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Abstract

Although abiotic environmental factors have been historically regarded as the domi-
nant deterministic process in microbial community assembly, recent studies indicate
that biotic interactions may be equally significant. However, the extent to which
both processes are important in assembly of belowground communities is unknown.
Along two environmental gradients: alkalinity (ranging from pH ~7 to ~11) and habitat
type (lakes, shorelines, and prairies around lakes) present in the Western Nebraska
Sandhills, we used 18S rRNA gene marker metabarcoding and statistical analyses, in-
cluding generalized dissimilarity modelling (GDM), to evaluate the dynamics between
abiotic and biotic factors that might play a role in nematode community assembly.
Lakes supported the least diverse and prairies the most diverse communities with
completely distinct compositions. We also observed a potential role of alkalinity in
shaping these communities but only in lakes. Generally, GDMs indicated the influ-
ence of both abiotic and biotic factors. However, their relative importance in explain-
ing community variability was dependent on the habitat. Biotic factors influenced
the lake communities most, followed by shorelines and prairies, explaining ~47%,
27% and 8% of the variation, respectively. In contrast, the role of abiotic factors was
relatively similar in lakes, shorelines and prairies (~15%, 18% and 14% of the varia-
tion, respectively). Most variation in the shorelines (62%) and prairies (82%) remained
unexplained, suggesting the potential importance of factors associated with specific
traits or a stronger role of stochastic processes. Nevertheless, our findings suggest
both deterministic processes are important in nematode community assembly, but

their specific contributions are context-dependent.
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1 | INTRODUCTION

A plethora of ecological theories have been used to explain pat-
terns of community diversity and assembly, including that of micro-
organisms (Zhou & Ning, 2017). Among the most popular theories
are those that focus on stochastic (neutral theory) and determin-
istic processes (niche theory). Stochastic processes are defined by
random events resulting from priority effects and ecological drift
(Chase & Meyer, 2011; Chave, 2004; Hubbell, 2005; Nemergut
et al., 2013). Deterministic processes are defined by abiotic (e.g., soil
chemistry) factors and biotic interactions (e.g., competition) (Dini-
Andreote et al., 2015; Fargione et al., 2003; Vellend, 2010; Zhou &
Ning, 2017). Despite significant differences between these two the-
ories, recent research suggests that they are not mutually exclusive,
with microbial communities driven at varying degrees by both deter-
ministic and stochastic processes (Caruso et al., 2011; Dini-Andreote
etal., 2015; Nemergut et al., 2013) particularly along environmental
gradients (Stegen et al., 2012; Zhao et al., 2019). For example, the
assembly of Antarctic soil bacterial communities has been shown
to be driven mainly by stochasticity when soil moisture is low, with
the influence of deterministic processes becoming more important
when moisture increases (Lee et al., 2018).

Among deterministic processes, abiotic factors have been
studied more than biotic interactions. For example, substrate pH
is considered a major abiotic driver of belowground community di-
versity and composition in both aquatic and terrestrial ecosystems
(Lauber et al., 2009; Percent et al., 2008; Siles & Margesin, 2016;
Xiong et al., 2012). Other abiotic factors important to belowground
microbial and nematode community assembly include elevation,
water availability and temperature (Fierer et al., 2009; Porazinska
et al., 2018, 2021; Wu et al., 2011). Along environmental gradients,
the diversity of belowground organisms often decreases as harsh-
ness increases, suggesting a negative influence of abiotic extremes
(Afzal et al., 2021). In high alpine soils, for example, restricted soil
water availability, high depth of snow cover, and low pH curtail the
diversity of microbes and nematodes (Porazinska et al., 2018, 2021).

In comparison to abiotic factors, biotic interactions have been
overlooked and understudied. This is because focus on community-
level biotic interactions requires comprehensive sampling schemes
involving characterization of microorganisms across domains, king-
doms and phyla (Lee et al., 2018). In addition, modelling tools to si-
multaneously quantify effects of abiotic factors and complex biotic
interactions were unavailable until recently (Lee et al., 2018). The
few studies that have successfully undertaken this task are limited to
environments with relatively simple nematode communities. For ex-
ample, the structure of nematode communities in the Antarctic Dry
Valleys soils was originally believed to be driven exclusively by abi-
otic factors (i.e., soil water and salinity) (Adams et al., 2014; Nielsen
et al.,, 2011; Wlostowski et al., 2018) but has recently been rede-
fined and shown to be strongly influenced by nematode-nematode
interactions (Caruso et al., 2019). These biotic interactions were also
observed in the composition of other eukaryotes, as well as bac-
teria and fungi (Lee et al., 2018). Although support for the role of

biotic interactions in belowground community assembly is slowly
gaining traction, more studies in complex ecosystems are needed to
assess the interplay of both factors across different environmental
gradients.

