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Precipitation changes among years and locations along gradients
of mean annual precipitation (MAP). The way those changes
interact and affect populations of soil organisms from arid to
moist environments remains unknown. Temporal and spatial
changes in precipitation could lead to shifts in functional compo-
sition of soil communities that are involved in key aspects of
ecosystem functioning such as ecosystem primary production
and carbon cycling. We experimentally reduced and increased
growing-season precipitation for 2 y in field plots at arid, semiarid,
and mesic grasslands to investigate temporal and spatial pre-
cipitation controls on the abundance and community functional
composition of soil nematodes, a hyper-abundant and functionally
diverse metazoan in terrestrial ecosystems. We found that total
nematode abundance decreased with greater growing-season
precipitation following increases in the abundance of predaceous
nematodes that consumed and limited the abundance of nema-
todes lower in the trophic structure, including root feeders. The
magnitude of these nematode responses to temporal changes in
precipitation increased along the spatial gradient of long-term
MAP, and significant effects only occurred at the mesic site.
Contrary to the temporal pattern, nematode abundance increased
with greater long-term MAP along the spatial gradient from arid
to mesic grasslands. The projected increase in the frequency of
extreme dry years in mesic grasslands will therefore weaken
predation pressure belowground and increase populations of
root-feeding nematodes, potentially leading to higher levels of
plant infestation and plant damage that would exacerbate the
negative effect of drought on ecosystem primary production and
C cycling.

climate change | nematodes | soil fauna | precipitation

Soil food webs play a key role in supporting the provision of
ecosystem services in grasslands (1), which cover about one
quarter of the Earth’s land. Climate change poses a threat to
grassland ecosystem functioning due to, among other factors,
changes in rainfall regimes that are projected to increase the
occurrence of extreme precipitation events (2, 3). However, our
ability to predict how grasslands will respond to these changes is
currently restricted by our limited understanding of how more
frequent extreme events will impact the trophic structure and
food-web interactions in soil communities, which ultimately
govern ecosystem processes such as decomposition, nutrient cy-
cling, and carbon cycling (4, 5).

Soil fauna are essential to carbon cycling processes in grass-
lands (4, 5), where 60-90% of net primary productivity occur
belowground as roots (6-8). Nematodes, the most abundant and
functionally diverse group of fauna inhabiting grassland soils
globally (9), are a major constraint of primary production as their
direct and indirect interactions with the root system alter plant
uptake of water and nutrients and create abnormalities in root
morphology and/or physiology (10). Root-feeding nematodes
may consume more plant biomass than do their more conspic-
uous aboveground counterparts in grasslands (11, 12). They are

www.pnas.org/cgi/doi/10.1073/pnas.1900572116

in turn consumed by carnivorous nematodes that have evolved
special features for ingesting nematode prey (including root
feeders, bacterivorous and fungivorous nematodes (13)), thus
forming a complex trophic structure (14). Although all nema-
todes rely on soil water for movement and activity, larger sized
predators have been suggested to depend more on thicker water
films around soil particles for their activity than smaller nema-
todes in lower trophic groups (15). Thus, predator nematodes
may be especially vulnerable to changes in water availability
compared with lower trophic levels. Experiments in aquatic and
terrestrial environments indicated that abiotic stress has greater
effects on higher trophic levels that cascade down to affect lower
levels in the trophic pyramid (16, 17). Therefore, quantifying
relationships between nematode trophic groups and water
availability varying in time and space is of pivotal importance for
understanding the fundamental functioning of ecosystems and
for predicting how expected precipitation change will affect
grassland ecosystems.

Evidence suggests that nematode responses to more extreme
precipitation regimes from year to year include changes in
community trophic structure that tip the predator-prey bal-
ance (18-20). However, these nematode responses to temporal
changes in precipitation may vary across different ecosystems
since nematode communities from arid grasslands exhibit a
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resistance to water stress (21-23) not found in mesic grasslands
(24). One reason is that moisture reductions in arid environ-
ments over short (a few hours) or long periods (days) can induce
nematodes to enter anhydrobiosis. In this survival state, nema-
todes are uncoupled from ecosystem processes until soil mois-
ture becomes favorable for biotic activity again (21, 22).
Furthermore, the abundance of topsoil predators in arid eco-
systems is very low due to the small primary production that
limits the basis of the trophic pyramid (23).

