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Introduction

Global change events (e.g., worsening drought) are increasing environmental stress in a variety of terrestrial and aquatic habitats. The degree to which communities in soils and sediments are driven by temporal environmental changes across multiple habitat types from the same region is not clear.





Methods

We used nematodes, a common bioindicator of soil and sediment health, to determine how community diversity and composition are altered by rising alkalinity across lakes, shorelines, and prairies in the western Nebraska Sandhills. We sampled these three habitats from five lake basins spanning an alkalinity gradient (pH 7–11) across three years (2019, 2020, 2021). During our sampling, the Sandhills experienced a range of drought intensities, with 2019 being a wet year, followed by severe drought in 2020, and abnormally dry/moderate drought in 2021. To determine if diversity and composition of nematodes responded to increased alkalinity and drought-induced stress we used different modelling approaches, including Random Forest and pairwise comparisons.





Results and discussion

Overall, nematode diversity in lakes was most affected by increasing alkalinity over time, whereas in shorelines and prairies diversity was most reliant on bacterial diversity and potential nematode-nematode interactions. In comparison to shorelines and prairies, community composition in lakes was the least variable and consistently driven by pH and lake water levels. In contrast, compositions in the shorelines and prairies were more variable and explained at varying degrees by pH, year, lake basin, and climate-associated variables. In addition, relative abundance and compositional nature of select copious taxa were highly unpredictable, indicating potential instability in these habitats. Future research is necessary to address the ecologic stability of the Sandhills and determine where conservation efforts are most needed.
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Introduction

Soil and sediment communities change over time in response to dynamic deterministic and stochastic processes. Deterministic selection modifies community diversity and composition via shifts in abiotic and biotic conditions (Fargione et al., 2003; Vellend, 2010; Dini-Andreote et al., 2015; Zhou and Ning, 2017), whereas stochastic processes provide opportunities for new species introductions (i.e., drift) (Chave, 2004; Chase and Myers, 2011; Nemergut et al., 2013). Temporal change in soil and sediment communities are often linked to changes in assembly processes. Specifically, as global change events (e.g., fire and drought) intensify over time, simultaneous shifts in assembly processes related to shifts in abiotic conditions have been observed. For example, as a result of drought and decreased precipitation, pH in bodies of water, sediments, and soils moved from neutral to more acidic/alkaline (Godbold and Calosi, 2013; Strang and Aherne, 2015; Jiao et al., 2016; Houle et al., 2020), and in response microbial diversity and functionality decreased (Wang et al., 2014; Tan et al., 2020; Jia et al., 2022). In addition to shifts in diversity, temporal variation in pH can also modify bacterial inter- and intraspecific interactions (Ratzke and Gore, 2018). These temporal shifts in diversity, interactions, and assembly could threaten ecosystem stability and ultimately functionality (i.e., ability to resist environmental disturbances) (Grimm and Wissel, 1997; Liu et al., 2018).

Nematodes are considered excellent bioindicators of soil and sediment conditions and health (Neher, 2001; Sánchez-Moreno and Ferris, 2018; Schenk et al., 2020; Ridall and Ingels, 2021) and ideal model organisms to study temporal stability in an ecosystem. They are the most diverse and abundant animals on the planet (Van Den Hoogen et al., 2019; Hodda, 2022). With a diversity of feeding habits (i.e., bacterial-feeding, fungal-feeding, omnivores, predators, and plant and animal parasites) and positioning at all trophic levels in food webs, nematodes perform key ecosystem functions (De Mesel et al., 2004; Pascal et al., 2008; Heidemann et al., 2014; Majdi and Traunspurger, 2015). For example, bacterial- and fungal-feeding nematodes exert control over decomposition and nutrient mineralization by feeding on microbes as well as keeping them in their active growth phase (Gerlach, 1978; Bonaglia et al., 2014; Creamer et al., 2016). Although they are integral components of soil and sediment communities, knowledge of how nematode community diversity and/or composition respond to change over time and increased environmental stress is limited. In high elevation successional gradient studies where the effects of temporal change were studied indirectly by substituting space for time, soil nematode diversity responded positively to some climate driven shifts in abiotic (e.g. increased soil moisture and pH) and biotic (e.g. higher diversity of plant communities and microbes) factors (e.g. Li et al., 2020; Hu et al., 2021; Porazinska et al., 2021). In a more direct temporal study of beach sediments in Qingdao, China, as pH decreased over time, aquatic nematode diversity decreased as well (Hua et al., 2019), however the effect was context dependent, with nematode diversity in finer sediments more resistant to changing pH. These examples suggest that nematode community stability across habitats may vary in response to drought-driven shifts in abiotic conditions. However, the consistency of response to drought across a habitat gradient remains unclear. Thus, the goal of this study was to examine how drought and subsequently more stressful environmental conditions affected the diversity, composition, and stability of nematode communities from three distinct habitats.