As the most numerous animals on the planet (van den Hoogen
et al., 2019), with rapid population turnover and high levels of di-
versity (Reiss et al., 2010), nematodes provide a model system to
assess the differential role of deterministic processes. With repre-
sentation of all major trophic groups (e.g., bacterivores, fungivores,
herbivores, omnivores and predators) (Yeates et al., 1993), nem-
atodes act as connectors between primary producers, decompos-
ers and higher trophic levels, and thereby are capable of modifying
ecosystem functions (de Mesel et al., 2004; Heidemann et al., 2014;
Majdi & Traunspurger, 2015; Pascal et al., 2008). For example, bac-
terivorous and fungivorous nematodes contribute to carbon and nu-
trient dynamics by feeding on microbes, which keeps them in their
active growth phase (Bonaglia et al., 2014; Creamer et al., 2016;
Gerlach, 1978) and excreting excess of ingested N back to the en-
vironment (Schratzberger et al., 2019; Trap et al., 2016). We used
nematodes as a model system to examine the relative role of abiotic
vs. biotic factors in shaping their communities.

Known for their unique biological diversity and the presence of
environmental gradients (Gosselin, 1997; Loope et al., 1995), the
Western Nebraska Sandhills provide an ideal place to study commu-
nity assembly processes. The Sandhills are stabilized sand dunes cov-
ered by mixed grasses (e.g., Andropogon hallii, Calamovilfa longifolia
and Schizachyrium scoparium) and forbs (e.g., Helianthus pauciflorus)
(Keeler et al., 1980). Embedded within the dunes are hundreds of nat-
urally eutrophic, shallow lakes (~2.5 m in depth) (Zhang et al., 2013)
exhibiting an alkalinity gradient driven by potassium (K) and sodium
(Na) ion concentrations (Gosselin, 1997; Loope et al., 1995). The gra-
dient can range from neutral (pH of ~7 and salinity of ~200mgL™)
to highly alkaline (pH of ~11 and salinity >100,000 mg LY. Despite
the presence of diverse bacterial and microbial eukaryotic commu-
nities in the highly alkaline lakes of the Western Nebraska Sandhills
(Amaral-Zettler, 2012; Fiore et al., 2019), neither deterministic nor
stochastic components of community assembly in this ecosystem
have been described. Similarly, belowground communities in the
prairies and shorelines surrounding the lakes await discovery. In
one of the only two similar ecosystems in the world (i.e., Tibetan
Plateau), alkalinity has been shown to play a major role in the assem-
bly of bacterial and microbial eukaryotes not only in lakes but also
soils surrounding the lakes (Liu et al., 2020; Shen et al., 2019; Wang
etal, 2011; Wu et al.,, 2016; Xiong et al., 2012).

The goal of this study was to examine nematode communities
along habitat (lake, shoreline, prairie) and alkalinity (pH 7-10) gra-
dients across five lake basins in the Western Nebraska Sandhills to
determine the degree to which abiotic (biogeochemistry) and biotic
(diversity of bacterial, fungal and nonfungal eukaryotic communities)
factors are key to their diversity and assembly. We expected nema-
tode communities in lake sediments to display limited diversity and
simplistic composition due to potential direct toxicity of the abiotic
conditions (i.e., concentrations of Na, K and Cl ions), particularly in
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the most alkaline lakes. In contrast, prairie communities would be
more diverse and complex primarily due to innate soil heterogene-
ity, presence of plants and the capacity of soils to buffer nematodes
from the direct negative effects of alkalinity. The shoreline commu-
nities would fall in between and represent a transitional zone. We
also hypothesized that due to these differences, the relative role
of abiotic, biotic and stochastic factors would vary among habi-
tats. More specifically, abiotic factors (especially pH) would be the
dominant driver of lake communities. In contrast, due to their high
diversity and complexity, prairie communities would be shaped pre-
dominantly by biotic factors. Finally, shoreline communities would
be driven mostly by stochasticity, due to their transitional nature.

2 | METHODOLOGY

2.1 | Study site and sampling

The study was conducted in the Nebraska Sandhills at the Crescent
Lake National Wildlife Refuge (41°45'41.004"N, 102°26'12.012"W).
The western region of the Sandhills receives ~400mm of yearly pre-
cipitation (Szilagyi et al., 2011). Embedded within the prairies are shal-
low lakes (~2.5 m in depth) (Zhang et al., 2013) that range in alkalinity.
For this study, we selected five lake basins representing an alkalinity
gradient (pH ~7-10) with two of the most neutral lakes, Island and
Gimlet, situated ~14km from Bean, and the two most alkaline lakes,
Kokjohn and Border. Island lake is the largest (~2,153,000m2), fol-
lowed by Bean, Gimlet, Border and the smallest, Kokjohn (~11,000m?).
The alkalinity range across lake basins for lakes, shorelines and prai-
ries was 7.4-10.1, 6.9-9.9 and 6.9-8.4, respectively.

