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Abstract

Multi-factor experiments suggest that interactions among environmental changes commonly influence biodiversity and com-
munity composition. However, most field experiments manipulate only single factors. Soil food webs are critical to ecosystem
health and may be particularly sensitive to interactions among environmental changes that include soil warming, eutrophica-
tion, and altered precipitation. Here, we asked how environmental changes interacted to alter soil nematode communities in a
northern Chihuahuan Desert grassland. Factorial manipulations of nitrogen, winter rainfall, and nighttime warming matched
predictions for regional environmental change. Warming reduced nematode diversity by 25% and genus-level richness by
32%, but declines dissipated with additional winter rain, suggesting that warming effects occurred via drying. Interactions
between precipitation and nitrogen also altered nematode community composition, but only weakly affected total nematode
abundance, indicating that most change involved reordering of species abundances. Specifically, under ambient precipita-
tion, nitrogen fertilizer reduced bacterivores by 68% and herbivores by 73%, but did not affect fungivores. In contrast, under
winter rain addition, nitrogen fertilization increased bacterivores by 95%, did not affect herbivores, and doubled fungivore
abundance. Rain can reduce soil nitrogen availability and increase turnover in the microbial loop, potentially promoting
the recovery of nematode populations overwhelmed by nitrogen eutrophication. Nematode communities were not tightly
coupled to plant community composition and may instead track microbes, including biocrusts or decomposers. Our results
highlight the importance of interactions among environmental change stressors for shaping the composition and function
of soil food webs in drylands.
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Introduction

Recent multi-factor experiments suggest strong potential
for interactions among environmental changes to influ-
ence biodiversity and community composition (Rillig et al.
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2019; Komatsu et al. 2019; Domeignoz-Horta et al. 2020),
complicating predictions for our ecological future. Major
changes in terrestrial ecosystems include warming, nitrogen
deposition, and altered precipitation regimes (Komatsu et al.
2019). However, many experiments focus on single factors
(Song et al. 2019), ignoring the potential for interactions
among environmental perturbations (Ratajczak et al. 2017,
Collins et al. 2020), particularly for soil-dwelling organisms
(Rillig et al. 2019; Rudgers et al. 2020). In studies that have
examined interactions, multiple factors often interact. For
example, in a meta-analysis of plant studies, interactions
altered plant community structure more than single factors
alone (Komatsu et al. 2019). And, in a multi-factor labora-
tory experiment involving ten environmental change treat-
ments, soil microbial communities could not be predicted
from single treatments alone, and interacting factors caused
unexpected responses (Rillig et al. 2019). However, few
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field experiments test for interacting environmental driv-
ers across entire communities or multiple trophic positions.
To effectively predict future ecological communities, new
approaches must integrate interactions that begin with com-
munity reordering via shifts in species relative abundances
to wholesale losses (or gains) of species from communities
(Smith et al. 2009; Bardgett et al. 2013; Rudgers et al. 2020).

Soil food webs are critical to terrestrial ecosystem health
(Bradford et al. 2002) and may be particularly sensitive to
interactions among environmental changes. For example, an
estimated 0.3 gigaton biomass of nematodes inhabit surface
soils globally (van den Hoogen et al. 2019a, b). These con-
sumers affect the soil food web through multi-species inter-
actions that include eating plant roots, bacteria, fungi, and
other nematodes (Eisenhauer et al. 2012). Soil invertebrates
can reduce microbial and root biomass, the abundance of
mycorrhizal fungi, and alter both decomposition rates and
plant community composition (Bardgett et al. 1999; Brad-
ford et al. 2002). Among soil invertebrates, nematodes play
crucial roles in the ecosystem, serving as both predators and
prey (Yeates et al. 1993). Responses of nematode communi-
ties to environmental change are important because nema-
todes influence soil carbon and nitrogen cycles (Guan et al.
2018; Zhu et al. 2018).

Soil invertebrates, such as nematodes, also have high
potential exposure to factors such as warming, altered
rainfall, and eutrophication caused by fertilizer or atmos-
pheric deposition (Bongers and Bongers 1998; Ferris et al.
2001). At the same time, many soil animals have limited
ability to relocate in response to such changes. Nematodes
can be excellent bioindicators, because they are sensitive
to changes in their environment and can provide valuable
information about soil health and quality (Wilschut and
Geisen 2021). Because they are so abundant and diverse,
nematodes have been used to monitor the impact of pol-
lution, climate change, and other environmental stressors
on soil ecosystems (Topalovi¢ and Geisen 2023). Past work
on soil invertebrate responses to manipulations of environ-
mental change has revealed large community responses but
focused largely on mesic ecosystems (see Blankinship et al.
2011). For example, a warming experiment reduced nem-
atode abundance by 50% in a deciduous forest (Stevnbak
et al. 2012). In a mesic old field ecosystem, soil moisture
content had a larger impact on soil microarthropod commu-
nity structure than did temperature or elevated atmospheric
CO, treatments, with effects occurring both directly through
manipulated precipitation and indirectly through drying
caused by experimental warming (Kardol et al. 2011). A
climate change and land use experiment shifted nematode
abundance and community structure, suggesting impacts
may also be strong for soil invertebrates (Siebert et al. 2020).
Given the documented responses of soil food webs to single
environmental perturbations, multi-factor experiments can

@ Springer

help to resolve how interacting environmental changes alter
the diversity and function of soil food webs.

Dryland soil food webs are important to study because
drylands cover 45% of terrestrial land surface (Pravalie
2016), support 40% of the human population (Plaza et al.
2018), and may expand to 56% of global land surface by
2100 as climate warms and dries (Plaza et al. 2018; Maestre
et al. 2021). Furthermore, drylands account for one-third of
the global soil organic carbon pool, collectively storing ~470
Pg of organic carbon in the top meter of soil (Plaza et al.
2018), and drylands contribute more to temporal variation in
global land carbon flux than any other terrestrial ecosystem
(Ahlstrom et al. 2015; Kannenberg et al. 2020). Dryland soil
food webs serve ecosystem functions that include cycling of
carbon, nitrogen, and water as well as protection against the
erosional forces that cause land degradation (Tu et al. 2003;
Bardgett et al. 2013; Menta et al. 2018).

Changes to dryland soil food web dynamics will likely
affect future carbon sequestration (Fay et al. 2008), given the
large role of drylands in C flux. However, the sensitivities
of dryland soil invertebrates to environmental changes are
understudied, limiting power to predict future biodiversity or
shifts in the functional roles of these critical, but often over-
looked, animals. A recent cross-site manipulation of pre-
cipitation revealed much stronger effects on nematode com-
munity structure in mesic than xeric grasslands, including
amplification of the ratio of predators to herbivores under
wet conditions in mesic sites (Franco et al. 2019). But, more
studies on nematode sensitivity to environmental change are
needed for dryland ecosystems, which have been understud-
ied relative to mesic conditions.

To fill gaps in knowledge about dryland soil responses
to interactions among environmental changes, we evalu-
ated nematode community responses to factorial, long-term
manipulations of nitrogen, rainfall variability, and warming
in the northern Chihuahuan Desert, the largest hot desert
in North America. In the southwestern US, projected envi-
ronmental changes include warmer nighttime temperatures
that arise in part through biophysical feedbacks during shrub
encroachment (D’Odorico et al. 2010; He et al. 2015). In
addition, atmospheric nitrogen deposition brings nutrients
into low nutrient, dryland soils (Fenn et al. 2003; Baez
et al. 2007). In our region, some climate projections include
increased winter rain during El Nifio years (Min et al. 2011;
Cai et al. 2015a, b). Therefore, in 2007, we began joint
manipulations of nighttime warming, nitrogen (N) inputs,
and winter rain in WENNDEx—the Warming El Nifio Nitro-
gen Deposition Experiment in a northern Chihuahuan Desert
grassland. We hypothesized that (Hypothesis 1): Environ-
mental changes interact to alter nematode diversity, abun-
dance, community composition, and functional groups more
than single factors alone. Because water is the most limited
resource in drylands (Noy-Meir 1973), we predicted that El
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Nifio precipitation additions would offset reductions in nem-
atode abundance and diversity caused by warming or nitro-
gen eutrophication. We also correlated nematode responses
with plant community composition to address Hypothesis 2:
Nematode community responses to environmental change
track the abundance of plant biomass or plant community
composition. We expected that nematodes, particularly
the plant feeders and microbivores (which eat decompos-
ers of plant litter), would increase with plant biomass. In
prior work, forb species richness and biomass increased in
warmed, fertilized plots that received additional winter pre-
cipitation (Collins et al. 2017). Nematodes can be bacteriv-
ores, fungivores, herbivores or omnivores—carnivores, and
they occur in every compartment of soil food webs (Yeates
et al. 1993). We expected that herbivores nematodes depend
most on plant biomass compared to other functional groups
because plants constitute their main food source. We focused
on soil nematodes to increase general understanding of the
interacting consequences of environmental changes on soil
food webs in drylands.

