle et al., 2004a), differences in soil development and vegetation succession along a chronosequence inevitably influence assemblages of soil faunal communities and, in turn, enhance succession (De Deyn et al., 2003). Despite the essential roles of soil fauna in ecological processes such as soil formation, decomposition, mineralization, and nutrient cycling (Bardgett and van der Putten, 2014; Maaß et al., 2015; Osler and Martin, 2007), little is known about how soil faunal communities colonize and develop in reclaimed coastal areas, especially from a functional trait perspective.

Traditionally, studies of soil faunal communities tend to focus on taxonomic identities, an approach that is often criticized for neglecting the ecological roles of these organisms (Ellers et al., 2018; Violle et al., 2007). Functional traits integrate the morphological, physiological, phenological, or behavioral properties of organisms that influence their fitness and determine how they respond to changing environmental conditions and their subsequent effects on ecological functioning (Pey et al., 2014; Violle et al., 2007). Some work suggests that trait-based approaches can provide insight into the mechanisms that shape biodiversity along environmental gradients (McGill et al., 2006; Mouillot et al., 2013). Local community assembly is driven by environmental filtering, dispersal limitation, and biotic interactions (Brousseau et al., 2018; McGill et al., 2006). Variation in selection pressure along a soil chronosequence can cause trade-offs in functional traits and shift the ecological strategies employed by biota, thereby resulting in changes in the means (functional composition) and distributions of trait values (functional diversity) within a community (Edwards and Stachowicz, 2010; Ficetola et al., 2021).

Nematodes are the most diverse and abundant metazoans and inhabit both marine and terrestrial ecosystems. They are often early colonizers of newly emerging substrates (Pan et al., 2016; van den Hoogen et al., 2019) and, because they occupy several trophic levels, they play a critical role in soil micro food webs and are involved in key ecological processes, such as decomposition and nutrient cycling (van den Hoogen et al., 2019). They have long been considered ideal indicators of soil quality due to their ubiquitous distribution, ease of sampling, and sensitivity to environmental changes (Bongers and Ferris, 1999; Lu et al., 2020). Several functional traits are thought to influence nematode responses to environmental pressures and their effects on ecosystem functions (Zhang et al., 2024). In particular, nematode feeding habits and life history strategies are widely used in assessments of soil health (Bongers, 1990; Bongers and Bongers, 1998; Yeates et al., 1993). Additionally, nematode body size varies with fertilization regime (Liu et al., 2015), precipitation (Andriuzzi et al., 2020), grazing (Mills and Adl, 2011), and land use and management practices (Mulder and Maas, 2017; Sechi et al., 2018; Zhao et al., 2015). Recent studies increasingly combine morphological traits (e.g., tail shape, amphid, cuticle morphology) to provide comprehensive evaluations of the responses of free-living marine nematodes to environmental changes (Franzo and Del Negro, 2019; Liu et al., 2018; Sroczyńska et al., 2021). These studies demonstrate that nematode morphological traits can respond to environmental factors such as water depth, sediment texture, and hydrodynamic characteristics. However, little is currently known about how nematode morphology and life history traits respond to the marine-to-terrestrial transition resulting from reclamation and subsequent ecosystem development.

In this study, we investigated the taxonomic and functional diversity and composition of soil nematode communities during the reclamation of an estuarine island in the Yangtze River in China. We identified six reclamation stages, which represent plant succession trajectories and land use changes typical of reclaimed land in this region. These stages included tidal flats, 1-year bare fields, 3-year halotolerant pioneer communities, 5-year grasslands, 10-year secondary forests, and 50-year secondary forests. We measured several morphological and life history traits related to soil nematode adaption to local habitats, including body size, tail shape, amphid, cephalic setae, life-history strategy, and feeding habit. We expected that taxonomic and functional diversity would decrease as tidal flats were converted to dry land, primarily due to the loss of marine species and their associated traits — such as large amphids and cephalic setae — which serve as essential sensory organs in aquatic environments (Wu et al., 2002; Zullini and Semprucci, 2020). We hypothesized that taxonomic and functional diversity would increase with increasing reclamation age due to the greater availability of resources and ecological niches provided by higher plant diversity and soil quality. We further hypothesized that functional composition would shift from traits associated with higher dispersal ability and lower resource demands (e.g., lower body size and higher abundances of r-strategists and bacterivores) toward traits associated with greater resource demands and competitive advantages (e.g., higher body size and greater abundances of K-strategists, fungivores, and herbivores) (Guerrieri et al., 2024; Háněl, 2010). We also expected that variation in environmental stress (pH, electrical conductivity) and resource availability (e.g., soil organic matter and plant diversity) would be key factors driving shifts in functional traits.