The Nebraska Sandhills is a region threatened by drought events that result in subsequent shifts in soil and sediment biogeochemical characteristics (Adane et al., 2019; Gattoni et al., 2022; National Drought Mitigation Center, 2023). While the landscape of the Sandhills is dominated by grass-stabilized sand dunes, there are also hundreds of embedded, natural shallow lakes. The western region is known for the presence of an alkalinity gradient (pH 7–11) driven by potassium, sodium, and chloride within the lakes but also in the surrounding dunes. During our study period (2019-2021), the Sandhills experienced intermittent drought (National Drought Mitigation Center, 2023). Decreased precipitation and drought can be linked to fluctuations in pH and biogeochemical concentrations in both soils and lake sediments (Jiao et al., 2016; Li et al., 2017). However, the effect of drought-induced change in pH can be habitat specific. For example, pH shifts in prairie soils have been shown to be influenced by plant productivity more than precipitation, suggesting a potential for the plant community to buffer the effect of drought on soil communities (Waldrop et al., 2017). Additionally, high levels of plant and microbial diversity act as buffers for grassland ecosystems by decreasing the negative effect of drought on overall biodiversity (Castillioni et al., 2020; Jin et al., 2022). In contrast, lakes may be affected by drought more directly with decreased water levels causing acidification or alkalization (Li et al., 2017), modifying sediment carbon content (Weise et al., 2016), and destabilizing microbial communities (Pu et al., 2023).

In our previous study of nematodes from three habitat types (i.e., lake, shoreline, and prairies) in the western Sandhills, we showed that within a single year, communities had distinct compositions and structures and experienced different assembly processes (Gattoni et al., 2022). Specifically, communities were differentially explained by deterministic factors (abiotic and biotic) with most variation explained in the lakes (59%) and least in the prairies (18%). While abiotic factors (i.e., pH and ion concentrations) were equally important to communities in all habitats (~16%), the role of biotic factors (i.e., diversity of microbial communities) varied and dominated (48%) in lake communities, contributed equally to abiotic factors in shoreline communities, and played a seemingly minor part in the prairie communities, albeit dependent on the identity of the nematode trophic group.

Given recent variability of drought conditions in the Nebraska Sandhills, we set out to examine potential shifts in nematode communities in the three habitats. We hypothesized that drought-induced increase in stress over time (e.g., more extreme alkalinity and reduced plant productivity) would alter nematode community diversity and composition, hence stability, but the response would be habitat specific with the lake communities affected by temporal change the most, followed by shorelines, and prairies, respectively.





Methods

The research was conducted at Crescent Lake National Wildlife Refuge (CLNWR) (41° 45’ 41.004” N, 102° 26’ 12.012”W) in the western Nebraska Sandhills in 2019, 2020, and 2021 (Figure 1). For this study, we selected five lake basins representing an alkalinity gradient ranging from ~7 to 11 pH with the two most neutral basins (Gimlet and Island) situated ~14 km from the most alkaline basins (Bean, Border, and Kokjohn). Island Lake was the largest, followed by Bean, Gimlet, Border, and Kokjohn. Importantly, Kokjohn was wet in 2019 but periodically dry in 2020 and 2021. More information regarding the study site can be found in Gattoni et al., 2022.




Figure 1 | U.S. Drought Monitor maps indicating dry or drought conditions throughout the state of Nebraska in October 2019, 2020, and 2021. Stars indicate location of Crescent Lake National Wildlife Refuge where samples were obtained. The U.S. Drought Monitor is jointly produced by the National Drought Mitigation Center at the University of Nebraska-Lincoln, the United States Department of Agriculture, and the National Oceanic and Atmospheric Administration. Maps courtesy of National Drought Mitigation Center (2023).



In mid-October 2019, 2020, and 2021, we collected three (2019) and four (2020, 2021) replicate lake sediment (denoted as lake), shoreline sediment/soil (denoted as shoreline), and prairie soil (denoted as prairie) samples. To ensure sample independence among replicates within each habitat, sampling locations were separated by 30 – 100 m. In 2019, lake samples were obtained by wading into the water (~10 m from the shore) and using a soil corer (see below). In 2020 and 2021, they were obtained from the middle of the lake accessed by a kayak using a 15 cm x 15 cm x 20 cm dredge and consisted of three composite dredges. Each shoreline and prairie sample (as well as lake samples in 2019) consisted of ~15 – 20 soil cores (~2 cm x 10 cm) from an area equivalent to 20 m2. Prairie samples were taken in proximity to plant stems. Generally, plant diversity was limited (~10 plant species) and similar among lake basins. Sediment and soil samples were collected in Whirlpacks or gallon Ziplocks, gently homogenized, and placed in a cooler with ice until processed upon return to the University of Nebraska-Lincoln (2019) or University of Florida (2020, 2021).




Nematode sample processing

In 2019, nematodes were extracted from 50 g of soil/sediment subsamples at the University of Nebraska-Lincoln (Gattoni et al., 2022), but in 2020 and 2021 from 100 g at the University of Florida. Briefly, two concurrent methods (sugar centrifugation and 48-hour modified Baermann funnels) were used to extract nematodes. All nematode extractions were enumerated and morphologically identified using inverted microscopy and keys (Goodey, 1963) to at least family level and further categorized into trophic groups (i.e., bacterial feeder, fungal feeder, plant parasite, predator, omnivore, or animal parasite) (Yeates et al., 1993). Because food sources of Tylenchidae are not well known (Qing and Bert, 2019) and could involve root hairs or root-associated fungi, nematodes in this family were classified as a separate group of root associates. This morphology-based data provided baseline information to ensure the accuracy of DNA-based analyses at a finer level of taxonomic resolution.