In late October 2019, we collected soil and sediment samples at
each lake basin along a habitat gradient, spanning lake sediments
(denoted hereafter as lake), shoreline sediments/soils (hereafter
shoreline) and prairie soils (hereafter prairie) by taking three repli-
cate composite samples per each habitat (3 replicates x 3 habitats
x5 lake basins = total of 45 samples). To ensure sample indepen-
dence among habitats and replicates within each habitat, they were
separated from each other by 30-100m. Each composite sample
consisted of ~15-20 bulk soil cores (~2x 10cm) from an area equiv-
alent to 20 m?. In the prairies, samples were taken in proximity to
plant stems. Generally, plant diversity was limited (~10 plant spe-
cies) and similar among lake basins. Soil samples were placed in ster-
ile Whirlpacks and stored on ice while in the field. Upon return to
the University of Nebraska, samples were gently homogenized and

stored at 4°C until further processing.

2.2 | Sample processing

Gravimetric soil moisture (%) was measured by drying 5 g of soil and
sediment subsamples for 24h at 60°C. Biogeochemical analyses of
soil and sediment samples were performed at Ward Laboratories for
pH, % organic matter (OM), dissolved salts, nitrogen-nitrate (NO;"),

phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), so-
dium (Na), sulphur (S), zinc (Zn), iron (Fe), copper (Cu), boron (B), chlo-
ride (Cl) and manganese (Mn) (Table S1).

To ensure maximum nematode recovery from potentially subop-
timal subsample sizes (~50g) (Wiesel et al., 2015), nematodes were
extracted using two concurrent methods. First, subsamples were
passed through a series of sieves (25, 60 and 325um mesh) with
tap water. Nematodes collected on the 325-pm mesh sieve were
then processed by sugar floatation/centrifugation (Jenkins, 1964).
Second, plant material and organic matter collected by the 25 and 60
mesh sieves was placed in a modified Baermann funnel for further
nematode extraction for 24h (Baermann, 1917). All nematodes ex-
tracted by sugar floatation/centrifugation and Baermann funnel per
each sample were then combined before enumeration and morpho-
logical identification under inverted microscopy using keys (Goodey
& Goodey, 1963). All nematodes were identified to at least the family
level and further categorized into trophic groups (i.e., bacterivore,
fungivore, omnivore, predator, plant parasite, root associate or ani-
mal parasite) (Yeates et al., 1993) (Figure S1). They provided baseline
information to ensure the accuracy of DNA-based analyses.

Following nematode morphological identification, the volume
of water was reduced to 0.5 ml and nematodes were transferred
to bead beating tubes from the Qiagen DNeasy PowerSoil Kit and
processed for DNA extraction according to the manufacturer's in-
structions (Qiagen). Bacterial, fungal and other eukaryotic DNA was
extracted from ~0.35 g of soil or sediment subsamples. A Qubit assay
was used to quantify all DNA concentrations prior to DNA amplifica-
tion. Extracted DNA concentrations were standardized to 1 g of dry
soil to serve as a proxy for microbial biomass (Sommers et al., 2020).

2.3 | DNA amplification and sequencing

Nematode DNA samples were amplified using the 18S rRNA gene
delimited by the NF1/18Sr2b primers (Porazinska et al., 2009)
using standard EMP (Earth Microbiome Project) 18S PCR protocols.
Bacterial, fungal and other eukaryotic DNA samples were amplified
using 16S (515f/806r) (Apprill et al., 2015; Parada et al., 2016) and
18S (1391f/EukBr) (Amaral-Zettler et al., 2009; Caporaso et al., 2012)
rRNA metabarcoding markers following EMP protocols (Thompson
et al., 2017). Amplifications were done in triplicates per each sam-
ple 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 prep-
aration and sequencing using lllumina sequencing (HiSeq 2500,
2% 250 bp, Illumina).

2.4 | Amplicon data processing

QIME2 version 2021.4 was used to remove primer regions of the de-
multiplexed sequences using the cutapbapT software (Martin, 2011).
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Forward and reverse reads were joined using the vsearch plugin
for aume2 (Rognes et al., 2016) and joined sequences were filtered
for quality (Bokulich et al., 2013). The average length of nematode
reads was 369 bp, 16S rRNA bacterial reads 252 bp, and 18S rRNA
eukaryotic reads 146 bp. Because clustering algorithms producing
exact amplicon variants (e.g., DADA2) excessively remove genuine
nematode reads (Schenk et al., 2020), sequences were clustered into
operational taxonomic units (OTUs) using the vsearch plugin at 99%
similarity and subsequently used for the construction of the nema-
tode community OTU table. For consistency, the 16S and 18S rRNA
OTU tables were generated using the same bioinformatic methods
but at 97% similarity. Taxonomic assignment of OTUs was performed
using BLAsT and an in-house curated reference database, ARB-SILVA
SSU version 111 (Quast et al., 2013; Yilmaz et al., 2014).