Materials and methods
Study site

The nighttime Warming, El Nifio, Nitrogen Deposition
Experiment (WENNDEX) was established in 2007 in dry
grassland just north of the Deep Well meteorological station
at the Sevilleta National Wildlife Refuge (SNWR), Socorro,
NM, USA (34.359, — 106.688, 1600 m elevation). The veg-
etation consists of mixed blue grama (Bouteloua gracilis)—
black grama (B. eriopoda) grassland. Other grasses include
dropseeds (Sporobolus spp.) and threeawns (Aristida spp.).
Herbaceous plants include Plantago patagonica, Hyme-
nopappus filifolius, and globe mallows (Sphaeralcea spp.)
(Baur et al. 2021).

Experimental treatments

WENNDEX manipulates three global change factors (night-
time warming, increased winter precipitation, and N addi-
tion) in a fully crossed, completely randomized 2 X 2 X
2 design. WENNDEX has 5 replicates of each treatment
combination for a total of 40 plots of 3.0 3.5 m each. All
replicate plots contain both blue and black grama grass.
Nighttime warming was imposed using lightweight alu-
minum fabric blankets drawn across each warmed plot at
night, ~0.5 m from the ground to trap outgoing longwave
radiation, which increased winter nighttime air temperature
by an average of 1.1 °C and summer nighttime air tempera-
ture by 1.5 °C (Collins et al. 2017). Dataloggers control-
ling shelter movements retracted the blankets when wind

speeds exceeded a threshold (to prevent damage) and when
rain or snow occurred. Based on long-term climate records,
El Nifio rains increase average winter precipitation in our
area by 50%; more frequent and intense El Nifio events are
predicted by climate models (Collins et al. 2017; Cai et al.
2015a,b). From 2006 to 2019, we supplemented winter pre-
cipitation each year using an irrigation system with reverse
osmosis (RO) water because groundwater did not match rain
chemistry. Rain was added in six experimental events each
winter (January—March) to mimic the total amount (50 mm)
and size distribution (four 5 mm events, one 10 mm event,
and one 20 mm event each winter) of typical winter—storm
events during El Nifio years. To augment nitrogen, we used
watering cans to add 2 g Nm=2y~! as NH,NO; prior to the
monsoon season because NH,-N (57%) and NO;-N (43%)
contribute approximately equally to N deposition at SNWR
(Béez et al. 2007). Control plots received the same amount
of RO water, the equivalent of a 2 mm rain event. In addition
to the imposed treatments, on 4 August 2009, a lightning-ini-
tiated fire began on the Sevilleta National Wildlife Refuge.
By 5 August 2009, the fire had reached WENNDEX, which
was burned extensively though not entirely. Approximately
50% of plots burned, and those plots which did not burn
were burned within 3 weeks by the US Fish and Wildlife
Service fire crew. Prescribed fire is separately used as a
grassland management tool at the Sevilleta National Wildlife
Refuge with > 10 year return interval. All plots were burned,
so it is unlikely that fire affected our results and would not
have affected treatments differentially.

Soil collection and processing

We collected soil nematodes at two time points to capture
potential seasonal differences in their sensitivity to envi-
ronmental changes. On each sampling date, we took 2 soil
cores (2.5 cm diameter, 20 cm depth) from each of the 40
WENNDEX plots, near a grass-dominated area toward the
center of each plot. We combined the two cores for data
collection. Samples were collected during the spring (26
June 2020) and during fall (10 September 2020). Each core
was collected in the early morning, coincident with sun-
rise, and placed into a labeled plastic bag for transporta-
tion to the laboratory. Samples were processed within 10 h
of collection by placing a subsample from each bag into
a modified Baermann funnel (Ingham 1994). Briefly, we
placed a thin layer of 50 g of soil on tissue paper that acted
as a filter mounted above water in wire-mesh pans (2 mm).
We allowed the water to contact the soil via filter paper on
the wire mesh. Taking advantage of the hydrophobicity of
nematodes, nematodes drilled through the filter paper into
the water. After 48 h of incubation at 22 °C, the nematodes
in the water were concentrated on a 500-mesh sieve (25 pm
aperture). After the total number of nematodes was counted,
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100 specimens per sample were randomly selected and iden-
tified to genus. If there were fewer than 100 specimens per
sample, all specimens were identified to genus (Yeates et al
1993). Morphological identification was completed under
a microscope at 400X magnification (eyepiece X objective,
10x40).

Statistical analyses

Hypothesis 1: Environmental changes interact to alter nem-
atode diversity, abundance, community composition, and
functional groups more than single factors alone We cal-
culated diversity metrics (genus richness, Shannon diversity
index (H’), and the inverse of Simpson’s evenness) from
the matrix of counts of identified nematode genera from
each plot and sampling date using the vegan package in R
(Oksanen et al. 2013). We also summed nematode genera in
each of the following functional groups representing trophic
guilds: bacterivores, fungivores, herbivores, or omnivore—
carnivores (Yeates et al 1993). For nematode diversity
metrics, total abundance and functional group abundance,
we built general linear mixed-effects models with all three
treatments, their interactions, the repeated effect of time
(2 sampling dates) and the random, repeated effect of plot
nested with warming X precipitation X nitrogen. Mixed mod-
els were constructed using Imer in the Ime4 package in R
(Bates et al. 2015) and met assumptions of homogeneity of
variances and normality of residuals. We present analysis
of deviance results of likelihood ratio tests using the Anova
function in the car package (Fox and Weisberg 2018). We
decomposed treatment interactions using post hoc Tukey
HSD tests among pairs with the emmeans package and pro-
vided corresponding P values in the results using pairwise
comparisons (Lenth 2021).

Hypothesis 2: Nematode community responses to environ-
mental change track the abundance of plant biomass or
plant community composition First, we used a general lin-
ear model to correlate total nematode abundance with total
estimated plant biomass from Baur et al. (2021), including
the fixed factor of sampling date and the date X plant bio-
mass interaction to test for seasonality in the relationship.
Second, we examined relationships between the matrix of
nematode genus-level composition and the matrix of plant
species composition (via estimated biomass) both for the
season of collection and for the season prior to nematode
collection, to detect lagged effects of plants on nematodes.
These analyses used Mantel tests for matrix correlations,
implemented in Primer (Clarke and Gorley 2006). Black
grama grass (Bouteloua eriopoda) is the foundational plant
species in this ecosystem, we used DIST-LM to associ-
ate genus-level nematode composition with black grama
biomass and linear models to associate the abundance of
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each nematode functional group with black grama biomass,
including biomass during the season of collection and also
during the prior season to detect potential lag effects, using
Primer for DIST-LM and Im in R for regression analysis
(Clarke and Gorley 2006). We also conducted similar DIST-
LM for summed biomass of annual forbs, perennial forbs,
and all grasses. In prior results, the largest plant responders
to interactive treatments were the annual forbs (Collins et al.
2017).

Results

Across 40 samples collected over 2 time points, we esti-
mated on average 31.9 +2.71 nematodes per 50 g of dry soil,
with nearly double the abundance of nematodes in Septem-
ber (40.1 £4.2) than in June (23.8 +3.0) (Time, P <0.0001,
Table 1). Of the total nematodes identified across all sam-
ples, 50% were bacterivores, 26% were herbivores, 18% were
omnivores/carnivores, and 6% were fungivores. We detected
16 genera, of which Acrobeles was most abundant (23% of
total nematodes), followed by Acrobeloides at 22% and Heli-
cotylenchus at 15%. June samples had a mean richness of
5.7+0.4 nematode genera per sample, whereas September
samples were more diverse with 6.9 +0.4 genera per sample
(Time, P=0.0129, Table 1). September samples had 40%
fewer fungivores than June, but 50% more herbivores, 100%
more bacterivores, and 200% more omnivores/carnivores.

Hypothesis 1: Environmental changes interact to alter
nematode diversity, abundance, community composition,
and trophic functional groups Nematode diversity: Addi-
tions of El Nifio winter rains buffered declines in nema-
tode diversity caused by nighttime warming (Fig. 1A-C,
Table 1, Warming X Precipitation, Diversity P=0.0506,
Richness and evenness P < 0.05). First, in plots with no rain
additions, nematode Shannon diversity declined 25% with
nighttime warming (Fig. 1A, P =0.0037). However, in plots
with winter rain added, there was no significant decline in
nematode diversity under warming (P =0.57). The interac-
tive effects of warming and precipitation on nematode diver-
sity occurred through both changes in genus-level richness
(Warming X Precipitation, P=0.0460; Table 1) and evenness
(Warming X Precipitation, P=0.0412, Table 1). Under ambi-
ent precipitation, warming reduced genus-level richness by
32% (Fig. 1B, P=0.0058) and evenness by 28% (Fig. 1C, P
= 0.0059), but had no significant influence when rain was
added (richness, P=0.72, evenness P=0.77). Due to the
declines with warming under ambient precipitation, the main
effect of warming was also negative (Table 1), with, on aver-
age, a 19% decline in richness (P =0.0121), a 16% decline
in evenness (P=0.0121), and a 15% decline in diversity
(P=0.0042).
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Table 1 Results from statistical analysis of interacting environmental change factors on nematode communities: composition and diversity indi-