Across spatial gradients, variation in precipitation that occurs
among regions has been shown to indirectly structure nematode
communities through the positive relationship between long-
term mean annual precipitation (MAP) and ecosystem primary
production that impacts resource supply for soil food webs (24—
26). This spatial MAP—primary productivity relationship is usu-
ally much steeper than that of productivity responses to temporal
changes in precipitation at one site (27, 28). In space, species
composition changes along MAP gradients reflecting long-term
evolutionary processes (29). Communities made up of species
adapted to long-term specific precipitation patterns have the
largest potential to utilize this resource. Through time and in one
site, responses to year-to-year changes in precipitation are con-
strained to mostly physiological adaptations of existing commu-
nities and therefore are smaller than responses to changes in
MAP along a spatial gradient.

Our aim was to quantify how temporal and spatial changes in
precipitation affect nematode trophic groups. We present three
hypotheses. (i) Through time and in a single location, total
nematode abundance decreases with greater growing-season
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precipitation due to increased abundance of predators that
consume and limit the abundance of nematodes lower in the
trophic structure. (ii) The magnitude of these nematode re-
sponses to temporal changes in precipitation increases with long-
term MAP from deserts to mesic grasslands. There is evidence
showing that arid ecosystems have higher disturbance resistance
and naturally smaller abundance of nematode predators than
moist ecosystems, supporting this hypothesis (23, 24). (i)
Through space and along a gradient of precipitation, total
nematode abundance increases with MAP along a spatial gra-
dient accompanying increased resources supply from arid to
mesic grasslands. The increase in resources may overshadow the
effect of growing predation pressure. Evidence of much larger
increases in resource availability (i.e., primary production) across
spatial compared with temporal precipitation gradients supports
this hypothesis (27, 28), which yields the opposite pattern
expected with the temporal gradient. We tested these hypotheses
by manipulating growing-season precipitation regimes to develop
a temporal gradient of received precipitation in three sites, which
are located along a spatial MAP gradient from arid to semiarid
and mesic grasslands.

Results

Our results showed divergent responses of nematode pop-
ulations to spatial and temporal changes in precipitation. Total
nematode abundance increased across a spatial gradient of MAP
from desert to humid grasslands (Fig. 14). In contrast, total
nematode abundance decreased with the amount of precipita-
tion received in each site resulting from differences in years and
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Fitted relationships between nematode population abundance and precipitation in space and time. Changes in precipitation through space (z axis),

are represented by the mean annual precipitation (MAP) across three sites. Changes in precipitation through time within sites (x axis, Received precipitation)
resulted from a combination of variability between years and rainfall manipulation treatments. (A) Total abundance of nematodes (Pgeceived precip. = 0.0507,
Pamap = 0.002, Pirteraction = 0.008, r? = 67.85%); (B) bacterivores (Preceived precip. = 0.001, Pyap = 0.486, Piteraction = 0.014, ?=67.17%); (C) fu ngivores (Preceived precip. =
0.070, Pyap < 0.001, Prteraction = 0.079, 2 = 66.43%); (D) root feeders (Preceived precip. < 0.001, Ppap < 0.001, Pinteraction = 0.005, r? = 50.62%); (E) omnivores
(PReceived precip. = 0.059, Pmap < 0.001, Pinteraction = 0.909, P = 14.13%); and (F) predators (Preceived precip. = 0.004, Pyap = 0.447, Pinteraction = 0.607, = 98.66%) explained

by received growing-season precipitation and long-term MAP. For all tests n = 240.
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treatments. This negative effect of received precipitation on total
nematodes was restricted to the highest MAP site, and resulted
from the strong negative responses of microbivores and root
feeders (Fig. 1 B-D) that were not fully compensated by a pos-
itive response of low-abundance predators (Fig. 1F). For all
trophic groups, statistical models showed weaker nematode re-
sponses to changes in received water at low than at high MAP
(Fig. 1). Within-site models confirmed these differential re-
sponses of nematodes to precipitation received in different years
and treatments depending on the MAP level. We observed
negative responses to increasing precipitation of all trophic
groups but positive responses of predators at the mesic grass-
land. Nevertheless, we did not detect any significant effect of
received precipitation on nematode populations at both the
semiarid and arid grasslands (SI Appendix, Fig. S1).