Nematode DNA from morphologically identified communities was extracted with the Qiagen® DNeasyPowerSoil Kit according to the manufacturer’s instructions (Qiagen Inc., Toronto, Canada). Extracted DNA samples were amplified using NF1/18Sr2b (Porazinska et al., 2009) following EMP protocols (Thompson et al., 2017). DNA was also extracted directly from 0.35 g of soil as described above and was amplified using the 16S (515f/926r) (Apprill et al., 2015; Parada et al., 2016) and 18S (1391f/EukBr) (Amaral-Zettler et al., 2009; Caporaso et al., 2012) rRNA metabarcoding gene markers for bacteria and eukaryotes.

All amplifications were done in triplicates for each sample, and all amplicons were verified by gel electrophoresis. Triplicates were pooled and all samples sent to the Hubbard Center for Genome Studies, University of New Hampshire, for the attachment of primer indexes (using Golay barcodes) (Caporaso et al., 2012), library preparation, and sequencing using Illumina sequencing (HiSeq 2×250 bp, Illumina Inc., CA, USA). Negative controls were implemented during DNA extraction and PCR and sequenced together with other samples.





Amplicon data processing

Qiime2 v2021.4 was used to remove primer regions of the demultiplexed sequences with cutadapt software (Martin, 2011). Forward and reverse reads were joined using vsearch in Qiime2 (Rognes et al., 2016), and joined sequences were filtered for quality using q-score-joined in Qiime2 with default settings (Bokulich et al., 2013). Sequences were clustered into operational taxonomic units (OTUs) using vsearch at 99% similarity for nematodes and 97% for bacteria and eukaryotes to produce OTU tables. Taxonomic assignment of OTUs was performed using BLAST with 18S-NemaBase (Gattoni et al., 2023) for nematodes and SILVA v138 for all other microbial OTU tables.

OTUs representing less than 0.001% of total reads and OTUs with low percent ID (<85%) and low query coverage (<95%) were removed from all OTU tables. The nematode OTU table was filtered to only include nematodes, bacterial table to only include bacteria, and the eukaryotic table to include only fungi and simple eukaryotes (i.e., protists and algae) split into two independent tables. Using taxonomic trees, the nematode OTU table was collapsed as directed by “Head-Tail” patterns (Porazinska et al., 2010) (see Gattoni et al., 2022 for more details), and the number of reads was standardized to per 100 g of dry soil/sediment for nematodes and 1 g for all soil microbes.





Biogeochemical and climatic data analysis

Biogeochemistry and climate-associated data were used as explanatory variables. Gravimetric soil moisture (%) was measured by drying 20 g of soil/sediment subsamples for 24 hrs at 60°C. Subsamples of ~100 g were sent to Ward Laboratories, Inc., Nebraska, USA for biogeochemical analyses including pH, % organic matter (OM), potassium (K), calcium (Ca), sodium (Na), zinc (Zn), iron (Fe), and chloride (Cl).

The extent of surface water in lakes and the productivity of vegetation were measured using data obtained from Copernicus Sentinel-2 satellite imagery (Copernicus Sentinel data [2019, 2020, 2021]) from the available date closest to each sampling period. From satellite imagery, the Green Normalized Difference Vegetation Index (GNDVI) isolated water from vegetation. A polygon was fit to each of the lakes based on the GNDVI, and from each polygon the extent of surface water in lakes (hereafter referred to as “lake level”) was calculated. Normalized Difference Vegetation Index (NDVI) was used to measure vegetative production at the prairie sampling sites. NDVI values were taken for all prairie samples.





Statistical analyses

Statistical analyses were performed in R V.3.6.1 (R Core Team, 2019). Treatments were defined by habitat (lake, shore, prairie), lake basin (in order from lowest to highest pH: Gimlet, Island, Bean, Border, Kokjohn), and year (2019, 2020, 2021). First, Shannon’s alpha diversity was calculated for nematode and all microbial communities using the ‘estimate richness’ function in ‘phyloseq’ package V.1.34.0 (McMurdie and Holmes, 2013). To select variables for downstream analyses and address the relationships among abiotic (biochemical variables), biotic (i.e., Shannon’s diversity), climate-associated variables (i.e., lake water level, soil moisture and NDVI), and time, correlation matrices were created with Pearson’s correlation using the ‘cor’ function in ‘stats’ V3.6.2 and visualized using ‘corrplot’ V0.84 (Wei and Simko, 2017).