ces

Effect Composition Shannon H’ Richness Evenness Abundance
Pseudo-F P ChiSq P ChiSq P ChiSq P ChiSq P
Warming 0.90 0.4891 8.22 0.0042 6.58 0.0103 6.29 0.0121  0.79 0.3726
Precipitation 0.81 0.5614 0.01 0.9028 0.14 0.7039  0.01 09813 021 0.6458
Nitrogen 0.89 0.4896 1.92 0.1657 1.53 0.2168 0.48 0.4899  0.58 0.4455
Time 18.44 0.0001 4.33 0.0374 6.19 0.0129 0.50 04777 1791 <0.0001
Warming X Precipitation 1.50 0.1699 3.82 0.0506 3.98 0.0460 4.17 0.0412 321 0.0731
Warming X Nitrogen 0.61 0.7432  0.43 0.5119 0.00 1.0000 0.42 05179  0.11 0.7407
Warming X Time 1.14 03375 6.22 0.0126 2.03 0.1542  0.36 0.5511  0.14 0.7063
Precipitation X Nitrogen 1.34 02236 0.37 0.5409 1.43 02325 6.62 0.0101  0.90 0.3433
Precipitation X Time 1.04 04148 293 0.0871 2.23 0.1356 1.62 0.2025 1.08 0.2990
Nitrogen X Time 1.33 0.2360 1.40 02361 1.43 02325 1.72 0.1891  0.09 0.7653
Warming X Precipitation X Nitrogen 0.80 0.5754 043 0.5117 0.58 0.4473 033 0.5662  0.04 0.8398
Warming X Precipitation X Time 2.10 0.0369 0.34 0.5598 0.16 0.6906 0.13 0.7143 1.52 0.2175
Warming X Nitrogen X Time 1.01 04351 3.39 0.0656 5.24 0.0221 392 0.0477  0.00 0.9586
Precipitation X Nitrogen X Time 3.04 0.0031 2.05 0.1517 2.53 0.1114 2.56 0.1098  5.52 0.0189
Warming X Precipitation X Nitrogen X Time 1.39 0.2075 0.04 0.8406 0.01 0.9207 0.19 0.6612  0.01 0.9379

P values <0.05 are shown in bold, and those < 0.07 are underlined

In contrast to the buffering effect of precipitation, nitro-
gen instead amplified the negative impacts of warming on
nematode diversity (Table 1, Fig. SIA-C), but only dur-
ing spring (Warming X Nitrogen X Time, Table 1: Rich-
ness and evenness, P <0.05). In spring, genus-level rich-
ness and evenness were unaffected by warming (richness
P=0.49, evenness P=0.27) unless nitrogen was added.
Under nitrogen addition in spring, warming reduced both
richness and evenness by ~47% (richness P=0.0083, even-
ness P=0.0008, Fig. S1A—C), indicating synergistic impacts
of warming and fertilization. Despite interactive effects of
both precipitation and nitrogen with warming, there were
no significant three-way interactions among environmental
change treatments (Table 1).

Nematode abundance: We uncovered no strong interac-
tive influences of environmental change treatments on total
nematode abundance, although abundance was signifi-
cantly greater in September than June (Time, P <0.0001,
Fig S1D), demonstrating sufficient statistical power to
detect treatment effects. While the interaction among Pre-
cipitation X Nitrogen X Time was statistically significant
(P=0.0189, Table 1), contrasts within each sampling
period revealed no significant interactions among treat-
ments within a time period (all P> 0.12), likely because
total abundance was highly variable, ranging from 2 to
147 nematodes per 50 g soil. The patterns, however, sug-
gested nitrogen effects depend upon precipitation. Under
ambient precipitation, June nematode abundance declined
by 53% when fertilizer was added (control abundance

mean=31.2+90.1 s.e., +nitrogen=14.8 +90.1 s.e.,
P=0.12), but the nitrogen-caused decline disappeared with
precipitation addition (P =0.58).

Nematode community composition: In contrast to diver-
sity and total abundance, nematode community composi-
tion responded most strongly to the interacting factors of
precipitation and nitrogen additions rather than to night-
time warming (Fig. 2, Precipitation X Nitrogen X Time,
P=0.0031, Table 1). However, precipitation also interacted
with warming to influence composition (Warming X Precipi-
tation X Time, P=0.0369, Table 1). During the spring, nem-
atode composition significantly diverged with the addition of
nitrogen when precipitation was added (P =0.0168, Fig. 2),
but was unaffected by nitrogen under ambient precipitation
(P=0.16). However, this interactive effect did not occur
following the monsoon season (September collection date,
P=0.39). When we decomposed the interaction between
warming and precipitation for each collection date, neither
time point was significant (P> 0.13), indicating that warm-
ing effects on composition were minor relative to nitrogen
effects.

Nematode functional groups: All nematode functional
groups responded to the interactive effects of precipita-
tion and nitrogen (Table S1). The general pattern was that
nitrogen had no effect on either bacterivore or fungivore
abundance under ambient precipitation, but increased these
decomposer functional groups when El Nifio precipitation
was added, and thus water was less limiting. In contrast,
nitrogen addition strongly reduced herbivore abundance

@ Springer
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Fig. 1 Interactive effects of winter El Nifio precipitation additions
and nighttime warming on nematode community diversity metrics;
A Shannon diversity index, B genus-level evenness, C genus-level
richness, and total nematode abundance per 50 g soil (D). Bars show
means with s.e. averaged over the nitrogen fertilization treatment
and two sample collection dates because these did not significantly

under ambient precipitation, but precipitation mitigated that
reduction.

Bacterivores. Bacterivorous nematodes (Acrobeles,
Acrobeloides, Protorhabditis, Mesorhabditis, Cephalobus)
were jointly sensitive to nitrogen fertilizer and precipita-
tion (Table S1; Precipitation X Nitrogen X Time, P=0.0170).
Under ambient precipitation, fertilizer marginally reduced
bacterivores by 68% (Fig. 3A, contrast P=0.0563), although
only during June, not in September (P=0.81). In contrast,
under precipitation addition, nitrogen instead increased bac-
terivore abundance by 95%, although the pairwise contrast
was not significant because of high plot-to-plot variability
(June, P=0.16; September, P=0.72).

Fungivores (Aphelenchoides). Precipitation and nitrogen
addition also jointly affected fungivore abundance (Table S1;
Precipitation X Nitrogen X Time, P =0.0030). During June,
in plots with added winter rain, nitrogen fertilizer doubled
the number of fungivores (Fig. 3B, P=0.0366). However, in
plots with ambient precipitation, fungivores did not respond
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control +precipitation
El Nino Precipitation

interact (Table 1). Asterisks indicate significant pairwise contrasts
(*P<0.05) between ambient temperature and nighttime warming
within each nematode community response metric following Tukey
HSD tests (gray: no nighttime warming; firebrick: nighttime warming
treatment)

to nitrogen (P=0.15), and during September, treatments had
no influence (P >0.3).

Herbivores (Tylenchorhynchus, Mesorhabditis, Helicoty-
lenchus). Herbivorous nematodes responded to interactions
between precipitation and fertilizer during June, but dif-
ferently than bacterivores and fungivores (Table S1; Pre-
cipitation X Nitrogen X Time, P =0.0128). Under ambient
precipitation, nitrogen reduced herbivores by 73% in spring
(Fig. 3C, P =0.0490), but not in September (P =0.23).
Under increased precipitation, nitrogen did not significantly
affect herbivores during either season (P =0.82).

Omnivores/Carnivores (Aporcelaimus). Omnivorous and
carnivorous nematodes were grouped together as the least
abundant functional group, and like other groups, responded
to the interaction of fertilizer and precipitation (Fig. 3D,
Table S1; Precipitation X Nitrogen X Time, P =0.0307).
However, no pairwise contrasts were significant due to high
variance and low abundance.
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Hypothesis 2: Nematode community responses to environ-
mental change track the abundance of plant biomass or
plant community composition Nematode abundance was
uncorrelated with total plant biomass, regardless of season of
collection (Fig. 4). Although nematode abundance differed
significantly by season in the linear model (P <0.01), it was
uncorrelated with plant biomass matched by season of col-
lection (P=0.45), and there was also no interaction between
sampling date and plant biomass (P =0.68). June nematode
community composition had no relationship with plant
community composition in either the prior fall [Mantel test
(Spearman rho): 0.007, P=0.49], or the concurrent spring
(rho: 0.09, P=0.09). September nematode communities
were also uncorrelated with plant community composition

points are treatment centroids with s.e. Nighttime warming did not
significantly interact with precipitation or nitrogen to affect commu-
nity composition (Table 1)

during the concurrent fall (rho: — 0.086, P =0.89) or the
prior spring (rho: — 0.09, P=0.92). June nematode compo-
sition was not correlated with the biomass of the most com-
mon grass, black grama (Bouteloua eriopoda), during the
prior fall (DIST-LM, pseudo-F=1.12, P=0.33) or the con-
current spring (pseudo-F=1.38, P=0.20). September nema-
tode communities also did not correlate with black grama
grass in either season (fall pseudo-F =1.26, P=0.28; spring
pseudo-F=0.79, P=0.45). However, September nematode
composition was significantly correlated with total grass
biomass in the concurrent fall (DIST-LM, pseudo-F =3.40,
P =0.04). Herbivores (rho: 0.41, P <0.001), bacterivores
(rho: 0.53, P<0.001), and omnivores—carnivores (rho: 0.33,
P=0.0027) were significantly positively correlated with
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Fig. 3 Nematode functional groups under additions of winter El Nifio
precipitation and nitrogen fertilizer including A bacterivores, B fun-
givores, C herbivores, and D omnivores and carnivores. Bars show
means with s.e. for spring/June sampling when treatment interactions
occurred, averaged over nighttime warming which did not interact