The slope describing the relationship between received pre-
cipitation in each site and number of nematode preys per
predator varied among the different quantiles of the prey-to-
predator ratio (Fig. 24). Negative effects of received pre-
cipitation were revealed at medium to lower prey-to-predator
ratios associated with the center and lower quantiles (slope o1 =
—0.03, p.o1 < 0.001, slope o5 = —0.005, po5 = 0.009), and a
positive effect occurred at higher ratios associated to the upper
quantile (slope.oo = 0.02, p-o.9 < 0.001). In other words, greater
received precipitation decreased the number of preys per pred-
ator in communities with medium to higher proportional abun-
dances of predator nematodes (lower ratios), as those observed
at more mesic environments (Fig. 1 and SI Appendix, Fig. S1).
Conversely, in communities with low proportional abundances of
predator nematodes (higher prey-to-predator ratios), such as
found in arid environments (Fig. 1 and SI Appendix, Fig. S1),
precipitation increased the number of preys per predator. When
fitting received precipitation onto the ordination plot (Fig. 34),
predators were linked to greater received growing-season
precipitation at the highest MAP site (npMANOVA: F = 9.07,
? = 10.54%, P = 0.001).
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Fig. 2. Number of nematode prey (bacterivorous, fungivorous, and root-
feeding nematodes) per predator (predaceous and omnivorous nematodes)
by precipitation levels. (A) Prey-to-predator ratio as a function of received
growing-season precipitation for all of the sites combined (n = 240). (B) Prey-
to-predator ratio as a function of long-term mean annual precipitation
(MAP) across a regional gradient (n = 240). Solid trend lines track the center
of the distribution (50th percentiles) of the relationship between pre-
cipitation regressors and prey-to-predator ratio estimated by mixed-effect
quantile estimates (Received precipitation: slope .95 = —0.005, p.o5 = 0.009;
MAP: slope 05 = —0.006, p.o5s = 0.006). Dotted and dashed trend lines
represent the 10th (Received precipitation: slope ;o1 = —0.03, p.o.1 < 0.001;
MAP: slope 9.1 = —0.03, p.o.1 < 0.001) and 90th percentiles (Received pre-
cipitation: slope,og = 0.02, p,oo < 0.001; MAP: slope 09 = 0.014, p.o9 <
0.001) of the distribution, respectively.
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Combined, these results provide strong evidence that lower
and higher nematode trophic levels inversely respond to tem-
poral changes in received growing-season precipitation, and that
the magnitude of these responses increases spatially with greater
long-term MAP. The observed increase in total nematode
abundance along a regional MAP gradient was driven by positive
responses across all nematode trophic groups (Fig. 1), with
stronger statistical support for fungivores (P < 0.001), root
feeders (P < 0.001), and omnivores (P < 0.001). Despite this
positive MAP effect on trophic groups, the number of preys per
predator was negatively related to the regional MAP gradient
(Fig. 2B), indicating a proportionally greater positive effect of
increasing MAP on predators compared with lower trophic lev-
els. The trophic structure of nematode communities changed
along the MAP gradient (nnMANOVA: F = 242.23, * = 50.41%,
P =0.001). When performing environmental fitting of MAP onto
the ordination plot, root feeders were associated with higher
MAP and omnivores to lower MAP values (Fig. 3B).

Discussion

As hypothesized, total nematode abundance decreased with greater
received growing-season precipitation. However, this negative ef-
fect of received precipitation only occurred at higher MAP levels
and became null at the lower end of the regional MAP gradient.
These results aligned with our first and second hypotheses and
resulted from the negative effects of precipitation, received in
each year and treatment, on the abundance of all nematode trophic
groups, except for predators. These were the least abundant feeding
groups overall and responded positively to increases in received
precipitation at high MAP. Therefore, temporal variations in water
availability in more mesic grasslands inversely affected the abun-
dance at lower and higher trophic levels. A possible explanation is
that increased moisture strengthened top-down control by carniv-
orous nematodes on root feeder and microbivore populations. This
phenomenon occurred only in mesic ecosystems, where predators
are naturally more numerous and positively affected by greater
growing-season precipitation. Analysis of the effects of received
precipitation on nematode prey-to-predator ratios showed that the
slope of this relationship varied from positive (for nematode
communities with fewer predators) to negative (for communities
with medium to high predator density). These results suggest that
increases in precipitation through time in more mesic grassland
ecosystems, where predators are naturally more numerous, con-
strain root feeders and microbivores by promoting their nematode
consumers. Predaceous nematodes are known to be highly re-
sponsive to environmental changes (24, 30). In contrast to mesic
environments, these findings indicate a less influential role of pre-
dation on the mechanism through which water availability controls
nematode communities in xeric environments, suggesting that in
drier ecosystems populations of nematodes are predominantly
controlled by resource availability rather than predation.