The effect of abiotic, biotic, and climatic variables on the diversity of nematode communities was tested using Random Forest (RF) models via the ‘randomforest’ function from the ‘RandomForest’ package (Breiman, 2001). In RF models, multiple decision trees are used to assess the importance of independent variables on the outcome of the dependent variable. For our models, we used 1,500 trees and 4 variables per split (i.e., each branch of the tree considers 4 variables at a time). All models were tested for significance using the ‘rf.significance’ function from the ‘rfUtilities’ package, and the importance of each independent variable was calculated with the ‘rfPermute’ function in the ‘rfPermute’ package. For each model, the importance of the independent variables was reported as the percentage of mean standard error increase (%IncMSE) if the variable was removed from the model. To ensure Random Forest models captured how the change in abiotic, biotic, and climate-associated variables as well as lake basin structure nematode diversity (i.e., the dependent variable), each independent variable in the model was paired with year as an interaction term. Lake basin was included as a variable to encompass characteristics of each basin that were not addressed with the other variables, such as geography or plant community composition. Year was also a lone independent variable in the model to account for the effect of any additional temporal shift on diversity. Based on previous knowledge from the region, pH, chloride, sodium, and potassium were decided as the abiotic variables for lake and shoreline communities with the addition of organic matter for prairie communities. For all models, bacterial, microbial eukaryotic, and fungal diversity were included as biotic factors. As climate-associated variables, lake water level was used for the lake and shoreline communities, and soil moisture and NDVI for the prairie community. All variables that had a negative %IncMSE value were removed. Finally, due to consistent differences in community assembly processes among the terrestrial trophic groups (Gattoni et al., 2022), models were run independently for bacterial-feeding, fungal-feeding, plant-parasitic, omnivore, and predatory taxa in the prairies. The diversity of selected nematode feeding types was added as independent variables with year as an interaction term for each.

Compositional matrices were created based on Aitchison distance (Aitchison et al., 2000) to test change in nematode community composition over time. Compositional differences among habitats and basins were tested with permutational analysis of variance (PERMANOVA) with 999 permutations and visualized with principal coordinate analysis (PCoA) ordinations. Pairwise comparisons were conducted for each habitat type using the ‘pairwiseAdonis’ function in the ‘pairwiseAdonis’ package (Martinez Arbizu, 2020). Pairwise comparisons were used to determine which variables were most important to the differences in composition seen in each year. The first independent term in each comparison was defined by year to dictate the term of main interest which dictates comparisons. Other independent variables included pH, climate-associated variables, and lake basin blocked by lake basin. As climate-associated variables were habitat specific, lake water level was used for lakes and shorelines and NDVI for prairies.

General linear models (GLM) were used to identify how highly abundant nematode genera responded to shifts in abiotic variations over time. From each habitat type, the most abundant genera were evaluated with the relative abundance of each as the dependent variable in the models. pH, climate (i.e., lake level for shoreline and sediment and soil moisture and NDVI for prairie), basin, and year as well as the interaction of year with both pH and climate were the independent variables. All models were created in ‘glmmTMB’ and visualized with ‘ggplot2’.






Results




Relationships among variables

As expected, potassium, sodium, and chloride were positively correlated with pH and each other in all habitat types (Figure 2). In lakes, abiotic variables showed strong negative relationships with all biotic variables, where both microbial and nematode diversities decreased as pH and associated ion concentrations increased (Figure 2A). These relationships in shorelines were also negative, albeit weaker than in lakes (Figure 2B). However, there was no relationship with nematode diversity. And finally, in prairies, positive relationships between abiotic and biotic variables were only observed for nematodes and not for bacteria, fungi, or microbial eukaryotes (Figure 2C). Biotic variables in the lakes positively correlated with each other, as did those in the shorelines except for fungal and nematode diversity. In prairies, bacterial diversity positively correlated with fungal and eukaryotic diversity. There were negative relationships between pH and ion concentrations with lake water levels in both the lakes and shorelines (Figures 2A, B). Bacterial and nematode diversity positively correlated with lake water level in lakes, and all biotic variables positively correlated with water level in shorelines. In prairies, soil moisture positively correlated with fungal diversity and NDVI with eukaryotic diversity.




Figure 2 | Correlation plots indicating all potential relationships between abiotic, biotic, climatic and time variables in (A) Lake, (B) Shoreline, and (C) Prairie habitats. Abiotic variables (red brackets) include habitat biogeochemistry (e.g., pH, concentrations of sodium and potassium). Biotic variables (blue brackets) are Shannon's diversity of bacterial, fungal, eukaryotic, and nematode communities. Climate-associated (climatic) variables (green arrows/brackets) are water lake level for Lake and Shoreline habitats and soil moisture and NDVI for the Prairie habitat. Time (yellow arrow) is a year of sampling (3 years). Color scale represents the direction and strength of relationships from +1 (blue for positive) to -1 (red for negative). Boxes without "X" indicate significantly correlated variables.



There were strong positive relationships between pH and ion concentrations with time (year) in lakes and shorelines, but there was no significant relationship between time and lake water levels (Figures 2A, B). Overall, in prairies, neither abiotic nor biotic variables correlated with time or climate-associated variables (Figure 2C).





Nematode diversity

In general, lake nematode communities had the lowest diversity followed by the shorelines and then prairies (Supplementary Figure S1). Except for year alone, all other factors including habitat, basin, and all factor combinations significantly explained variation in diversity (Supplementary Table S1).

To determine how the importance of change over time in abiotic, biotic, and climatic variables and time alone (year) to nematode diversity varied among habitats, we used RF models. Overall, the effect of change in all variables over time on nematode diversity was habitat specific. While the temporal change in eukaryotic diversity, pH, and lake level were the most important to lake communities (Variance Explained= 35.7%, Mean Sum of Square Residuals= 0.22, Figure 3A), bacterial diversity, year alone, and lake basin alone were the most important to shoreline communities (Variance Explained= 20.0%, Mean Sum of Square Residuals= 0.40, Figure 3B). RF models were not run for specific trophic groups due to the low trophic diversity in the lakes and shorelines.