2 Materials and methods



2.1 Study area

The study was conducted on Hengsha Island, Shanghai, eastern China (31°15′–31°22′N, 121°47′–122°6′E) (Figure 1A). This area is characterized by a subtropical coastal monsoon climate, with an annual average temperature of 15.4°C, an annual average rainfall of 1,100 mm, and annual sunlight exposure of 2,200 hours. Hengsha Island is an alluvial island formed by sediment deposited by the Yangtze River. The island first emerged in 1858 and has undergone reclamation since 1886. Between 1886 and 1948, 44.54 km² of land was reclaimed, followed by an additional 10.99 km² between 1949 and 1985. The largest reclamation project was carried out on the eastern tidal flats between 2003 and 2020 (Figure 1A) and expanded the island’s area by nearly threefold, from 52 km² to 150 km². The project was divided into four phases (III, VI, VII, and VIII), which were completed in 2006, 2015, 2017, and 2020, respectively. According to government plans, Hengsha Island will be developed into a “forest ecological island.” The newly reclaimed area (i.e., the area reclaimed between 2003 and 2020) has remained undeveloped as a reserve, is not open to the public, and experiences minimal human interference. Land in the early stages of reclamation is typically unsuitable for use due to its high salinity and is left to undergo spontaneous succession. At Hengsha Island, reclaimed land was gradually repurposed for afforestation and agricultural production as soil salinity decreased (Cui et al., 2016).


[image: Map and photographs show land reclamation stages on Hengsha Island, near Shanghai. The map details various reclamation phases, including tidal flats and areas ranging from 1 to 50 years. The series of photos illustrates the progression of vegetation over time: a tidal flat, followed by grasslands and young trees, culminating in a mature forest after 50 years.]

Figure 1 | (A) Location of the study area and sampling sites (B) photographs showing changes in vegetation with reclamation stage.



Following a field survey in 2019, we used vegetation type and reclamation age to select six reclamation stages that represented the typical trajectory of plant succession on reclaimed land in this area (Figure 1B). Reclamation ages were verified using satellite images, local records, project plans, and relevant literature (Supplementary Figure S1). Three sites were selected for each reclamation stage, with selected locations uniformly distributed across the entire reclamation area and individual sites separated by at least 1 km (Figure 1A). Plant species and coverage were recorded during the growing season in June 2019 in 10 × 10 m plots for trees and shrubs and in four 1 × 1 m plots for grasses at each site. The characteristics of the six reclamation stages are summarized below:



2.1.1 Tidal flat

Located outside the dammed area and dominated by Phragmites communis, Spartina alterniflora, and × Bolboschoenoplectus mariqueter, with 100% coverage and plant heights of 1.2-2.1 m.




2.1.2 1-year stage

Located east of the Phase VIII project and characterized by predominantly bare soil with sparse salt-tolerant vegetation, including P. communis, Suaeda glauca, and Tamarix chinensis, covering less than 5% of the surface.




2.1.3 3-year stage

Located in the same area as the Phase VII project and west of the Phase VIII project and dominated by halotolerant pioneer communities of T. chinensis, with 60%-75% coverage. Herbaceous plants were sparse and included P. communis, Polypogon fugax, Tripolium vulgare, and S. glauca, with 5%-15% coverage and plant heights of 0.3-0.5 m.




2.1.4 5-year stage

Grassland located in the same area as the Phase VI project and characterized by highly adaptable weed species such as P. fugax, P. communis, Solidago canadensis, Equisetum chinensis, Erigeron annuus, Conyza canadensis, Arthraxon hispidus, Glycine soja, Carex sp., Imperata cylindrica, and Plantago depressa. Coverage ranged from 95% to 100%, with plant heights of 0.4-0.9 m.