The nematode OTU table was filtered to retain only nematode
sequences (~30% of total sequences). Nematode OTUs were fur-
ther condensed using head-tail patterns (Porazinska et al., 2010) and
maximume-likelihood (ML) phylogenetic trees were created in Meca ver-
sion 10.1.8 to help delimit “species-equivalent” OTUs (Table S2). The
16S rRNA OTU table (Table S3) was filtered of mitochondrial, chloro-
plast and archaeal sequences. The 18S rRNA OTU table was filtered
of all bacterial, nematode, and plant (Viridiplantae) sequences. In ad-
dition, the 18S rRNA table was split into a fungal table (Table SI 4) and
a nonfungal nonnematode eukaryotic OTU table (represented mostly
by protists and algae) (Table S5). All tables were filtered of unassigned
OTUs. The number of reads was standardized to per 100g of dry soil/
sediment for nematodes and to 1 g for bacteria, fungi and other eu-
karyotes, respectively. Lastly, trophic groups were assigned to each
nematode OTU following Yeates et al. (1993) as described above.

2.5 | Statistical analyses

All statistical analyses were performed in R version 3.6.1 (R Core
Team, 2020). Fifteen total treatments are defined by five lake basins
(Island, Gimlet, Bean, Kokjohn and Border) along the alkalinity gradi-
ent and three habitats (lake, shoreline and prairie). Alpha diversity
metrics (OTU Richness, Shannon, and Faith's PD) were calculated
using the “estimate richness” function in the “phyloseq” package
version 1.34.0 (McMurdie & Holmes, 2013). To detect whether al-
kalinity or habitat type explained variation in alpha diversity, gener-
alized linear models (GLMs) followed by a post-hoc Tukey's honest
significant difference (HSD) test were used with the “betadisper”
function in the “Vegan” package version 2.5-6. Community dissimi-
larity based on Aitchison distances (Aitchison et al., 2000) was used
to measure compositional differences among communities using
“cmultRepl” in the “zCompositions” package version 1.3.4 and “veg-
dist” in the “Vegan” package version 2.5-6. The significance of treat-
ment on compositional differences among communities was tested
using permutational analysis of variance (PERMANOVA) using 1000
permutations with the R package “Vegan” version 2.5-6 (Oksanen
et al., 2012) using the “adonis” function and visualized with principal
coordinate analysis (PCoA) ordination plots using “vegdist.”

GLMs were used to evaluate the direction and strength of re-
lationships between alpha diversity (Shannon's) and abiotic factors
(e.g., pH, K, Na, OM) (Table S6-5S9). Pearson's correlations between
alpha diversity and abiotic factors described above were evaluated
with the “cor” function in the “stats” package version 3.6.2 and visu-
alized using the R package “corrplot” version 0.84 (Wei et al., 2017)
with the “corrplot” function.

The degree to which abiotic and biotic factors played the most sig-
nificant roles in the assembly of nematode communities was evaluated
with generalized dissimilarity modelling (GDM) (Ferrier et al., 2007)
using the R package “GDM” version 1.3.11 (Fitzpatrick et al., 2021)
and the “gdm” function. The most potentially predictive variables for
the GDM analyses were selected based on prior knowledge of the bio-
geochemical composition of the lake basins (Table S1) (Gosselin, 1997,
Loope et al., 1995) and included pH, OM, K, Na, Cl, Zn, Fe, Ca and soil
moisture as abiotic factors, and bacterial, fungal and other eukaryotic
alpha diversity (Shannon's) and microbial biomass as biotic factors.
Backward elimination (Mokany et al., 2021) was used to account for
potentially high correlations between pH and Na, K and CI. Only fac-
tors that explained a proportion (>0%) of nematode compositional dis-
similarity models were retained in the final models. The GDM analyses
seek to establish relationships based on input data consisting of dis-
tance dissimilarity matrices of nematode composition against abiotic/
biotic predictors. Using the variables deemed important in the model
for each habitat, abiotic and biotic variable sets were created and used
for variance partitioning with the “gdm.partition.deviance” function.
In addition to the abiotic and biotic sets involving variables utilized
in the GDM, geography using latitude and longitude was also consid-
ered. Results from this analysis indicate the total amount of deviance
explained by each variable set individually as well as in combination.
To better explain the differential effect of abiotic and biotic predictors
within prairie nematode communities, separate GDMs for individual
nematode trophic groups were also performed. In these models, all
factors included in the whole prairie model were included regardless
of the proportion of dissimilarity explained.