Figure 3 | Random Forest models explaining variance, accuracy, and importance of abiotic, biotic, climatic, and time variables to nematode Shannon’s diversity in (A) Lake, (B) Shoreline, and (C) Prairie habitats. Importance is shown by percentage of mean standard error increase (%IncMSE) if the variable is removed from the model, with filled red circles indicating significant variables and empty black circles nonsignificant variables. Models for the Prairie habitat were run at the level of nematode trophic group (i.e., BF, bacterial feeders; FF, fungal feeders; PP, plant parasites; PR, predators; and OM, omnivores).



In the prairies, separate RF models were run for each trophic group. All models indicated that the temporal change in diversity of another nematode trophic group was the most important variable (Figure 3C). For example, the diversity of bacterial-feeding nematodes was the most significantly influenced by the change in diversity of fungal-feeding nematodes (Variance Explained= 27.8%, Mean Sum of Square Residuals= 0.16). Similarly, the diversity of fungal-feeding nematodes was explained the most by the change in diversity of bacterial feeders, along with that of plant-parasitic and predatory nematodes (Variance Explained= 45.1%, Mean Sum of Square Residuals= 0.25). The change in each basin over time was significant only for plant parasites (Variance Explained= 30.3%, Mean Sum of Square Residuals= 0.16). From all tested abiotic factors, temporal change in pH, potassium, and chloride were indicated as significant in explaining diversity of some but not all nematode trophic groups. For example, predatory nematodes were most strongly correlated with changes in omnivore, fungal-feeding, and plant-parasitic diversity with chloride also important (Variance Explained= 30.9%, Mean Sum of Square Residuals= 0.13). Overall, there was little evidence that changes in diversity of microbial groups were significantly important to diversity of any prairie nematode trophic group. Similarly, time alone was only important to fungal feeders and omnivores (Variance Explained= 23.4%, Mean Sum of Square Residuals= 0.23).





Community composition

Compositionally, nematode communities separated by habitat type along the PCo1 axis with the lake and shorelines distinct from prairies (Figure 4). In addition, composition of communities from lakes and shorelines separated along the PCo2 axis, interpreted as alkalinity, with the most alkaline basins distinct from most neutral. Using PERMANOVA, habitat, basin, year, and all interactions of the three factors significantly affected composition. Of all factors, habitat was the most important (R2 = 0.23) (Supplementary Table S2) with others explaining a similar amount of compositional variance (R2 = 0.02-0.08).




Figure 4 | Principal coordinate analysis (using Aitchison's distances) of nematode compositional community dissimilarity. Points indicate centroids. Communities show a general clustering by both habitat (Lake, Shoreline, and surrounding Prairie) and lake basin (Island, Gimlet, Bean, Kokjohn, and Border), but not Year (2019, 2020, and 2021). Color of each point indicates the lake, shape indicates habitat, and fill (i.e., hollow shape, "x" through shape, filled shape) indicates year.



Pairwise PERMANOVAs were used to compare compositional differences between sampling years for each habitat type and determine how they were affected by pH, climate-associated variables (i.e., lake water level in lakes and shorelines and NDVI in prairies), lake basin, year, and the interactions of these terms. Lake communities were relatively similar among all years. Although pH was indicated as the most consistently significant factor (Table 1) shaping the communities, the degree to which it explained compositional variability varied with year. For example, pH played a more significant role in shifts of lake compositional differences between 2020 and 2021 (R2 = 0.22) than 2019 and 2020 (R2 = 0.12) or 2019 and 2021 (R2 =  0.15). In addition to pH, lake level was also important across all years but explained a considerably lower amount of variation (R2 = 0.06-0.10) than pH. Lake basin played a role in compositional differences only between 2019 and 2021 (R2 = 0.30).


Table 1 | Pairwise comparison of nematode community composition via Pairwise Adonis among years for each habitat type.



All yearly compositional differences in shoreline communities were influenced by pH and lake basin. Similar to lake communities, the magnitude of these relationships was variable. For example, the degree to which pH affected composition was lower between 2019 and 2020 (R2 = 0.17) than between 2019 and 2021 (R2 = 0.37) and 2020 and 2021 (R2 = 0.36). In addition, interaction of pH and year from 2019 to 2020 (R2 = 0.06) and 2020 to 2021 (R2 = 0.12) and the interaction of climate and year from 2019 to 2020 (R2 = 0.13) and 2019 to 2021 (R2 = 0.04) were significant to compositional differences.

Finally, differences in prairie community composition between years were influenced by pH, lake basin, and year. In contrast to diversity, year alone was the most influential of composition (R2 = 0.16-0.26) followed by NDVI (R2 =  0.10) and the interaction of NDVI and year (R2 = 0.04) contributed to difference in composition between 2019 and 2020. Lastly, the interaction of pH and NDVI influenced composition between 2019 and 2021 (R2 = 0.05) but no other years.