2.1.5 10-year stage

Secondary forest located in the same area as the Phase III project, planted with salt-tolerant tree species such as Taxodiomera peizhongii and Quercus virginiana. Tree heights ranged from 4 to 6 m, with diameters at breast height (DBH) of 4.5-6.5 cm. The understory consisted of herbaceous species such as P. fugax, S. canadensis, E. chinensis, E. annuus, P. communis, G. soja, I. cylindrica, Carex sp., Aster subulatus, Lagedium sibiricum, Sonchus arvensis, Geranium carolinianum, Artemisia argyi, Rumex dentatus, Arthraxon hispidus, Trifolium sp., Humulus scandens, and Potentilla supina, with coverage of 95%-100% and plant heights of 0.5-0.8 m.




2.1.6 50-year stage

Secondary forest located within the area reclaimed between 1949 and 1985. These forests were planted with common greening tree species such as Bischofia polycarpa, Sapindus mukorossi, and Ligustrum lucidum. Tree heights ranged from 9 to 11 m, with DBH of 9–20 cm. The understory consisted of herbaceous species such as Cayratia japonica, Cynodon dactylon, Sedum bulbiferum, S. canadensis, Erigeron canadensis, Metaplexis japonica, Alternanthera philoxeroides, Ophiopogon japonicus, Duchesnea indica, Oxalis corymbosa, and Euphorbia humifusa, with 70%-90% coverage and plant heights of 0.3-0.6 m.





2.2 Soil sampling and analyses

Soil sampling was conducted four times: in June, October, and December of 2019 and in April of 2020. We collected four subsamples of soil at randomly selected locations within each site separated from one another by at least 5 m. Subsamples were collected using a stainless steel bucket auger (5 cm diameter, 10 cm height), after which they were combined to form a single composite sample. A fresh subsample was also collected and stored at 4°C for nematode extraction. Two intact soil cores (100 ml) were collected in plastic bags, which were sealed and transported to the laboratory to determine bulk density and soil water content.

Soil water content and bulk density were measured after drying intact soil cores at 105°C. Homogenized composite samples were air-dried and ground, after which an aliquot was passed through a 2 mm sieve for pH and electrical conductivity (EC) analyses and another portion was passed through a 0.150 mm sieve for soil organic matter analysis. Soil pH was measured using an electrode in a 1:2.5 (v:v) soil:water suspension, and EC was measured with a conductivity meter in a 1:5 (v:v) soil:water suspension. Soil organic matter was determined by the oxidation method using K2Cr2O7 at 180°C using an adaptation of the Walkley-Black method.




2.3 Nematode extraction and identification

Nematodes were extracted from 200 g of homogenized soil from each plot using a Baermann funnel over the course of 48 h, after which they were fixed in 4% formaldehyde. Specimens were sorted and counted under a stereomicroscope (SMZ-165, Motic Microscopy, China). Two hundred individuals (when possible) were randomly selected from each sample and mounted on slides for identification at the genus level using a light microscope (BX53, Olympus, Japan). Nematode abundances were expressed as number of individuals per 100 g dry soil.




2.4 Nematode trait determination

The morphological and life history traits of soil nematodes were measured or compiled from literature and databases and included body size, tail shape, amphid, cephalic setae, life-history strategy, and feeding habit. See Supplementary Table S1 for measured or assigned values for each genus.



2.4.1 Body size

Body size was assessed using fresh weight (FW, μg) and calculated based on measured body length (L, μm) and width (W, μm): FM=(L×W^2)/(1.6×106). Body length and width were measured using ImageJ 13.0.6 (National Institutes of Health, USA). Average values were calculated for each genus.




2.4.2 Tail shape

Tail shape was assigned to one of four categories according to Thistle et al. (1995): rounded, long, conical and clavate/conicocylindrical.




2.4.3 Amphid and cephalic setae

Amphids and cephalic setae are chemoreceptors in nematodes’ head region (Zullini and Semprucci, 2020). The amphids in our study were grouped into two categories: small (indistinct or slit-like) or large (round, spiral, or pocket-like), as larger amphid indicate stronger sensing ability (Semprucci et al., 2018). Cephalic setae were identified as either present or absent. We assessed these traits based on descriptions in taxonomic literature and observations of specimens under a light microscope.