3 | RESULTS

3.1 | Nematode community diversity

Nematode communities in the lakes were less diverse (Shannon's)
than those in the shorelines and prairies (p <.05; Figure 1a). In ad-
dition, the diversity decreased with increasing alkalinity, but only in
lakes (p <.05; Figure 1a). Other metrics (Richness and Faith's) indi-
cated similar patterns of decreasing diversity as alkalinity increased
(p<.05; Figures S2a and S3a). Different lake basins and habitats
supported different nematode communities (PERMANOVA, p <.05;
Figure 2a; Table S10). All prairie communities were most alike each
other in composition regardless of the lake basin and completely
distinct from the shorelines and lakes. In addition to differences be-
tween shorelines and lakes, lake communities varied among basins
(PERMANOVA, p <.05; Figure 2a).
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FIGURE 1 Alpha(Shannon's) diversity of: (a) nematode, (b) bacterial, (c) fungal and (d) other eukaryotic communities in lake sediment
(lake), shoreline sediment/soils (shoreline) and prairie soils (prairie) in and around five lakes (Island, Gimlet, Bean, Kokjohn and Border)
ranging from neutral (pH ~7) to highly alkaline (pH >10). Uppercase letters indicate statistically significant differences among habitats (N = 3)
and lowercase letters indicate statistically significant differences within the habitats among different lake basins (N = 5) as determined by

generalized linear models and p <.05

Although both lakes and shorelines were dominated by the pred-
atory family Tobrilidae, lake communities displayed the simplest tro-
phic diversity. This was especially evident in the most alkaline lakes
(Bean, Kokjohn and Border) where ~90% of detected taxa consisted
of predatory Tobrilidae (Figure 3). Only ~42% of nematodes were
unique to shorelines and~58% of taxa were shared with either the
prairies or lakes. In general, prairie communities were characterized
by the greatest trophic diversity and the greatest taxonomic rich-
ness (Figure 3). The most abundant nematodes in the prairies in-
cluded species of bacterivorous Acrobeles (Cephalobidae) and Plectus
(Plectidae), omnivorous Aporcelaimellus (Aporcelaimidae), fungivo-
rous Aphelenchoides (Aphelenchidae) and plant-parasitic Xiphinema
(Longidoridae). Unlike the other two habitats, there were few pred-
atory nematodes in the prairies, all of which were representative of
typical terrestrial habitats (e.g., Paractinolaimus sp. [Actinolaimidae])
and no Tobrilidae.

3.2 | Microbial community diversity
Bacterial diversity (Shannon's, Richness and Faith's PD) in all three
habitats decreased significantly with increasing pH, predominantly
due to low diversity in Kokjohn shoreline and prairie (GLM, p <.05;
Figure 1b; Figures S2b and S3b), but there were no differences
among habitats. Likewise, fungal and other eukaryotic Shannon's di-
versity was similar among habitats (Figure 1c,d). However, richness
of fungal communities (GLM, p <.05; Figure S2c) and Faith's PD of
other eukaryotic communities (p<.05; Figure S3d) were lowest in
prairies. In general, all alpha diversity measures of both fungal and
other eukaryotic decreased in the most alkaline lakes (GLM, p <.05;
Figure 1c,d; Figures S2c¢,d and S3c,d).

Overall, compositions of bacterial, fungal and other eukary-
otic communities were different among both lake basins and hab-
itats (PERMANOVA, p<.001; Figure 2b-d; Table S10). Prairie
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FIGURE 2 Principal coordinate analysis (using Aitchison's distances) of compositional community dissimilarity for: (a) nematodes, (b)
bacteria, (c) fungi and (d) other eukaryotes. Dissimilarity of the nematode communities of the lakes Island (blue), Gimlet (turquoise), Bean
(green), Kokjohn (yellow) and Border (red) show a general clustering by both lake basins and habitats (lake sediment [triangle], shorelines

[circle] and surrounding prairies [square])

communities were most alike regardless of the lake basin and most
distinct from shorelines and lakes (Figure 2b-d). In contrast, com-
munities of shorelines and lakes clustered more along the alkalinity
gradient (e.g., the most alkaline Kokjohn and Border communities
clustered apart from the least alkaline Gimlet and Island communi-
ties) (PERMANOVA, p <.5; Figure 2b-d; Table S10).

3.3 | Relationships between diversity and
biogeochemistry

Nematode diversity had a negative relationship with Na and K in
all habitats to varying degrees (GLM, p<.05; Figure S4), and only
in lakes and shorelines was it positive with OM, microbial biomass,
and bacterial, fungal and other eukaryotic diversity (GLM, p<.05;
Figure S4). Additionally, lake nematode diversity was negatively

related to several other biogeochemical variables (i.e., pH, cation ex-
change capacity [CEC], B, Cl, Ca and Mg) (GLM, p<.05; Figure S4).
Relationships of soil microbial groups and biogeochemical features
remained relatively consistent among all habitats (Figure S4).