80 O <o
(&)

= .. o
gso- 202
§4o- ..” ¢ % -
-l T W O T T Sp P
§ “’ LS s
(__._B‘ 204 (] ) ’ o .‘ ’ ’
O
= .t~ .. @

o ®° ol

50 100 150 200

Above-ground Plant Biomass (g / m2)

Fig.4 Linear regression of total nematode abundance versus total
estimated live aboveground plant biomass (g/m?) at WENNDEx
where grey circles are spring (June nematodes) and brown diamonds
are fall (September nematodes)

@ Springer

—

(B)

S 31

n

o

=

Yo} =

iy

*

g 2

C -
5]

ke

c

S

o

© 1

g

o

=

o

5

I 04

D)

o

3 —

e 44 control +nitrogen
e |
T 31

C

>

o) S I—

©

o 21

o

=

£

@ 11

O

3

o

S 01

c T T
g control +precipitation

El Nino Precipitation

with precipitation or nitrogen (Table S1). Asterisks indicate a signifi-
cant pairwise contrast (*P <0.05) between control and nitrogen addi-
tion within each level of the winter El Nifio precipitation treatment
(Tukey HSD tests) (gray: no nighttime warming; dark goldenrod:
nighttime warming treatment)

total grass biomass (Fig. 5A, B, D). No other significant cor-
relations between nematode trophic groups and plant func-
tional groups were detected, except for a significant positive
correlation between omnivores—carnivores and perennial
forb biomass (rho: 0.048, P=0.05) (Fig. S2).

Discussion

Our long-term global change experiment revealed that
soil nematode communities were particularly sensitive to
interactions involving precipitation addition together with
other environmental change factors, either nighttime warm-
ing or nitrogen fertilizer addition. On average across other
environmental change factors, warming and nitrogen addi-
tion reduced nematode diversity, genus-level richness, and
evenness. Increased winter precipitation generally reversed
the negative effects of warming or nitrogen on nematode
communities.
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Precipitation mitigated declines in nematode
diversity caused by nighttime warming

Soil nematodes generally live in the water film around soil
particles, and their activities, such as predation and repro-
duction, depend on soil water (Yeates 1979), root produc-
tion, and carbon availability (Franco et al. 2022). In our
experiment, winter water additions increased winter soil
moisture by ~ 15% with some carryover into spring (Collins
et al. 2017). This increase in soil water content should pro-
mote nematode movement and predation, potentially buff-
ering against declines in rare taxa under warmer nighttime
temperatures, and explaining the increased diversity (Fig. 1).
Thus, we suggest that warming significantly reduced soil
water content, which is the most limiting factor in drylands
(Collins et al. 2014), and the addition of precipitation alle-
viated the negative effect of warming on soil drying. Such
increases under water additions were similar to findings of
Andriuzzi et al. (2020), who showed that increased pre-
cipitation led to larger nematode populations. However, a
different study reported that increased annual precipitation
reduced nematode diversity in arid and semi-arid sites by
reducing rare drought-adapted taxa (Franco et al. 2019).
In the latter study, Acrobeles was reported to be the most

omnivores.carnivores / 50g soil

common drought-tolerant taxon, consistent with our finding
that bacteria-eating nematodes were the most abundant nem-
atodes in our dryland experiment. Acrobeles may be drought
tolerant because they tend to become smaller in dry areas
than in wet ones (Franco et al. 2022). Acrobeles can also
quickly synthesize the sugars needed to survive and shorten
their reproductive cycle under stress (Wu et al. 2022).

Precipitation addition reversed declines

in functional groups caused by nitrogen
fertilization, but warming exacerbated the negative
effects of nitrogen

Prior studies have documented that nitrogen addition reduces
the number, complexity, and functional diversity of nema-
tode communities (Liang et al. 2009; Liu et al. 2016), similar
to our results. Long-term inputs of concentrated nitrogen
can cause soil acidification (Ye et al. 2018), and soil pH is
an important environmental factor that determines the num-
ber and distribution of soil microorganisms and nematodes
(Hoogen et al. 2019a, b). For example, ammonium toxic-
ity can directly affect the growth and reproduction of soil
nematodes (Wei et al. 2012), which could reduce nematode
diversity and abundance. However, the soils at our site have
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high buffering capacity due to high calcium carbonate avail-
ability, with pH values ranging from 8.2 to 8.5 (Kieft et al.
1998). Therefore, impacts due to reduced soil pH are an
unlikely mechanism in our system, especially under the low
nitrogen addition rates in our experiment (2 g m=2 yr™!).

We detected declines in the abundance of herbivorous
nematodes under nitrogen addition, but only in control
plots that did not receive additional winter rain (Fig. 3),
suggesting that ongoing increases in atmospheric nitrogen
deposition (Fenn et al. 2003; Lamarque et al. 2013) could
negatively affect this nematode consumer group. However,
the addition of winter rain buffered herbivorous nematodes
against declines with nitrogen fertilization. Large rain
events, similar to those we added in WENNDEZX, reduced
soil nitrogen availability in a nearby Chihuahuan Desert
grassland dominated only by black grama (Brown et al.
2022). Large rain events may increase turnover in the soil
microbial loop (Bonkowski 2004), leading to recovery of
herbivorous nematode populations.

Importantly, we uncovered the novel finding that addi-
tions of winter rain could reverse declines in the abundances
of functional groups caused by nitrogen fertilization and
boost the abundances of bacterivores and fungivores. These
reversals of nitrogen impacts may occur because water is the
primary limiting factor in arid ecosystems. Reversals were
stronger for bacterivores and fungivores than for herbivores
or carnivores (Fig. 3), perhaps indicating high sensitivity of
nematodes connected to soil microbes rather than to plants.
The differential effects on nematode functional groups were
consistent with other results in which increased precipita-
tion had minimal effects on the herbivorous nematodes that
live outside of plant roots (ectoparasites of plants), which is
the location in the soil that our sampling targeted (Ankrom
et al. 2020). Greater soil moisture can also increase nutrient
turnover and nutrient availability, and our results suggest
that prior reports of benefits from low doses of nitrogen to
nematode abundance (Berg and Verhoef 1998; Sjursen et al.
2005) likely depend on water availability.

Our results also indicated antagonistic synergy between
warming and fertilization: the lowest values of nematode
diversity, richness, evenness, and abundance occurred in
plots that were both warmed and fertilized (Fig. S1, Table 1).
These synergies occurred only in spring, likely because May
and June are both hot and dry, whereas during the later sum-
mer months and early fall, heat and fertilizer can be buffered
by monsoon rains. Therefore, the dually negative impacts
of warming and nitrogen addition may be strongest dur-
ing the most stressful part of the growing season. Reduc-
tions in nematode diversity under nitrogen line up with the
common result of reduced plant diversity with fertilization
(e.g., Bobbink et al. 2010), and changes in the plant com-
munity could underlie declines in nematode diversity. How-
ever, nematode responses were not closely coupled to plant

@ Springer

community composition, total plant biomass, or biomass of
the dominant plant species in our study in either spring or
fall (Fig. 4), suggesting that plant-nematode dynamics in
drylands may be more decoupled than in mesic ecosystems
(see also Ankrom et al. 2020). We did find temporal corre-
spondence in that nematode abundance declined when plant
biomass was lower in spring relative to fall when plant bio-
mass booms following summer monsoon rain. Correspond-
ingly, fall samples had 40% fewer fungivores than June, but
50% more herbivores, 100% more bacterivores, and 200%
more omnivores/carnivores. The nematode community may
commonly be decoupled from the plant community in dry-
lands due to restrictions on soil carbon and nitrogen cycling
caused by water limitation (Nielsen and Ball 2015; Ma et al.
2018). Instead, the impacts of nitrogen addition on nematode
populations in our experiment were more likely to be medi-
ated through changes in the amount and composition of soil
microbes. Ongoing work has detected declines in the domi-
nant Cyanobacteria in biological soil crusts under nitrogen
additions in WENNDEXx (Patton, M. T., unpublished data).
High soil resource availability could also reduce plant allo-
cation of carbon to roots (Meng et al. 2022), with a potential
cascade to rhizospheric or soil surface microbes that feed
bacterivorous and fungivorous nematodes (Eisenhauer et al.
2012).