2.4.4 Life history strategy

Nematodes were assigned c-p values on a scale from 1 to 5 (r-strategy to K-strategy, respectively) according to Bongers (1990). We grouped nematodes into three life history strategy categories according to the c-p triangles proposed by de Goede et al. (1993): enrichment opportunists (c-p 1), general opportunists (c-p 2) and persisters (c-p 3-5).




2.4.5 Feeding habit

Feeding habits were classified into five categories after Yeates et al. (1993): algivore, bacterivore, fungivore, herbivore, predator, and omnivore.





2.5 Statistical analyses

The soil nematode community was described using abundance (number of individuals per 100 g dry soil) and genus richness (number of genera). The R package UpSetR was used to visualize the number of unique and shared genera across the six reclamation stages. Functional richness (FRic) and functional dispersion (FDis) were calculated to describe the functional diversity of soil nematode communities. Previous research suggests that these two indicators can be used to assess community assembly processes (Gobbi et al., 2017; Mason et al., 2013; Zhang et al., 2023). Functional richness measures how much ecological niche space is occupied by existing species in a community (Mason et al., 2005). Functional dispersion measures the distribution and spread of species within a multidimensional trait space and is calculated as the average distance of an individual species from the community’s trait centroid, weighted by its relative abundance (Laliberté and Legendre, 2010). Community-weighted mean (CWM) was calculated as a measure of functional composition, which reflects the dominant ecological strategies and functional roles that species play in a given environment. We calculated this metric as average trait values weighted by the relative abundance of a species in the community (Garnier et al., 2004).

Linear mixed effects modeling (LMM) was used to test the effects of reclamation stage on soil properties, taxonomic diversity, functional diversity, and functional composition, with sampling time treated as a random effect. Algivores were excluded from this analysis due to their low occurrence. The significance of fixed effects was tested using Type III analysis of variance paired with Satterthwaite’s method. Linear models were used to test the effects of reclamation stage on plan properties. Tukey HSD post hoc test was used to evaluate the significance of differences between reclamation stages. Data were log(x+1) transformed to improve normality and homogeneity when necessary.

Nonmetric multidimensional scaling (NMDS) based on the Bray-Curtis dissimilarity index was used to visualize the taxonomic composition of soil nematodes across reclamation stages. The statistical significance of dissimilarity was evaluated using permutational multivariate analysis of variance (PERMANOVA), and the P values of pairwise comparisons were adjusted using the Bonferroni method.

We used LMM to select the environmental variables that best explained the taxonomic diversity and functional diversity of nematode communities along the chronosequence. Explanatory variables included soil pH, EC, bulk density, water content, organic matter, plant richness, and grass coverage. All explanatory variables were standardized prior to analysis. We constructed candidate models using all possible combinations of the explanatory variables and ranked them according to AICc (Akaike’s information criterion corrected for small sample size). We then applied a model-averaging procedure to calculate weighted average parameter coefficients across all models with ΔAICc < 2 (Symonds and Moussalli, 2011).

Canonical correspondence analysis (CCA) was performed to examine the relationships between functional composition and environmental factors. Environmental factors, including pH, EC, soil organic matter, soil water content, bulk density, plant richness, and grass coverage, were standardized prior to analysis. Model significance was tested using Monte Carlo permutation (9999 permutations).

All statistical analyses were completed using R 4.2.2 (R Core Team, 2022).





3 Results



3.1 Soil and plant properties

All measured soil and plant properties exhibited significant differences between reclamation stages (Table 1). Soil water content was highest in the tidal flat stage, intermediate in the 5-year and 50-year stages, and lower in the 1-year, 3-year, and 10-year stages. Soil bulk density was lowest in the tidal flat stage, highest in the 1-year stage, and gradually decreased with increasing age. Soil pH was alkaline and remained at similar levels in the tidal flat, 1-year, and 3-year stages and gradually decreased with increasing reclamation age. Soil EC was significantly higher in the 1-year stage than in the other ages. Soil organic matter was significantly lower following reclamation of the tidal flat, declining by 67.0% (19.3 g/kg to 6.4 g/kg) and remaining at similar low levels from the 1-year to the 10-year stage. It was significantly higher (25.1 g/kg) in the 50-year stage. Plant richness increased significantly along the chronosequence. Following tidal flat reclamation, grass coverage initially decreased but increased with increasing reclamation age. 