3.4 | Drivers of nematode compositional
dissimilarity

GDMs were used to examine the degree to which abiotic and biotic
predictors explained nematode compositional dissimilarity. While
the heights of GDM splines indicate their relative importance in
models, the shapes suggest the degree of compositional change in
response to the predictor's change (Ferrier et al., 2007). The dis-
played coefficients of deviance provide additional credence to the
overall predictor's importance in the model. Overall, nematode
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FIGURE 3 Relative abundance of nematode families in lakes, shorelines and prairies. Colour scales correspond to nematode trophic
groups (greys = predators, greens = plant parasites, reds = bacterivores, golds = omnivores, blues = animal parasites, purples = fungivores,
black = root associates). The prairie nematode communities had the most diverse trophic- and family-level diversity. The shorelines and the

lake communities were dominated by predatory Tobrilidae

community composition was predictable by both abiotic and biotic
factors, but the proportion of compositional variability explained
by GDMs varied among habitats and ranged from 59.2% to 32.4%
to 17.9% in lakes, shorelines and prairies, respectively (Table 1;
Figure S5). In addition, the identity of the most notable predictor
was habitat-specific. The biotic factors, including bacterial (propor-
tion deviance explained = 0.64), fungal (0.48) and other eukaryotic

diversity (0.34), were the most predictive of lake communities when
all other variables were accounted for in the model (Figure 4a).
However, the abiotic factors such as Zn, Na and Cl were also im-
portant, particularly at low levels of change within predictor values
and compositional dissimilarities (<0.20) (Figure 4a). Shoreline com-
munities were most explained by concentrations of Cl (0.47) closely
followed by bacterial (0.32) and fungal (0.31) diversity (Figure 4b). In
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TABLE 1 Results of GDM variance partitioning illustrating

the percentage of deviance explained by abiotic, biotic and
geographical variables in isolation and in combination. Unexplained
refers to deviance that could not be explained by the variables in
the model

Lake Shoreline Prairie
Abiotic 15.0 18.7 14.5
Biotic 47.5 27.4 7.8
Geographical 11.0 10.6 0.9
Abiotic+Biotic 59.2 32.4 17.9
Abiotic+Geographical 15.3 26.9 14.6
Biotic+Geographical 52.0 35.0 8.4
All variables 59.2 38.0 18.0
Unexplained 40.8 62.0 82.0

prairies, nematode communities were mostly explained by soil mois-
ture (0.64) across the entire range of soil moisture and compositional
variability, although biotic factors such as fungal (0.23) and other
eukaryotic (0.21) diversity as well as microbial biomass (0.20) were
also important (Figure 4c).

To further examine the role of the abiotic and biotic factors, we
used deviance partitioning by setting all variables to biotic, abiotic
and geography. Biotic variables alone explained 47.5%, 27.4% and
7.8% of the compositional dissimilarity in lakes, shorelines and prai-
ries, respectively (Table 1). Abiotic factors alone explained 15.0%,
18.7% and 14.5% of the variation in lakes, shorelines and prairies,
respectively. The interaction of these factors contributed to the ex-
plained total variation in lakes the most (11.8%) and prairies the least
(3.4%). Additionally, geography was minimally important (~6%) but
only in shorelines.

To better understand the low variation explained in the prai-
ries that could result from divergent functional traits of nem-
atodes, we reran the GDMs for each trophic group separately.
Both abiotic and biotic variables explained 49.2% of the variation
in prairies for bacterial feeders, 42.6% for omnivores, 20.2% for
predators, 20.0% for fungivores and 12.8% for plant parasites
(Figure Sé). Only soil moisture content was important for all tro-
phic groups, except plant parasites, and other factors were more

trophic group-specific.

4 | DISCUSSION
4.1 | Microbial community diversity in the Western
Nebraska sandhills

Here we describe the diversity of nematode communities in and
around lakes of the Western Nebraska Sandhills along a naturally
occurring alkalinity gradient as well as deterministic processes
that shape the assembly of their communities. We provided evi-
dence that both abiotic and biotic factors are important in the
nematode community assembly, but their relative importance is
context-dependent.

(a) Lake
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FIGURE 4 Generalized dissimilarity models (GDMs) with
abiotic and biotic predictors for (a) lake, (b) shoreline and (c) prairie
nematode communities. The Shannon diversity index of Bacteria,
Fungi and other Eukaryota (Other_Eukaryotes) and Microbial
Biomass were used as biotic predictors. GDM splines are the
partial regression fits. The shape of the spline depicts the rate

of community compositional changes (y-axis) as the predictor
variable (x-axis) increases. Predictor variables are scaled such

that the minimum is O and the maximum is 1. The predictor's
relative importance in the model (i.e., magnitude of compositional
change associated with the individual predictor) is indicated by the
maximum height of the spline and reiterated in the keys