Nematode taxa and functional groups differed
in sensitivities to environmental change

Differentiated responses of functional groups or species to
interacting environmental changes may cause corresponding
changes in ecological functions by restructuring the soil food
web. For example, the ratio of bacterivores to fungivores can
define the energy flow path through the soil ecosystem by
influencing whether organic matter decomposition is domi-
nated by fast, bacterial decomposition channels or slow,
fungal decomposition channels (Ruess et al. 2000; Eisen-
hauer et al. 2012). In our study, bacterivorous nematodes
(Acrobeles, Acrobeloides, Protorhabditis, Mesorhabditis,
Cephalobus) (Table 2) were the most sensitive to fertilizer
under additions of winter rains (Fig. 3). They declined by
68% with fertilizer under ambient precipitation, but con-
versely increased by 95% with fertilization under precipita-
tion addition. Interestingly, there was no correlation between
soil moisture and the abundances of either Acrobeloides or
Acrobeles nematodes in another study (Bakonyi and Nagy
2000), although the genus Acrobeles dominated dry environ-
ments in another system (Griffin et al. 1996). Bacterivores
can strongly reduce bacterial biomass, change bacterial com-
munity composition (Griffiths et al. 1999; Postma-Blaauw
et al. 2005; Blanc et al. 2006), and increase plant nutrient
uptake and growth (Ingham et al. 1985; Djigal et al. 2004).
By preying on bacteria, these microbivores can also enhance
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Table 2 Results ,Of SIMPER Genus Functional group + Precipita- + Precipitation Cum. %

analysis comparng Athe two tion+ Nitrogen control

treatments that significantly

differed in ne.rr}atOFIe genus- Acrobeles Bacterivore 1.1 4.6 17.8

126(;/26(1):C-(:r;rrze(c);giltoartlig;]-:-mNeitrogen Acrobeloides Bacterivore 24 4.7 325

versus + Precipitation Control Helicotylenchus Herbivore 0.9 2.9 44.0
Aphelenchoides Fungivore 0.9 2.78 54.6
Aporcelaimus Carnivore/Omnivore 1.4 2.1 64.3
Protorhabditis Bacterivore 0.9 2.0 73.8
Pratylenchus Herbivore 2.3 22 82.0
Tylenchorhynchus Herbivore 14 0.8 87.8
Mesorhabditis Bacterivore 1.0 0.4 92.1

Average abundance for each taxon is shown, and taxa are ranked from the most to least important contribu-
tors to the differences between these two treatments. Cumulative percentage contribution to the dissimilar-
ity in community composition between nitrogen addition and control in the precipitation addition treatment

is also included

rhizospheric deposits in the form of readily available car-
bon compounds (Sundin et al. 1990). Therefore, it would be
interesting to follow up with assays on soil bacterial com-
position and microbial biomass. Nematodes, together with
bacterivorous protists, can additionally increase root branch-
ing, thereby improving plant nitrogen uptake and plant pro-
duction (Trap et al. 2016). Up to 20% of bacterial nitro-
gen and 75% of phosphorus ingested by nematodes can be
released for plant absorption (Trap et al. 2016). This nutrient
increase mechanism appears to be particularly important in
soils with low nutrient availability (Bjgrnlund et al. 2012),
and may, therefore, have a large influence on plant growth
in nutrient-poor grasslands, such as ours. Thus, it could be
informative to assess foliar C:N ratios or other aspects of
plant nutritional status.

The combined effects of nitrogen addition and increased
rainfall doubled the number of fungal-eating nematodes
(Fig. 3). The abundance of fungivorous nematodes in soils is
usually an order of magnitude lower than the number of bac-
terivorous nematodes, despite the fact that these fungivores
serve as the major consumers of fungi in soil food webs (de
Ruiter et al. 1995). Our results were consistent with this
general pattern. In addition, fungivores selectively consume
taxa of fungal prey, thereby altering the composition of the
fungal community (Ruess et al. 2000). In turn, this effect can
promote plant growth by stimulating plant symbiotic myc-
orrhizal fungi and increasing their nutrient transfers to host
plants (Hua et al. 2014). The increase in fungivores under
fertilized, wet conditions may, thus, affect the composition
and abundance of fungi in soils and plant roots. Our results
predict that if nitrogen deposition continues to increase, and
winters remain dry, our ecosystem will experience declines
in both bacterivores and fungivores (Fig. 3).

Nematodes at top trophic positions (omnivores and preda-
tors) are central to the food web because they prey on nearly
all smaller organisms, including root-feeding nematodes (de

Ruiter et al. 1995; Khan and Kim 2007) and can indirectly
benefit plant growth (Khan and Kim 2007; Dietrich et al.
2020). However, omnivore and predator abundances also
depend on prey abundance. In our study, predators were the
least abundant functional group (Fig. 3), possibly indicat-
ing that omnivores and predators in this soil food web are
primarily regulated by bottom-up processes.

Nematode communities did not closely track plant
communities

Plant community composition and functional group biomass
were not strong drivers of nematode abundance or commu-
nity composition in our focal semi-arid grassland. Among
the plant variables we assessed, total grass biomass was the
only correlate of nematode trophic group abundances, and
plant community composition was relatively similar across
treatments in our experiment (Collins et al. 2017). There-
fore, we conclude that the direct effects of our environmental
change treatments on nematode communities were larger
than any indirect effects via plant responses. Many func-
tional groups of nematodes may not directly interact with
plants, but instead have indirect interactions via other organ-
isms in the rhizosphere. Although root feeders can reduce
plant growth, our methods did not include internal root-
feeding taxa, and some root feeders (at low densities) can
instead stimulate plant growth by inducing root exudates that
increase microbial activity and thereby increase soil nutri-
ent availability (Bardgett et al. 1999; Tu et al. 2003; Gebre-
mikael et al. 2016). Plant communities typically respond
strongly to multiple global change factors (Blankinship et al.
2011; Komatsu et al. 2019; Avolio et al. 2021), but in the
WENNDEZXx experiment, we detected much larger changes
in nematode communities than in plant communities (Col-
lins et al. 2017). This disconnection of nematodes from the
plant response to environmental change may be common for
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dryland soil nematodes if the infrequency of rains decou-
ples plant responses, which require large rain pulses, from
responses in the soil food web.

Caveats

Nematodes are water-membrane organisms (Blake 1961).
Drought causes nematodes to move deeper into the soil to
avoid desiccation (Schimel 2018). But, nematodes are not
as migratory as earthworms, and cannot move to very deep
soils (Blume et al. 2016). Because we collected soil to 20 cm
depth (the depth of most plant roots and above the petroc-
alcic layer), we estimate that we sampled deeply enough to
capture most nematode diversity in the soils of our system.
However, deeper sampling and homogenizing a larger num-
ber of soil samples per plot may have increased the detection
of rare taxa and could possibly alter conclusions about the
responsiveness of nematode diversity to our treatments. In
addition, separately extracting nematodes from particular
soil depths could have refined insights into which groups
respond at particular soil depths, providing greater under-
standing of the biology of nematodes in dryland food webs.
Subsequent work could further consider the relationship
between soil structure and nematodes.

Conclusion

Our long-term, multi-factor experiment in a Chihuahuan
Desert grassland highlighted the overriding importance of
interactions among environmental change stressors—par-
ticularly those involving precipitation—for altering nema-
tode abundance, diversity, and community composition and
restructuring the relative abundances of nematode functional
groups. Our results predict that future climate warming and
increasing rates of atmospheric nitrogen addition could
reduce grassland nematode biodiversity and alter the rela-
tive abundances of genera and functional groups, but that
these negative effects may be reversed in years with wet
winters. Bacterivorous and fungivorous nematodes were the
most abundant and most sensitive to environmental manipu-
lations, and declines in these taxa under warming or fertili-
zation could be a slow turnover of soil nutrient cycling and
cause deterioration of ecosystem biogeochemical processes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-023-05412-y.

Acknowledgements Thanks to the Sevilleta LTER field crew for exper-
iment maintenance and assistance with plant data collection.

Author contribution statement SLC conceived and designed the field
experiment. LM, SW, MP, PO, and LEB collected the data. LM, JAR,
SW, MP, and LEB analyzed the data. LM, SW, and JAR wrote the
manuscript; other authors provided editorial advice.

@ Springer

Funding This study was supported by grants from the U. S. National
Science Foundation to the University of New Mexico for Long-term
Ecological Research including DEB-1856383 (LTREB) and DEB-
1655499 (LTER). S. W. was supported by a China Scholarship Council
scholarship (CSC no. 201906850041).

Data availability All data and scripts will be available on the Environ-
mental Data Initiative at the time of publication.

Code availability All data and scripts will be available on the Environ-
mental Data Initiative at the time of publication.

Declarations

Conflict of interest The authors declare no competing financial inter-
ests.

Ethical approval Not applicable.
Consent to participate Not applicable.

Consent for publication All authors have approved submission.