Table 1 | Soil and plant properties in different reclamation stages at Hengsha Island.






3.2 Taxonomic diversity and composition

A total of 58 genera of soil nematodes were collected in this study (Figure 2A). Eight genera were observed only in the tidal flat stage whereas six were identified only in the 50-year stage (Figure 2B). The tidal flat was primarily dominated by marine nematodes such as Daptonema (23.7%) and Sphaerolaimus (15.8%). In contrast, the 1-year to 10-year stages were dominated by Acrobeloides (9.6–41.4%), Mesodorylaimus (1.0–26.6%), Monhystera (0.9–15.6%), and Panagrolaimus (0.3–18.1%). In the 50-year stage, Helicotylenchus (19.9%) became the dominant taxon (Supplementary Table S2). The taxonomic composition of soil nematode communities was significantly different between reclamation stages (Figure 2C; PERMANOVA, R² = 0.283, P < 0.001). Pairwise comparisons revealed significant differences between stages, except between the 1-year and 3-year stages (Supplementary Table S3; PERMANOVA, R² = 0.092, P-adj = 0.060) and the 3-year and 5-year stages (Supplementary Supplementary Table S3; PERMANOVA, R² = 0.091, P-adj = 0.070).


[image: Diagram with three panels: (A) Bubble chart showing abundance of various genera across different time durations and tidal flat; larger circles indicate greater abundance. (B) Bar chart illustrating the number of unique and shared genera across the six reclamation stages. (C) MDS plot displaying genus distribution over time, differentiated by shapes and colors, with a stress value of 0.245 indicating fit quality.]

Figure 2 | (A) Abundance of each soil nematode genus in different reclamation stages at Hengsha Island. Nematode genera are ordered based on hierarchical clustering of abundance patterns; (B) UpSetR plot showing the number of unique and shared genera across reclamation stages; (C) Nonmetric multidimensional scaling (NMDS) plot of taxonomic composition of soil nematode communities in different reclamation stages. The results of PERMANOVA are shown.



The abundance and taxonomic richness of soil nematode communities were both significantly affected by reclamation age (Figures 3A, B). The total abundance of soil nematodes declined from 32.1 to 15.9 individuals 100 g dry soil-1 following tidal flat reclamation but gradually increased with reclamation age to reach the highest value (116.9 individuals 100 g dry soil-1) in the 50-year stage (Figure 3A). Taxonomic richness exhibited a similar trend across reclamation stages (Figure 3B).


[image: Bar charts (A-D) comparing soil biodiversity metrics across treatments labeled T, 1, 3, 5, 10, 50. (A) Abundance: highest at 50. (B) Richness: highest at 50. (C) FRic: highest at 50. (D) FDis: highest at 50. Statistical significance indicated with asterisks. Error bars represent variability.]

Figure 3 | Mean (± SE) abundance (A), richness (B), functional richness (C) and functional dispersion (D) of soil nematode communities in different reclamation stages at Hengsha Island. F-values and significance levels from Type III analysis of variance using Satterthwaite’s method for linear mixed-effect models are presented: ***P < 0.001, **P <0.01. Different letters indicate statistically significant differences between reclamation stages as assessed by Tukey’s HSD post hoc test.






3.3 Functional diversity and composition

Both functional richness and dispersion decreased from the tidal flat to the 1-year stage before subsequent significant increases with increasing reclamation age (Figures 3C, D). The lowest functional richness was observed in the 1-year stage, whereas the lowest functional dispersion was recorded in the 3-year stage (Figures 3C, D).

Regarding functional composition (Figure 4), body mass was not significantly different between reclamation stages. The proportion of nematodes possessing cephalic setae and large amphids was significantly higher in the tidal flat stage compared to other reclamation ages. Tail shape shifted from clavate/conicocylindrical in the tidal flat stage to conical, then long, and finally rounded with increasing age.