Nematode relative abundance

Across the lake and shoreline, Tobrilidae nematodes were the most abundant regardless of year (Supplementary Figure S2). In the neutral lakes and shorelines, there was more trophic and family diversity than in alkaline basins and differences in the relative abundance of certain families. For example, Dorylaimidae increased in abundance from 2019 to 2020 but decreased again in 2021. The prairies had the highest taxonomic and trophic diversity. While not dependent on alkalinity, relative abundance of families was most variable across basins in 2019. In contrasts, basins in both 2020 and 2021 were similar with 2020 dominated by bacterial-feeding nematodes, specifically Cephalobidae. Similarly, prairies in 2021 supported high numbers of bacterial feeders as well as fungal feeders and plant parasites.

The relative abundance of most common predatory nematodes in the lake communities were not impacted by year, pH, lake level, lake basin, and the combination of these factors in the same manner (Supplementary Figures S2, S3A, Supplementary Table S3). For example, Tobrilus and Brevitobrilus, common in the most neutral lakes, were not affected by any variables, whereas Eutobrilus, common in the most alkaline lakes, was affected by year, pH, and basin. While the bacterial-feeding nematodes in the lakes were largely present in the neutral lakes, these were also affected by the variables differently. For example, Eumonhystera was affected by basin, the interaction of pH and lake level, and the interaction of all variables, whereas Fictor and Monhystera were independent of these variables.

With a higher level of trophic diversity (Supplementary Figure S2), all highly abundant shoreline nematode genera were influenced by at least one variable considered (Supplementary Table S3). For example, unlike in the lakes, abundance of Tobrilus and Brevitobrilus were driven by year, climate, and pH in some combination (Supplementary Figure S3B; Supplementary Table S2). While lake level was not important to Epitobrilus in the lakes, it was in the shorelines in combination with both pH and year. In contrast, the last highly abundant Tobrilidae, Brevitobrilus, decreased over time and was influenced by lake level, basin, year, the interaction of lake level and year, and the interaction of pH, lake level, and year. The two highly abundant bacterial-feeding nematodes, Fictor and Plectus, both had the highest relative abundance in 2020 and were not influenced by pH or year but rather by basin and the interaction of pH and lake level, respectively. Lastly, the only omnivore considered, Mesodorylaimus, also had the highest relative abundance in 2020 and was solely influenced by year alone.

Prairies contained the highest level of trophic diversity (Supplementary Figure S2). Unlike the aquatic and semi-aquatic habitats, all genera in the prairies were affected by year alone or year in combination with pH and NDVI (Supplementary Figure S3C, Supplementary Table S2). Bacterial-feeding nematodes were generally highest in abundance and differentially driven by all factors. For example, Acrobeles increased from 2019 to 2020, remained consistent from 2020 to 2021, and was most influenced by basin, year, the interaction of pH and NDVI, and the interaction of pH, climate, and year. But two other nematodes in the same family of Cephalobidae, Acrobeloides and Cephalobus, were only influenced by pH and the interaction of pH, climate, and year. Moreover, their relative abundance patterns were opposite, especially in 2020. Pseudacrobeles, yet another representative of Cephalobidae, was the most variable over time and driven by all factors and combination of factors except the interaction of climate and year. Similarly, while both plant parasitic taxa were driven by year, Mesocriconema increased in abundance over time and was influenced by the interaction of pH and climate, and Xiphinema decreased in abundance and was more sensitive to climate, basin, the interaction of pH and year, and the interaction of climate and year. Lastly, the two taxa, Aporcelaimellus (predator) and Prodorylaimus (omnivore), were both driven by basin, year and the interaction of pH, climate, and year.






Discussion

Community diversity and composition are subject to climate-driven temporal shifts in abiotic conditions. The extent to which these alterations in assembly influence nematode communities over time is not clear. With variable drought-like conditions over our sampling period, the Nebraska Sandhills were an ideal system to provide insight into the impact of temporal shifts in abiotic conditions and subsequently on nematode community diversity and composition across a distinct habitat gradient allowing us to hypothesize on the potential stability of these communities/habitats.




Nematode community diversity in response to drought-induced abiotic stress

Correlations indicated significant relationships between the abiotic/biotic characteristics of the Sandhills environment and sampling time (i.e., year). In the lakes and shorelines, strong positive relationships among pH, abiotic variables tied to pH (i.e., sodium, potassium, and chloride), lake level, and time suggested that abiotic shifts in these habitats occurred over our sampling period. The increased pH/alkalinity in the lakes, specifically, correlated to harsher, more extreme environments and resulted in decreased microbial and nematode diversity. In the lakes of the Tibetan Plateau, the most similar lakes in the world to those of the alkaline lakes of the western Sandhills, increased pH also reduced microbial diversity (Ji et al., 2019). Our RF models also indicated that change in pH over time as well as change in lake level were the most determining factors of nematode community diversity in lakes. We predict that with continued droughts reducing lake water levels and higher alkalinity, nematode and microbial diversity in aquatic habitats will likely continue to decrease.