Nematode communities of different habitats were distinct in
diversity and composition, indicating potential differences in the
processes driving their assemblies across these habitats. With few
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other studies with which to compare, our results of increasing di-
versity from lake to shoreline to prairie were in contrast to the only
other study of nematodes in an inland water-terrestrial ecotone of
Swedish Lakes in which the shore region was the most diverse in
comparison to the surrounding purely aquatic or terrestrial habitats
(Kreuzinger-Janik et al., 2021). These results indicate the habitat
gradient probably structures nematode community diversity differ-
ently at a large landscape scale. Differences between our study and
Kreuzinger-Janik et al. (2021) could indicate the role of other factors
(e.g., stochasticity and abiotic conditions) shaping communities at
a finer within-habitat scale. Surprisingly, nematode diversity in our
study was negatively affected by alkalinity only in lakes. Other stud-
ies in alkaline lakes (e.g., lakes of the Tibetan Plateau) observed sim-
ilar patterns (Liu et al., 2020; Wang et al., 2011; Xiong et al., 2012),
corroborating our results. However, the lack of consistently similar
relationships among all our habitats indicates that alkalinity as an
abiotic factor may not play an equal role in the assembly of all nem-
atode communities.

Compositionally, predatory Tobrilidae nematodes were domi-
nant in the more alkaline lakes. Previous studies of eutrophic lakes
(e.g., the Swedish Lake Limmaren) also observed high numbers of
these nematodes alongside bacterial feeders such as Eumonhystera
sp. and Punctodora sp. (Bert et al., 2007; Kazemi-Dinan et al., 2014;
Traunspurger, 2000). The dominance of Tobrilidae across the entire
alkalinity gradient can be attributed to their preference for living
in truly aquatic environments (Tahseen, 2012; Traunspurger, 2000)
and to their nature of feeding on larval forms of small, soft-bodied
invertebrates and diatoms, which are often abundant in these envi-
ronments (Zullini, 2006). Their almost exclusive presence in highly
alkaline lakes and shorelines was surprising and indicates a unique
adaptation to withstand extreme alkalinity. This flexibility to persist
under a wide range of alkaline conditions perhaps points to their pos-
sibly lower sensitivity to abiotic factors including pH and a potentially
stronger role of biotic interactions, for example via top-down con-
trol of other freshwater microorganisms (Kazemi-Dinan et al., 2014;
Michiels & Traunspurger, 2004, 2005; Zullini, 2006). The highly di-
verse microbial communities in our lakes could be experiencing top-
down controls. Experimental work under variable ranges of alkalinity
and diversity of prey, in combination with more precise taxonomic
resolution of Tobrilidae, is underway to allow more conclusive in-
sights regarding their biotic interactions with other microorganisms.

In the shorelines, the presence of nematode taxa shared with
lakes (i.e., Tobrilus spp.) and prairies (i.e., Plectus spp.) is indicative
of ecological transitional zones or ecotones. Overall, shorelines
supported more diverse communities than lakes, but they too were
dominated by Tobrilidae although to a lesser extent. Among other
abundant shoreline taxa were Tripylidae, a family commonly found
in both terrestrial and aquatic habitats (Holovachov et al., 2015;
Mulvey, 1969; Zullini, 2006). The differences between lakes and
shorelines suggests different factors shape their communities.
Although more evidence will be needed to assess it, stochasticity
due to fluctuating water levels common in the area could be among
these factors.

Consistent with previous studies in natural grasslands in North
America (Biederman & Boutton, 2009; Cesarz et al., 2017; Neher
et al.,, 1998; Todd et al., 2006), our prairies supported nematode
communities with complex trophic structures, including abundant
bacterivores, fungivores, plant parasites and omnivores, and hence
were the most distinct from the other habitats. These communities
were also most similar to each other regardless of alkalinity, sug-
gesting that pH is not most influential in this habitat, or that innate
heterogeneity of terrestrial microhabitats buffers diversity from the
negative effects of pH or other abiotic factors (e.g., Na and K) that
drive alkalinity in this environment.