[image: Bar charts comparing Community Weighted Mean (CWM) values across multiple traits and feeding types in different treatments (T, 1, 3, 5, 10, 50). Panels include traits like body size, amphid size, cephalic setae, c-p values, tail shapes, and feeding types such as bacterivore, fungivore, herbivore, predator, and omnivore. Significant differences are indicated by letters above bars, with F-values and significance levels noted (\*p<0.05, \*\*p<0.01, \*\*\*p<0.001, ns indicates not significant). Error bars show variability.]

Figure 4 | Mean (± SE) values of community weighted means (CWM) of functional traits of soil nematode communities in different reclamation stages at Hengsha Island. F-values and significance levels from Type III analysis of variance using Satterthwaite’s method for linear mixed-effect models are presented: ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant. Different letters indicate statistically significant differences between reclamation stages as assessed by Tukey’s HSD post hoc test.



For life history strategy, the proportion of nematodes classified as enrichment opportunists (c-p 1) was significantly higher in the 5-year stage than in the 10-year or 50-year stages, whereas the proportion of persisters (c-p 3-5) was significantly higher in the 50-year stage than in the 5-year stage. The proportion of nematodes categorized as general opportunists (c-p 2) did not vary significantly with reclamation stage.

Feeding habit also varied along the chronosequence. The proportion of bacterivores was lower in later stages (10-year and 50-year), whereas the proportion of nematodes classified as fungivores or herbivores was higher. Predators were more abundant in the tidal flat stage than in other stages. The relative abundance of omnivores did not vary significantly with reclamation stage.




3.4 Environmental drivers of nematode community characteristics

The best-fitting models suggested that the abundance of soil nematodes increased significantly with increasing soil organic matter, plant richness, and grass coverage (Table 2). Additionally, taxonomic richness, functional richness, and functional dispersion were significantly and positively correlated with plant richness (Table 2).


Table 2 | Parameter estimates (± SE) of the best models resulting from the model averaging across all candidate models with ΔAICc < 2, relating the abundance, richness, functional richness (FRic) and functional dispersion (FDis) of soil nematode communities to environmental factors.



Functional composition was significantly influenced by soil and plant properties (Figure 5; Permutation, F = 3.832, P < 0.001). The first two axes of the CCA explained 24.8% of total variance. Algivores, predators, and nematodes with large amphids, cephalic setae, and clavate/conicocylindrical tails were positively correlated with soil water content. Bacterivores and enrichment opportunists (cp 1) with conical tails exhibited tolerance to high pH, ​​EC, and bulk density. Herbivores, fungivores, and persisters (cp 3-5) with long and rounded tails were more abundant in habitats with high plant richness, grass coverage, and soil organic matter.


[image: Biplot showing Canonical Correspondence Analysis (CCA) results. CCA1 and CCA2 axes explain 15.24% and 9.59% of the variance, respectively. Arrows represent variables like PR, SOM, WC, and others, each indicating direction and strength. Data points labeled with abbreviations such as He, Rou, and Con are distributed around the plot.]

Figure 5 | Canonical correspondence analysis (CCA) plot demonstrating the relationship between the functional composition of soil nematode communities and environmental factors across different reclamation stages at Hengsha Island. EC, electrical conductivity; SOM, soil organic matter; WC, soil water content; PR, plant richness; GC, grass coverage. BS, body size; Cep, cephalic setae present; Amp, large amphid; Cla, clavate/conicocylindrical tail; Rou, rounded tail; Con:, conical tail; Lon, long tail; Al, algivore; Ba, bacterivore; Fu, fungivore; He, herbivore; Pr, predator; Om, omnivore.







4 Discussion



4.1 Taxonomic shifts in soil nematode communities

Our results demonstrate that nematode richness and abundance both decreased significantly as the tidal flat was converted to dry land, which was accompanied by the loss of marine species. This finding is consistent with previous work by Wu et al. (2005), which found that dike construction eliminated aquatic nematodes. Tidal flat reclamation often causes dramatic changes in environmental conditions, including salinization, loss of soil moisture and fertility, and the degradation of vegetation communities. The lowest levels of soil organic matter and water content, along with the highest measurements of EC, were observed in newly reclaimed land in the 1-year stage and contributed to nematode abundance and richness in this area, which was lower than in all other reclamation stages. We found that nematodes were able to rapidly colonize reclaimed land, despite harsh conditions, as evidenced by the presence of 30 genera in the 1-year stage. This resilience can likely be attributed to their excellent capacity for passive dispersal and their ability to endure extreme conditions through cryptobiosis (Crowe and Cooper, 1971).