Importantly, change in eukaryotic diversity over time was also among the most significant factors shaping nematode community diversity in lakes, aligning well with Tobrilidae, the most common nematodes in the lakes. Although Tobrilidae are generally classified as predators (Yeates et al., 1993), many specimens in our samples often displayed green guts indicating they may be feeding on food sources other than classical prey (i.e., other nematodes) including unicellular algae that are common in these lakes. This is in contrast to our previous report based on 2019 sampling (Gattoni et al., 2022) when bacterial diversity, rather than eukaryotic, was the major factor contributing to lake nematode community assembly. With overall trophic diversity decreasing over time, due in large part to using a more appropriate sampling in the following two years (i.e., kayaking to the center of the lakes instead of wading near the shorelines), there were fewer bacterial-feeding nematodes in our 2020 and 2021 lake samples.

In the shorelines, where pH was also variable and conditions became more extreme in a similar manner to lakes, there was no significant relationship between pH and nematode diversity. Additionally, in the RF models, no abiotic variable was important to shoreline community diversity. With few studies of nematode or microbial communities in shorelines, this result is in contrast to our results in the lake sediment as well as a singular study of the hypersaline Ebinur Lake where microbial diversity was directly affected by lake pH (Zhao et al., 2018). Instead of abiotic variables, only year, change in bacterial diversity, and lake basin were important to nematode diversity. With abiotic variables unimportant, we expected lake water level to be influential, specifically because lake water levels were highly variable during our three sampling years. It is possible that since shoreline communities experience this change continuously (Loope and Swinehart, 2000; Guretzky et al., 2016), they may be more tolerant to water level shifts than their lake counterparts, and other factors are likely to be more important to their assembly. For example, our variable “lake basin” may encompass fluctuations in decomposition. Previous work on Lake Sinclair in Michigan, USA, found that shorelines were prone to build-up of large quantities of plant materials and thus very high decomposition rates (Wensink and Tiegs, 2016). While there was no clear evidence of decomposition changing over time along shorelines in our system, this would agree with RF models indicating the importance of changes in bacterial diversity in structuring nematode community diversity, hinting that there may be a connection to decomposition. More work will need to be done to clarify this relationship. Lastly, time alone was important to nematode community diversity. With the most dramatic changes in community composition between years, the effect of time alone on diversity may reflect the transitory nature of the shorelines. Temporal change also relies on the stochastic processes of dispersal and drift (Chave, 2004; Chase and Myers, 2011; Nemergut et al., 2013). As transition zones experience input from two distinct ecosystems (Steibl et al., 2021) (i.e., lake sediments and prairie soils), this not only includes direct dispersal of nematodes to shorelines, but also movement of bacteria, fungi, and microbial eukaryotes, key food sources for various nematodes. In this way, the importance of time to shoreline nematode diversity in the RF models may be reflective of their transient and potentially stochastic nature.

Finally, nematode diversity in the prairie was unique from both the lakes and shorelines being largely driven by potential nematode-nematode interactions. For example, diversity of the bacterial-feeding nematodes was most reliant on diversity of fungal-feeding nematodes rather than other factors. There are two probable reasons for the importance of nematode-nematode interactions, specifically that of fungal-feeding nematodes. First, it is well known that bacterial- and fungal-feeding nematodes alter bacterial and fungal diversity and thus decomposition and nutrient cycling in soils via trophic interactions (Bonaglia et al., 2014). Recently, it has been shown that nematodes may not be generalists as commonly expected but rather have more specialist diets (Estifanos et al., 2013; Xiao et al., 2014), so it is not unlikely that nematodes shape their own abiotic and biotic habitats through feeding. Other organisms have been observed shaping their ecosystems to their benefit and the benefit of similar organisms (Banerjee et al., 2018). For example, plant identity determines the diversity and composition of the rhizobial microbiome (Dagher et al., 2019), which in turn benefits the plant community by buffering them against abiotic stress (Porter et al., 2020; Markalanda et al., 2022). Secondly, fungal-feeding nematodes have been observed feeding on nematode-parasitic fungi (Bae and Knudsen, 2001), potentially keeping their populations at low levels and preventing high levels of parasitism thus benefitting the larger nematode community.





Temporal changes in composition are habitat and taxon-driven

Composition of nematode communities was distinct by habitat type. In the lakes, composition was largely driven by pH and lake level, particularly between 2020 and 2021 when lake level changed the most (Gattoni et al., in press). Typically, a decrease in lake level, as has occurred in the Sandhills, can cause an increase in salt concentration (Senner et al., 2018). Together with decreased diversity in lakes, this may provide additional evidence for a harshening environment affecting nematode community composition. While no studies have reported on the effects of lake boundary shifts on nematode community composition, sea water penetrating coastal lagoon sediments can cause instability in community composition (Netto and Fonseca, 2017). With similar results in this work and historic use of nematode communities to answer questions of sediment disturbance (Schenk et al., 2020; Ridall and Ingels, 2021), differences in composition between years may point to instability in the western Nebraska Sandhill lakes. With large scale droughts and flooding events threatening lakes across the globe (Yao et al., 2023), more research is needed to understand potential shifts in community composition in this climate-sensitive region.