References

Ahlstrom A, Raupach MR, Schurgers G et al (2015) The dominant role
of semi-arid ecosystems in the trend and variability of the land
CO, sink. Science 348:895-899. https://doi.org/10.1126/science.
aaal668

Andriuzzi WS, Franco ALC, Ankrom KE et al (2020) Body size struc-
ture of soil fauna along geographic and temporal gradients of pre-
cipitation in grasslands. Soil Boil Biochem 140:107638. https://
doi.org/10.1016/j.s0ilbi0.2019.107638

Ankrom KE, Franco ALC, Fonte SJ et al (2020) Ecto- and endopar-
asitic nematodes respond differently across sites to changes in
precipitation. Oecologia 193:761-771. https://doi.org/10.1007/
$00442-020-04708-7

Avolio ML et al (2021) Determinants of community compositional
change are equally affected by global change. Ecol Lett 24:1892—
1904. https://doi.org/10.1111/ele.13824

Béez S, Fargione J, Moore DI et al (2007) Atmospheric nitrogen depo-
sition in the northern Chihuahuan Desert: temporal trends and
potential consequences. J Arid Environ 68:640-651. https://doi.
org/10.1016/j.jaridenv.2006.06.011

Bakonyi G, Nagy P (2000) Temperature- and moisture-induced changes
in the structure of the nematode fauna of a semiarid grassland—
patterns and mechanisms. Glob Change Biol 6:697-707. https://
doi.org/10.1046/j.1365-2486.2000.00354.x

Bardgett RD, Cook R, Yeates GW, Denton CS (1999) The influence of
nematodes on below-ground processes in grassland ecosystems.
Plant Soil 212:23-33. https://doi.org/10.1023/A:1004642218792

Bardgett RD, Manning P, Morrién E, Vries FTD (2013) Hierarchical
responses of plant—soil interactions to climate change: conse-
quences for the global carbon cycle. J Ecol 101:334-343. https://
doi.org/10.1111/1365-2745.12043

Bates D, Michler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67:1-48. https://doi.org/
10.18637/js5.v067.101

Baur L, Collins SL, Muldavin E, Rudgers JA, Pockman WT (2021)
Warming-El Nino-nitrogen deposition experiment (WENN-
DEXx): net primary production quadrat data at the Sevilleta
National Wildlife Refuge, New Mexico ver 234295. Environ Data


https://doi.org/10.1007/s00442-023-05412-y
https://doi.org/10.1126/science.aaa1668
https://doi.org/10.1126/science.aaa1668
https://doi.org/10.1016/j.soilbio.2019.107638
https://doi.org/10.1016/j.soilbio.2019.107638
https://doi.org/10.1007/s00442-020-04708-7
https://doi.org/10.1007/s00442-020-04708-7
https://doi.org/10.1111/ele.13824
https://doi.org/10.1016/j.jaridenv.2006.06.011
https://doi.org/10.1016/j.jaridenv.2006.06.011
https://doi.org/10.1046/j.1365-2486.2000.00354.x
https://doi.org/10.1046/j.1365-2486.2000.00354.x
https://doi.org/10.1023/A:1004642218792
https://doi.org/10.1111/1365-2745.12043
https://doi.org/10.1111/1365-2745.12043
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01

Oecologia (2023) 202:481-495

493

Initiative. https://doi.org/10.6073/pasta/b4c81c7073460ad91a5f
0a77f6009ddc

Berg MP, Verhoef HA (1998) Ecological characteristics of a nitrogen-
saturated coniferous forest in The Netherlands. Biol Fertil Soils
26:258-267. https://doi.org/10.1007/s003740050377

Bjgrnlund L, Liu M, Rgnn R et al (2012) Nematodes and protozoa
affect plants differently, depending on soil nutrient status. Eur J
Soil Biol 50:28-31. https://doi.org/10.1016/j.ejsobi.2011.11.012

Blake C (1961) Importance of osmotic potential as a component of the
total potential of the soil water on the movement of nematodes.
Nature 192:144-145. https://doi.org/10.1038/192144a0

Blanc C, Sy M, Djigal D et al (2006) Nutrition on bacteria by bacterial-
feeding nematodes and consequences on the structure of soil bac-
terial community. Eur J Soil Biol 42:S70-S78. https://doi.org/10.
1016/j.ejsobi.2006.06.003

Blankinship JC, Niklaus PA, Hungate BA (2011) A meta-analysis of
responses of soil biota to global change. Oecol 165:553-565.
https://doi.org/10.1007/s00442-011-1909-0

Blume H-P et al (2016) Soil organisms and their habitat. Scheffer/
schachtschabel soil science. Springer, pp 87-122

Bobbink R, Hicks K, Galloway J et al (2010) Global assessment of
nitrogen deposition effects on terrestrial plant diversity: a syn-
thesis. Ecol Appl 20:30-59. https://doi.org/10.1890/08-1140.1

Bongers T, Bongers M (1998) Functional diversity of nematodes. Appl
Soil Ecol 10:239-251. https://doi.org/10.1016/S0929-1393(98)
00123-1

Bonkowski M (2004) Protozoa and plant growth: the microbial loop in
soil revisited. New Phytol 162:617-631. https://doi.org/10.1111/j.
1469-8137.2004.01066.x

Bradford MA, Jones TH, Bardgett RD et al (2002) Impacts of soil
faunal community composition on model grassland ecosystems.
Science 298:615-618. https://doi.org/10.1126/science.1075805

Brown RF, Sala OE, Sinsabaugh RL, Collins SL (2022) Temporal
effects of monsoon rainfall pulses on plan available nitrogen
in a Chihuahuan Desert grassland. J Geophys Res Biogeosci
127:€2022JG006938. https://doi.org/10.1029/2022JG006938

Cai W, Santoso A, Wang G et al (2015a) ENSO and greenhouse warm-
ing. Nat Clim Change 5:849-859. https://doi.org/10.1038/nclim
ate2743

Cai W, Wang G, Santoso A et al (2015b) Increased frequency of
extreme La Nifia events under greenhouse warming. Nat Clim
Change 5:132-137. https://doi.org/10.1038/nclimate2492

Clarke KR, Gorley RN (2006) PRIMER v6. User manual/tutorial.
Plymouth routine in mulitvariate ecological research. Plymouth
Marine Laboratory

Collins SL, Belnap J, Grimm NB et al (2014) A multiscale, hierarchi-
cal model of pulse dynamics in arid-land ecosystems. Annu Rev
Ecol Evol Syst 45:397-419. https://doi.org/10.1146/annurev-ecols
ys-120213-091650

Collins SL, Ladwig LM, Petrie MD et al (2017) Press-pulse inter-
actions: effects of warming, N deposition, altered winter Pre-
cipitation, and fire on desert grassland community structure and
dynamics. Glob Change Biol 23:1095-1108. https://doi.org/10.
1111/gcb.13493

Collins SL, Chung YA, Baur LE et al (2020) Press—pulse interactions
and long-term community dynamics in a Chihuahuan Desert
grassland. J Veg Sci 31:722-732. https://doi.org/10.1111/jvs.
12881

D’Odorico P, Fuentes JD, Pockman WT et al (2010) Positive feed-
back between microclimate and shrub encroachment in the
northern Chihuahuan desert. Ecosphere. https://doi.org/10.1890/
es10-00073.1

de Ruiter PC, Neutel A-M, Moore JC (1995) Energetics, patterns of
interaction strengths, and stability in real ecosystems. Science
269:1257-1260. https://doi.org/10.1126/science.269.5228.1257

Dietrich P, Roeder A, Cesarz S et al (2020) Nematode communities,
plant nutrient economy and life-cycle characteristics jointly
determine plant monoculture performance over 12 years. Oikos
129:466-479. https://doi.org/10.1111/0ik.06989

Djigal D, Brauman A, Diop TA et al (2004) Influence of bacterial-
feeding nematodes (Cephalobidae) on soil microbial commu-
nities during maize growth. Soil Biol Biochem 36:323-331.
https://doi.org/10.1016/j.s0ilbio.2003.10.007

Domeignoz-Horta LA, Pold G, Liu X-JA et al (2020) Microbial
diversity drives carbon use efficiency in a model soil. Nat Com-
mun 11:3684. https://doi.org/10.1038/s41467-020-17502-z

Eisenhauer N, Cesarz S, Koller R et al (2012) Global change below-
ground: impacts of elevated CO2, nitrogen, and summer drought
on soil food webs and biodiversity. Glob Change Biol 18:435-
447. https://doi.org/10.1111/j.1365-2486.2011.02555.x

Fay PA, Kaufman DM, Nippert JB et al (2008) Changes in grassland
ecosystem function due to extreme rainfall events: implications
for responses to climate change. Glob Change Biol 14:1600—
1608. https://doi.org/10.1111/j.1365-2486.2008.01605.x

Fenn ME et al (2003) Ecological effects of nitrogen deposition in the
western United States. Bioscience 53:404-420. https://doi.org/
10.1641/0006-3568(2003)053[0404:EEONDI]2.0.CO;2

Ferris H, Bongers T, de Goede RG (2001) A framework for soil
food web diagnostics: extension of the nematode faunal analy-
sis concept. Appl Soil Ecol 18:13-29. https://doi.org/10.1016/
$0929-1393(01)00152-4

Fox J, Weisberg S (2018) An R companion to applied regression.
SAGE Publications

Franco ALC, Gherardi LA, de Tomasel CM et al (2019) Drought
suppresses soil predators and promotes root herbivores in mesic,
but not in xeric grasslands. Proc Natl Acad Sci 116:12883—
12888. https://doi.org/10.1073/pnas.1900572116