Following the initial reclamation stage, nematode abundance and richness increased with increasing age, similar to the successional patterns commonly observed in other soil microorganisms (Wang et al., 2020) and macrofauna (Ge et al., 2019). LMM analysis revealed that the increase in nematode diversity was primarily associated with increasing resource availability (soil organic matter, grass coverage, and plant richness) along the chronosequence. Soil fertility and vegetation are often considered the main controls on soil faunal community characteristics at the local scale (Bokhorst et al., 2017; Laliberte et al., 2017). Higher soil organic matter is typically an indicator of greater resource inputs and can sustain higher soil biodiversity. Plants serve as food sources for soil fauna and also offer diverse habitats for soil organisms (Wardle et al., 2004b). A global meta-analysis of long-term soil chronosequence studies also identified vegetation coverage as a key factor driving belowground biodiversity in low-productivity ecosystems (Delgado-Baquerizo et al., 2019). Here, vegetation types changed because of both natural succession and human activity, transitioning from bare land and communities dominated by the pioneer halophytic plant T. chinensis community to grasslands and finally secondary forests. This variation in vegetation type offers distinct microhabitats and food resources, thereby influencing soil faunal diversity and community composition (Yang et al., 2021).

The chronosequence examined here spanned restoration ages up to approximately 50 years, with the ecosystem characterized by nutrient accumulation and biodiversity recovery across stages. However, long-term chronosequence studies in other ecosystems have illuminated the potential for degradation in later stages (Bokhorst et al., 2017; Lei et al., 2015; Wardle et al., 2004b). For instance, in a 120-year-old chronosequence in the Hailuogou Glacier forefield in China, the nematode community exhibited retrogressive characteristics, including reduced phosphorus bioavailability and significant declines in nematode density (Lei et al., 2015). As of yet, however, such degradation has not been reported in reclaimed coastal areas.




4.2 Functional shifts in soil nematode communities

Our study revealed that nematode functional diversity decreased from the tidal flat stage to the 1-year stage, but we also measured subsequent significant increases with increasing reclamation age. This change in functional diversity may be due to environmental filtering or biotic interactions (Mouillot et al., 2013). In early reclamation stages, resource limitations (low plant diversity and soil organic matter), environmental stresses (high bulk density, pH, and EC), and dispersal limitation selected for species with particular traits and constrained functional diversity, whereas higher plant diversity and soil quality in later stages provided more potential ecological niches and enabled the coexistence of species with diverse functional traits. Moreover, the more frequent biotic interactions in later stages driven by higher nematode abundance and diversity led to trait divergence to reduce niche overlap and competition between organisms (Kunstler et al., 2016), thereby increasing functional diversity.

We also found that the functional composition of nematode communities changed significantly along the chronosequence, highlighting the potential importance of trade-offs in functional traits and variation in ecological strategies at different stages reclamation (Roff and Fairbairn, 2007). The proportion of nematodes with cephalic setae and large amphids was significantly higher in the tidal flat stage than in other stages. Cephalic setae and amphids are considered essential sensory organs for aquatic species, but their functionality is reduced in terrestrial environments (Zullini and Semprucci, 2020). Consequently, these features are generally reduced or absent in soil-dwelling species (Zullini and Semprucci, 2020). CCA analysis also indicated that nematodes with cephalic setae and large amphids preferred higher soil water content. We did not detect significant differences in cephalic setae or amphid from the 1-year to the 50-year sites, suggesting that these traits are not highly plastic in response to changing environmental conditions in terrestrial habitats. Body size is a fundamental trait that is correlated with many physiological and ecological characteristics, such as metabolic rate, vagility, and trophic position (Bie et al., 2012; Brose et al., 2006; Brown et al., 2004). We expected that increasing resource availability and soil pore space with increasing reclamation age would support large-bodied nematodes in later stages. However, we did not observe significant changes in body size, potentially due to functional trait trade-offs. Nematodes may adapt via other functional traits, such as feeding habit or reproductive strategy, which could be more advantageous for resource acquisition than an increase in body size.