Of the taxa commonly found in the lakes, only two were affected by abiotic variables, climate, basin, or year. The abundance of Epitobrilus, the most common genus of Tobrilidae found predominantly in highly alkaline lakes, was influenced by pH, basin, and year. Abundance of the other genera of Tobrilidae, limited to neutral lakes, was not impacted by the variables in the model. With very little known about the family other than being an ancient aquatic clade commonly found in lake and ocean sediments (Traunspurger, 2000; Tahseen, 2012), our results provide evidence of different niche preferences among members of this nematode family. In this, abiotic environments are directly more important in defining the niche of Epitobrilus, while that of Tobrilus must involve other factors. Potential interactions with other eukaryotes and nematodes may be important, but these relationships need further study. Overall, these results indicate that compositionally, the nematode communities in the lake sediments are relatively stable across time with few individual taxa being significantly affected by changing abiotic or climate-associated conditions.

In the shorelines, composition was similarly distinct among years with pH, basin, and the interaction of year and pH or year and climate structuring all compositional differences. As one of the most disregarded habitat types in community ecology, there are no other studies of nematodes in terrestrial-aquatic transitional zones to compare these results. However, there is evidence of functional changes in shoreline microbial communities as water levels change over time (Shahraki et al., 2021). As discussed previously, with strong ties between nematode and microbial communities, it is imperative to define how the dual impact of change in nematode community composition and microbial community functioning will impact this habitat in the future, specifically regarding decomposition.

As for the abundance of individual shoreline taxa, Epitobrilus increased with pH while Tobrilus decreased with the former most affected by basin and the interaction between pH and climate and climate and year and the later by basin and the interaction between climate and year. With the fluctuation of both climate (i.e., lake water level) and pH over time (Gattoni et al., in press), this pattern supports the idea that different genera and perhaps species within Tobrilidae exhibit unique niche preferences. With more individual taxa varying in abundance over time in the shorelines than lakes in addition to temporal differences in community composition, the shorelines may be less stable than the lakes.

In the prairies, community compositions were most explained by pH, basin, and year. This pattern was consistent across individual genera as well. There was no impact of climate on composition. Whereas the sediment and shorelines are constantly changing, as demonstrated by correlations between pH and time and changes in lake level, the prairies nematode communities may be buffered from climate changes by their associated plant communities. Not only do plants alter soil biota composition (Dagher et al., 2019), but they also play a pivotal role is soil physical stability, biogeochemistry, and moisture retention (Johnston et al., 2020; Morris et al., 2022). The last of these could provide some protection to soil communities, including nematodes, in drought or drought-like conditions if it is not so severe to destabilize the plant communities themselves. However, while this buffering capacity might have protected general patterns of community composition, individual nematodes were still responsive to changes in climate.

In the prairies, nematode genera had unique responses to the variables considered, like previously reported studies. For example, changes in precipitation in grasslands resulted in a reduction of plant ectoparasites whereas endoparasites remained unaffected (Ankrom et al., 2022). Similarly, the two plant ectoparasites in the Sandhills (Mesocriconema and Xiphinema) were distinct with the only significant variable shared being year. Additionally, as Mesocriconema abundance increased over time, that of Xiphinema decreased. Interestingly, these two nematodes are morphologically and behaviorally very different. While Mesocriconema is small, slow, and exhibits very little movement, Xiphinema is large, relatively fast, and more consistently in motion (Taylor, 1936; Wram and Zasada, 2020). In addition, cuticles of the two nematodes also vary (heavy annulated in Mesocriconema and a smooth in Xiphinema). Perhaps, some of these characteristics may define Mesocriconema as a hardier and more resistant to and Xiphinema more susceptible to drought-induced temporal changes in the ecosystem.

Other nematodes increased over time (Acrobeles, Acrobeloides, Ditylenchus, Plectus) and some experienced instability (Pseudacrobeles, Cephalobus). The other major Dorylaimida (Aporcellaimellus) decreased over time similar to Xiphinema, indicting this order may be more susceptible to temporal change. These patterns from individual genera indicate the soil in the prairies may be more disturbed and less stable than the compositional analyses of the whole community indicated. Further research is needed to better identify patterns of disturbance in the grasslands as a potential result of climate change.






Conclusion

Here we hypothesized that drought-driven increase in stress would impact nematode community diversity and composition indicating a potential threat to ecosystem stability in each habitat distinctly. With community diversity and composition from all three habitat types clearly shaped by abiotic, biotic, time, and climate-associated variables uniquely, our major hypothesis was supported. However, our expectation that lakes would be affected by temporal changes in stress the most, followed by shorelines, and prairies, respectively, was incorrect. While nematode diversity of inland lakes was largely driven by increasing pH and lake water level, this was not consistent with community composition and individual taxa, which instead indicated a relatively stable lake sediment community. In contrast to the lakes, nematode diversity in shorelines and prairies were most reliant on biotic interactions, with shoreline also heavily influenced by lake basin and year but independent of abiotic variables or lake water levels. In combination with compositional patterns, the shoreline communities may be transient and less stable than the lakes. Nematode diversity of all individual trophic groups in the prairies pointed to the potential role of nematode-nematode interactions in shaping their communities. Also, prairie community composition was largely dependent on the lone effect of pH, basin, and time, with individual taxa largely influenced by the change in these three variables over time. With the most taxa that varied in relative abundance over time, the prairies may also be unstable. Future studies should focus on specifically quantifying the potential for stability in these ecoregions to determine how they could be a target for future conservation efforts.
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