Franco AL et al (2022) Precipitation effects on nematode diversity
and carbon footprint across grasslands. Global Change Biol
28:2124-2132. https://doi.org/10.1111/gcb.16055

Gebremikael MT, Steel H, Buchan D et al (2016) Nematodes
enhance plant growth and nutrient uptake under C and N-rich
conditions. Sci Rep 6:32862. https://doi.org/10.1038/srep32862

Griffin GD, Asay KH, Horton WH (1996) Factors affecting pop-
ulation trends of plant-parasitic nematodes on rangeland
grasses. J] Nematol 28:107-114 (PMID: 19277352; PMCID:
PMC2619666)

Griffiths BS, Bonkowski M, Dobson G, Caul S (1999) Changes in
soil microbial community structure in the presence of microbial-
feeding nematodes and protozoa. Pedobiologia 4:297-304

Guan P et al (2018) Soil microbial food web channels associated with
biological soil crusts in desertification restoration: the carbon
flow from microbes to nematodes. Soil Biol Biochem 116:82-90.
https://doi.org/10.1016/j.s0ilbio.2017.10.003

He Y, D’Odorico P, De Wekker SFJ (2015) The relative importance of
climate change and shrub encroachment on nocturnal warming in
the southwestern United States. Int J Climatol 35:475-480. https://
doi.org/10.1002/joc.3992

Hoogen J, Geisen S, Routh D, Ferris H, Crowther TW (2019a) Soil
nematode abundance and functional group composition at a
global scale. Nature 572:194-198. https://doi.org/10.1038/
s41586-019-1418-6

Hua J, Jiang Q, Bai J et al (2014) Interactions between arbuscular
mycorrhizal fungi and fungivorous nematodes on the growth and
arsenic uptake of tobacco in arsenic-contaminated soils. Appl Soil
Ecol 84:176-184. https://doi.org/10.1016/j.apsoil.2014.07.004

Ingham RE (1994) Nematodes. Methods of soil analysis. Wiley, pp
459-490

Ingham RE, Trofymow JA, Ingham ER, Coleman DC (1985) Interac-
tions of bacteria, fungi, and their nematode grazers: effects on

@ Springer


https://doi.org/10.6073/pasta/b4c81c7073460ad91a5f0a77f6009ddc
https://doi.org/10.6073/pasta/b4c81c7073460ad91a5f0a77f6009ddc
https://doi.org/10.1007/s003740050377
https://doi.org/10.1016/j.ejsobi.2011.11.012
https://doi.org/10.1038/192144a0
https://doi.org/10.1016/j.ejsobi.2006.06.003
https://doi.org/10.1016/j.ejsobi.2006.06.003
https://doi.org/10.1007/s00442-011-1909-0
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1016/S0929-1393(98)00123-1
https://doi.org/10.1016/S0929-1393(98)00123-1
https://doi.org/10.1111/j.1469-8137.2004.01066.x
https://doi.org/10.1111/j.1469-8137.2004.01066.x
https://doi.org/10.1126/science.1075805
https://doi.org/10.1029/2022JG006938
https://doi.org/10.1038/nclimate2743
https://doi.org/10.1038/nclimate2743
https://doi.org/10.1038/nclimate2492
https://doi.org/10.1146/annurev-ecolsys-120213-091650
https://doi.org/10.1146/annurev-ecolsys-120213-091650
https://doi.org/10.1111/gcb.13493
https://doi.org/10.1111/gcb.13493
https://doi.org/10.1111/jvs.12881
https://doi.org/10.1111/jvs.12881
https://doi.org/10.1890/es10-00073.1
https://doi.org/10.1890/es10-00073.1
https://doi.org/10.1126/science.269.5228.1257
https://doi.org/10.1111/oik.06989
https://doi.org/10.1016/j.soilbio.2003.10.007
https://doi.org/10.1038/s41467-020-17502-z
https://doi.org/10.1111/j.1365-2486.2011.02555.x
https://doi.org/10.1111/j.1365-2486.2008.01605.x
https://doi.org/10.1641/0006-3568(2003)053[0404:EEONDI]2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053[0404:EEONDI]2.0.CO;2
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1073/pnas.1900572116
https://doi.org/10.1111/gcb.16055
https://doi.org/10.1038/srep32862
https://doi.org/10.1016/j.soilbio.2017.10.003
https://doi.org/10.1002/joc.3992
https://doi.org/10.1002/joc.3992
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1016/j.apsoil.2014.07.004

494

Oecologia (2023) 202:481-495

nutrient cycling and plant growth. Ecol Monogr 55:119-140.
https://doi.org/10.2307/1942528

Kannenberg SA, Schwalm CR, Anderegg WRL (2020) Ghosts of the
past: how drought legacy effects shape forest functioning and
carbon cycling. Ecol Lett 23:891-901. https://doi.org/10.1111/
ele.13485

Kardol P, Reynolds WN, Norby RJ, Classen AT (2011) Climate change
effects on soil microarthropod abundance and community struc-
ture. Appl Soil Ecol 47:37—44. https://doi.org/10.1016/j.apsoil.
2010.11.001

Khan Z, Kim YH (2007) A review on the role of predatory soil nema-
todes in the biological control of plant parasitic nematodes. Appl
Soil Ecol 35:370-379. https://doi.org/10.1016/j.aps0il.2006.07.
007

Kieft TL, White CS, Loftin SR et al (1998) Temporal dynamics in soil
carbon and nitrogen resources at a grassland-shrubland ecotone.
Ecology 79:671-683. https://doi.org/10.1890/0012-9658

Komatsu KJ, Avolio ML, Lemoine NP et al (2019) Global change
effects on plant communities are magnified by time and the
number of global change factors imposed. Proc Natl Acad Sci
116:17867-17873. https://doi.org/10.1073/pnas.1819027116

Lamarque J-F, Dentener F, McConnell J et al (2013) Multi-model mean
nitrogen and sulfur deposition from the atmospheric chemistry
and climate model intercomparison project (ACCMIP): evalua-
tion of historical and projected future changes. Atmos Chem Phys
13:7997-8018. https://doi.org/10.5194/acp-13-7997-2013

Lenth RV (2021) Estimated marginal means, aka least-squares means
[R package emmeans version 1.6.0]. https://CRAN.R-project.org/
package=emmeans

Liang W, Lou Y, Li Q et al (2009) Nematode faunal response to long-
term application of nitrogen fertilizer and organic manure in
Northeast China. Soil Biol Biochem 41:883-890. https://doi.org/
10.1016/j.s0i1bi0.2008.06.018

Liu T, Chen X, Hu F et al (2016) Carbon-rich organic fertilizers to
increase soil biodiversity: evidence from a meta-analysis of nema-
tode communities. Agric Ecosyst Environ 232:199-207. https://
doi.org/10.1016/j.agee.2016.07.015

Ma Q, Yu H, Liu X et al (2018) Climatic warming shifts the soil nema-
tode community in a desert steppe. Clim Change 150:243-258.
https://doi.org/10.1007/s10584-018-2277-0

Maestre FT et al (2021) Biogeography of global drylands. New Phytol
231:540-558. https://doi.org/10.1111/nph.17395

Meng B et al (2022) Soil N enrichment mediates carbon allocation
through respiration in a dominant grass during drought. Func-
tional Ecol 36:1204-1215. https://doi.org/10.1111/1365-2435.
14033

Menta C, Conti FD, Pinto S, Bodini A (2018) Soil biological quality
index (QBS-ar): 15 years of application at global scale. Ecol Indi-
cators 85:773-780. https://doi.org/10.1016/j.ecolind.2017.11.030

Min S-K, Zhang X, Zwiers FW, Hegerl GC (2011) Human contribu-
tion to more-intense precipitation extremes. Nature 470:378-381.
https://doi.org/10.1038/nature09763

Nielsen UN, Ball BA (2015) Impacts of altered precipitation regimes
on soil communities and biogeochemistry in arid and semi-arid
ecosystems. Glob Change Biol 21:1407-1421. https://doi.org/10.
1111/gcb.12789

Noy-Meir I (1973) Desert ecosystems environment and producers.
Annu Rev Ecol Evol Sys 4:25-51. https://doi.org/10.1146/annur
ev.es.04.110173.000325

Oksanen J, Blanchet FG, Kindt R, et al (2013) Community ecology
package. R Package Version 2.9. 1-295

Plaza C, Zaccone C, Sawicka K et al (2018) Soil resources and ele-
ment stocks in drylands to face global issues. Sci Rep 8:13788.
https://doi.org/10.1038/s41598-018-32229-0

Postma-Blaauw MB, de Vries FT, de Goede RGM et al (2005)
Within-trophic group interactions of bacterivorous nematode

@ Springer

species and their effects on the bacterial community and nitro-
gen mineralization. Oecologia 142:428-439. https://doi.org/10.
1007/s00442-004-1741-x

Pravilie R (2016) Drylands extent and environmental issues. A
global approach. Earth-Sci Rev 161:259-278. https://doi.org/
10.1016/j.earscirev.2016.08.003