4.2 | Abiotic and biotic factors influence nematode
communities

Perhaps one of the most acknowledged abiotic factors playing a
role in the assembly of belowground communities is pH (Lauber
et al., 2009; Percent et al., 2008; Siles & Margesin, 2016; Xiong
et al., 2012). At our study site, the pH of lakes and shorelines is
historically driven by high concentrations of Na, K and CI ions
(Gosselin, 1997; Loope et al., 1995). High levels of these ions can be
toxic in aquatic environments, limiting community diversity (Parker
et al., 1997; Wang et al., 2018), consistent with our alpha diversity
findings. Our GDM results somewhat confirmed this idea; concen-
trations of Na and Cl ions were among the better abiotic predictors
of nematode community variability in the lakes and shorelines than
in the prairies. This was particularly notable at low levels of ion vari-
ability, indicating that ion concentrations across the entire gradient
present in these habitats can have drastic effects on nematode
compositional dissimilarity. Likewise, high ion (Na/K) concentra-
tions in the Tibetan Plateau lakes played a major role in the assembly
of their microbial communities (Liu et al., 2020; Wang et al., 2011;
Xiong et al., 2012). The overall stronger importance of biotic pre-
dictors in explaining lake (47.5%) and shoreline (27.4%) community
variabilities was a major surprise even though in both habitats biotic
predictors were most influential when predictor values were high.
With diversity of bacteria, fungi and eukaryotes highest in the least
alkaline lakes, we can predict that these factors are most important
for nematode community assembly in neutral rather than alkaline
lakes. These results begin to illustrate the dynamic importance of
both abiotic and biotic processes at different degrees along the en-
vironmental gradient.

Prairie communities, experiencing the narrowest and the least
harsh alkalinity gradient (pH 6.9-8.4), were poorly explained (17.9%)
by both abiotic and biotic factors. While the role of soil moisture as
the most important factor in shaping these communities was consis-
tent with studies in the Antarctic desert (Adams et al., 2014; Caruso
et al., 2019; Lee et al., 2018) and other grassland ecosystems (Nisa
et al., 2021; Song et al., 2017; Sylvain et al., 2014; Todd et al., 1999),
the general insignificance of biotic factors was rather unexpected.

Our results indicate that the amount of compositional variabil-
ity explained by abiotic and biotic factors is context- (here habitat)
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dependent. This was exemplified by the aquatic-terrestrial habitat
gradient corresponding to a decrease in nematode compositional
dissimilarity explained by both types of factors, with most dissimilar-
ity explained in the lakes (~59.2%), followed by shorelines (~32.4%)
and prairies (~17.9%). The large proportion of unexplained varia-
tion in the shorelines probably results from stochastic processes
being particularly influential along shorelines of lakes and oceans
(Chen et al., 2019; Graham et al., 2017; Tang et al., 2020). Within
the Sandhills, lakes are often subject to rapid fluctuating water lev-
els (Hayford & Baker, 2012) leading to potentially high degrees of
species turnover alongside a high occurrence of species reseeding
(Ma et al., 2018; Weise et al., 2016; Zohary & Ostrovsky, 2011). The
proportion of variation explained by geography may hint at shore-
line location, driven by these stochastic factors, influencing nema-
tode communities. In the prairies, interactions with plants (de Deyn
et al., 1995; Dietrich et al., 2021; Eisenhauer et al., 2011), not con-
sidered here, and stochasticity may account for large proportions of
the unexplained variation. However, another factor that should be
considered is nematode functional and taxonomic diversity. Could
taxonomic and functional homogeneity of lake communities be un-
derpinning their high predictability? Could the complexity of feeding
and lifestyle traits of prairie communities undermine their overall
predictability? To answer these questions, we reran the GDMs for
all prairie trophic groups separately. Interestingly, the overall pre-
dictability of individual trophic groups generally increased (49.2%
for bacterial feeders, 42.6% for omnivores, 20.2% for predators and
20.0% for fungal feeders). More importantly, the most significant
factors shaping the different trophic groups also varied. While soil
moisture was consistently important to all except plant parasites,
the effects of biotic factors were trophic group-specific, probably
diminishing their role in the overall nematode community anal-
ysis. The differential role of abiotic and biotic factors among tro-
phic groups is not unique to our study (Porazinska et al., 2021) and
suggests that analyses of nematode communities should consider
not only differences of feeding traits, but perhaps other functional
traits (e.g., life strategies and body size) (Fry et al., 2018). Finally,
although nematode-nematode interactions were not included in the
models, they may also be important in all three habitats, as shown
in Antarctic nematode communities (Caruso et al., 2019). Future
models that could include these interactions will provide a better
understanding of the interplay of abiotic and biotic factors along en-
vironmental gradients.

5 | CONCLUSIONS

The alkaline lakes region of the Western Nebraska Sandhills has
the potential to be a major site of ecological research. It is easily
accessible and contains some of the most unique, extreme envi-
ronments on the planet. In this study, we took the first steps to
characterize nematode communities and determine some of the
major predictive factors potentially playing a role in their as-
semblies. We found that the influence of different deterministic

processes was context-dependent, with the role of abiotic vs.
biotic factors changing dynamically along the habitat gradient.
Unexpectedly, biotic factors were significantly more important
than abiotic factors in lake and shoreline nematode communities.
The seemingly low importance of deterministic factors (either
biotic or abiotic) in prairie communities was more evident at the
trophic level of nematode community analysis. While all com-
munities were driven to different degrees by deterministic pro-
cesses, the high unexplained variation points to the importance of
other processes including stochasticity, and plant-nematode and
nematode-nematode interactions.
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