Thistle and Sherman (1985) suggested that nematode tail morphology could be important for locomotion and reproduction. Here, we observed a shift in tail shape along the chronosequence, from clavate/conicocylindrical to conical, then to long, and finally to rounded tails. As the habitat transitioned from waterlogged, unstable sediment to drier, more structured soils, nematodes adjusted their tail morphology to optimize locomotion, stability, and ecological interactions within the context of a changing environment. Clavate/conicocylindrical tail shape is often associated with aquatic or semi-aquatic environments, where nematodes need to maintain buoyancy and stability in waterlogged sediments (Franzo and Del Negro, 2019; Semprucci et al., 2022). Broader, cylindrical tails may help them navigate in unstable, fine-grained tidal sediments. Currently, there is limited evidence in the literature regarding the role of nematode morphology and its underlying drivers in terrestrial environments. We assume that early reclamation may require greater motility for dispersal and colonization, favoring long or tapered tails that facilitate more efficient movement through soils with varying structure (Ptatscheck and Traunspurger, 2020; Schratzberger et al., 2007). In later stages, as soil conditions stabilize and nematodes establish permanent niches, selection may favor shorter tails and more sessile lifestyles that optimize resource exploitation rather than dispersal, such as those seen in root-associated nematodes.

We observed pronounced responses of life-history strategy and feeding habit to reclamation stage. As reclamation progressed, the relative abundance of bacterivores and r-strategists declined, whereas that of fungivores, herbivores, and K-strategists increased. Nematodes classified as r-strategists are generally considered pioneer taxa during ecosystem succession due to their higher dispersal ability, fecundity, and resilience in harsh environments. Consistent with our findings, Darby et al. (2007) and Guerrieri et al. (2024) observed higher proportions of r-strategists in the early stages of soil crust and glacial forefield ecosystems. Enrichment opportunists (c-p 1) can respond quickly to increases in food resources, rapidly coming to dominate nematode communities. However, they tend to be replaced by higher groups in later stages of succession or recovery (de Goede et al., 1993). In this study, the proportion of enrichment opportunists peaked in the 5-year grasslands, which were characterized by rapid resource turnover, before being displaced by persisters.

Food resources play a critical role in determining the distribution of soil fauna (Ingimarsdóttir et al., 2014), with resource type modulating the trophic structure of soil faunal communities across reclamation stages. Ge et al. (2019) found that the abundance and richness of herbivorous and detritivorous soil macrofauna increased with reclamation age, while those of omnivorous and predatory taxa were unaffected. Significant changes in the trophic structure of soil faunal communities have also been observed in other soil chronosequences (Laliberte et al., 2017; Lei et al., 2015). Our study revealed that bacterivores dominated early reclamation stages but that their relative abundance decreased significantly in later stages as the abundance of fungivores and herbivores increased significantly. This change is indicative of a shift from bacterial to fungal and root channels during reclamation (Wardle et al., 2004b). No significant change was observed in the relative abundance of omnivorous nematodes, which may be attributed to the availability of alternative food sources for these nematodes (e.g., algae, protozoa) (Bilgrami et al., 1991; Hunt et al., 1987). Work by Laliberte et al. (2017) in a soil chronosequence also revealed more intense responses among nematodes at high trophic levels compared to responses among nematodes at low trophic levels. These shifts in the trophic structure of nematode communities may influence key soil ecosystem functions, including nutrient cycling efficiency, organic matter decomposition and overall soil food web stability (Laliberte et al., 2017; Wardle et al., 2004b).





5 Conclusion

This study provides novel insight into the taxonomic and functional shifts of soil nematode communities during coastal reclamation at Hengsha Island. Our findings demonstrated that both taxonomic and functional diversity declined following tidal flat reclamation but that they gradually recovered over time. Shifts in functional traits were associated with changes in soil and vegetation conditions, reflecting environmental filtering and successional processes. These findings contribute to deeper understanding of how soil biodiversity responds to land use change, particularly through the lens of functional traits. Incorporating functional traits into soil monitoring may improve assessments of ecosystem recovery and guide future restoration efforts. Future research should focus on the long-term persistence of nematode communities and their functional roles in nutrient cycling and soil ecosystem stability under ongoing environmental change.
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