Ratajczak Z, D’Odorico P, Collins SL et al (2017) The interactive
effects of press/pulse intensity and duration on regime shifts at
multiple scales. Ecol Monogr 87:198-218. https://doi.org/10.
1002/ecm.1249

Rillig MC, Ryo M, Lehmann A et al (2019) The role of multiple
global change factors in driving soil functions and microbial
biodiversity. Science 366:886. https://doi.org/10.1126/science.
aay2832

Rudgers JA, Afkhami M, Bell-Dereske L et al (2020) Climate dis-
ruption of plant-microbe interactions. Annu Rev Ecol Evol
Syst 51:561-586. https://doi.org/10.1146/annurev-ecols
ys-011720-090819

Ruess L, Zapata EJG, Dighton J (2000) Food preferences of a fungal-
feeding Aphelenchoides species. Nematology 2:223-230. https://
doi.org/10.1163/156854100508962

Schimel JP (2018) Life in dry soils: effects of drought on soil microbial
communities and processes. Annu Rev Ecol Evol Syst 49:409—
432. https://doi.org/10.1146/annurev-ecolsys-110617-062614

Siebert J, Ciobanu M, Schidler M, Eisenhauer N (2020) Climate
change and land use induce functional shifts in soil nematode
communities. Oecol 192:281-294. https://doi.org/10.1007/
$00442-019-04560-4

Sjursen H, Michelsen A, Jonasson S (2005) Effects of long-term soil
warming and fertilization on microarthropod abundances in three
sub-arctic ecosystems. Appl Soil Ecol 30:148-161. https://doi.org/
10.1016/j.aps0il.2005.02.013

Smith MD, Knapp AK, Collins SL (2009) A framework for assessing
ecosystem dynamics in response to chronic resource alterations
induced by global change. Ecology 90:3279-3289. https://doi.org/
10.1890/08-1815.1

Song J, Wan S, Piao S et al (2019) A meta-analysis of 1,119 manipula-
tive experiments on terrestrial carbon-cycling responses to global
change. Nat Ecol Evol 3:1309-1320. https://doi.org/10.1038/
$41559-019-0958-3

Stevnbak K, Maraldo K, Georgieva S et al (2012) Suppression of soil
decomposers and promotion of long-lived, root herbivorous nema-
todes by climate change. Eur J Soil Biol 52:1-7. https://doi.org/
10.1016/j.ejs0bi.2012.04.001

Sundin P, Valeur A, Olsson S, Odham G (1990) Interactions between
bacteria-feeding nematodes and bacteria in the rape rhizosphere:
effects on root exudation and distribution of bacteria. FEMS
Microbiol Ecol 6:13-22. https://doi.org/10.1111/j.1574-6968.
1990.tb03920.x

Topalovi¢ O, Geisen S (2023) Nematodes as suppressors and facilita-
tors of plant performance. New Phytol 238:2305-2312. https://
doi.org/10.1111/nph.18925

Trap J, Bonkowski M, Plassard C et al (2016) Ecological importance
of soil bacterivores for ecosystem functions. Plant Soil 398:1-24.
https://doi.org/10.1007/s11104-015-2671-6

Tu C, Koenning SR, Hu S (2003) Root-parasitic nematodes enhance
soil microbial activities and nitrogen mineralization. Microb Ecol
46:134-144

van den Hoogen J, Geisen S, Routh D et al (2019b) Soil nematode
abundance and functional group composition at a global scale.
Nature 572:194-198. https://doi.org/10.1038/s41586-019-1418-6

Wei C, Zheng H, Li Q et al (2012) Nitrogen addition regulates soil
nematode community composition through ammonium suppres-
sion. PLoS ONE 7:e43384. https://doi.org/10.1371/journal.pone.
0043384


https://doi.org/10.2307/1942528
https://doi.org/10.1111/ele.13485
https://doi.org/10.1111/ele.13485
https://doi.org/10.1016/j.apsoil.2010.11.001
https://doi.org/10.1016/j.apsoil.2010.11.001
https://doi.org/10.1016/j.apsoil.2006.07.007
https://doi.org/10.1016/j.apsoil.2006.07.007
https://doi.org/10.1890/0012-9658
https://doi.org/10.1073/pnas.1819027116
https://doi.org/10.5194/acp-13-7997-2013
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/j.soilbio.2008.06.018
https://doi.org/10.1016/j.soilbio.2008.06.018
https://doi.org/10.1016/j.agee.2016.07.015
https://doi.org/10.1016/j.agee.2016.07.015
https://doi.org/10.1007/s10584-018-2277-0
https://doi.org/10.1111/nph.17395
https://doi.org/10.1111/1365-2435.14033
https://doi.org/10.1111/1365-2435.14033
https://doi.org/10.1016/j.ecolind.2017.11.030
https://doi.org/10.1038/nature09763
https://doi.org/10.1111/gcb.12789
https://doi.org/10.1111/gcb.12789
https://doi.org/10.1146/annurev.es.04.110173.000325
https://doi.org/10.1146/annurev.es.04.110173.000325
https://doi.org/10.1038/s41598-018-32229-0
https://doi.org/10.1007/s00442-004-1741-x
https://doi.org/10.1007/s00442-004-1741-x
https://doi.org/10.1016/j.earscirev.2016.08.003
https://doi.org/10.1016/j.earscirev.2016.08.003
https://doi.org/10.1002/ecm.1249
https://doi.org/10.1002/ecm.1249
https://doi.org/10.1126/science.aay2832
https://doi.org/10.1126/science.aay2832
https://doi.org/10.1146/annurev-ecolsys-011720-090819
https://doi.org/10.1146/annurev-ecolsys-011720-090819
https://doi.org/10.1163/156854100508962
https://doi.org/10.1163/156854100508962
https://doi.org/10.1146/annurev-ecolsys-110617-062614
https://doi.org/10.1007/s00442-019-04560-4
https://doi.org/10.1007/s00442-019-04560-4
https://doi.org/10.1016/j.apsoil.2005.02.013
https://doi.org/10.1016/j.apsoil.2005.02.013
https://doi.org/10.1890/08-1815.1
https://doi.org/10.1890/08-1815.1
https://doi.org/10.1038/s41559-019-0958-3
https://doi.org/10.1038/s41559-019-0958-3
https://doi.org/10.1016/j.ejsobi.2012.04.001
https://doi.org/10.1016/j.ejsobi.2012.04.001
https://doi.org/10.1111/j.1574-6968.1990.tb03920.x
https://doi.org/10.1111/j.1574-6968.1990.tb03920.x
https://doi.org/10.1111/nph.18925
https://doi.org/10.1111/nph.18925
https://doi.org/10.1007/s11104-015-2671-6
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1371/journal.pone.0043384
https://doi.org/10.1371/journal.pone.0043384

Oecologia (2023) 202:481-495

495

Wilschut RA, Geisen S (2021) Nematodes as drivers of plant perfor-
mance in natural systems. Trends Plant Sci 26:237-247. https://
doi.org/10.1016/j.tplants.2020.10.006

Wu X, Hu H, Li S et al (2022) Chemical fertilizer reduction with
organic material amendments alters co-occurrence network pat-
terns of bacterium-fungus-nematode communities under the
wheat—-maize rotation regime. Plant Soil 473:605-623. https://
doi.org/10.1007/s11104-022-05314-7

Ye C, Chen D, Hall SJ et al (2018) Reconciling multiple impacts of
nitrogen enrichment on soil carbon: plant, microbial and geo-
chemical controls. Ecol Lett 21:1162-1173. https://doi.org/10.
1111/ele.13083

Yeates GW (1979) Soil nematodes in terrestrial ecosystems. J Nematol
11:213-229 (PMID: 19300638; PMCID: PMC2617968)

Yeates GW, Bongers T, De Goede RGM et al (1993) Feeding hab-
its in soil nematode families and genera—an outline for soil
ecologists. J] Nematol 25:315-331 (PMID: 19279775; PMCID:
PMC2619405)

Zhu T et al (2018) Bacterivore nematodes stimulate soil gross N
transformation rates depending on their species. Biol Fert Soils
54:107-118. https://doi.org/10.1007/s00374-017-1244-7

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/j.tplants.2020.10.006
https://doi.org/10.1016/j.tplants.2020.10.006
https://doi.org/10.1007/s11104-022-05314-7
https://doi.org/10.1007/s11104-022-05314-7
https://doi.org/10.1111/ele.13083
https://doi.org/10.1111/ele.13083
https://doi.org/10.1007/s00374-017-1244-7

	Soil nematode assemblages respond to interacting environmental changes
	Abstract
	Introduction
	Materials and methods
	Study site
	Experimental treatments
	Soil collection and processing
	Statistical analyses

	Results
	Discussion
	Precipitation mitigated declines in nematode diversity caused by nighttime warming
	Precipitation addition reversed declines in functional groups caused by nitrogen fertilization, but warming exacerbated the negative effects of nitrogen
	Nematode taxa and functional groups differed in sensitivities to environmental change
	Nematode communities did not closely track plant communities
	Caveats

	Conclusion
	Anchor 17
	Acknowledgements 
	References