In contrast with the temporal pattern, the abundance of
nematodes increased with greater long-term MAP along a re-
gional gradient from arid to mesic grasslands. This is in agree-
ment with studies showing increased densities of soil nematodes
in response to higher MAP at regional to continental scales (24—
26, 31). Evidence shows that, at these large spatial scales, climate
characteristics such as precipitation become more important
than inherent properties of the soil substrate in explaining vari-
ations in soil fauna communities that occur across ecosystem
types (32, 33). Water availability directly controls nematode
movement and reproduction by limiting the soil water films on
which nematodes depend (21), and indirectly affects community
size and structure by controlling root production and carbon
availability at the base of the food web (18). MAP is strongly
correlated with net primary production (27), and the slopes of
this spatial relationship are usually considerably steeper than those
of temporal precipitation-productivity relationships (27, 28). Up
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Fig. 3. Nematode community trophic composition across precipitation gradients. (4) Nonmetric multidimensional scaling plot of nematode trophic groups as
a function of received growing-season precipitation at the mesic site (n = 80) (Bray—Curtis). (B) Nonmetric multidimensional scaling plot of nematode trophic
groups as a function of the long-term mean annual precipitation (MAP, n = 240) (Bray—Curtis).

to two-thirds of the increase in ecosystem primary production
along spatial MAP gradients has been attributed to differences in
long-term adapted plant communities and not to direct responses
to increased precipitation (34), whereas vegetation does not differ
appreciably over time in temporal gradients. Therefore, the total
input of energy and organic matter for nematode populations
increase more along MAP gradients than along temporal pre-
cipitation gradients. Higher in the trophic chain, these direct and
indirect MAP effects resonate through the population of pre-
daceous nematode species. In our study, root feeders showed the
strongest positive response to MAP in absolute terms, becoming
the dominant feeding group at the highest MAP levels (Figs. 1D
and 34), whereas the positive response of predators was propor-
tionally stronger than that of lower trophic levels (Fig. 2B). These
patterns are consistent with findings of a previous cross-site study
(24). Therefore, we argue that the amelioration of microhabitat
conditions and resource availability account for the positive effect
of long-term MAP on the abundance of all nematode trophic
groups.

Projections point to more extreme precipitation regimes
caused by global warming and amplification of the hydrological
cycle (35). Our data indicate that, under extreme dry conditions,
declines in the population of predator nematodes in mesic
grasslands will reduce predation of root-feeding nematodes and
increase their abundance in soil. In contrast, in xeric ecosystems,
responses of nematode communities to changes in water avail-
ability will be weaker.

This interaction among temporal and spatial changes in pre-
cipitation structuring nematode communities has not been pre-
viously reported and advances our understanding of water
controls on nematodes. This is likely to have ecosystem-wide
repercussions, because root herbivory by soil nematodes can be a
major factor controlling overall net biomass production in
grasslands (10, 11). Low levels of root herbivory associated to the
feeding activity of microbivores may increase soil nutrient con-
centration and root growth in grasses (36, 37). However, in-
creased populations of root-feeding nematodes lead to high
levels of plant infestation and plant damage that reduce 43-88%
of belowground biomass (38), a major compartment of net pri-
mary production in grasslands that may become even more im-
portant for carbon storage with more extreme droughts (39-41).
Thus, the direct effect of drought in mesic grasslands will be
enhanced by the indirect effect through changes in the nematode
food-web structure. Although other soil biota, not considered
here, may also play an important role in determining ecosystem-
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level responses to changes in precipitation, our results suggest
that weakened predation pressure and increased populations of
root feeders in response to reduced water availability can po-
tentially enhance the negative effect of drought on ecosystem
primary production and C cycling. These unanticipated conse-
quences of climate change for grasslands may challenge the
predictions of increasing plant biomass allocation belowground
in mesic ecosystems under drought.

Materials and Methods

Site Descriptions and Experimental Design. We experimentally manipulated
growing-season precipitation regimes in 2016 and 2017 in North American
desert grassland, semiarid shortgrass steppe, and mesic tallgrass prairie, and
analyzed the trophic structure of soil nematode communities in each of the
experimental years. The sites span a regional precipitation gradient along the
Great Plains’ grassland biome and vary in other climatic characteristics, soil
types, and vegetation composition (Table 1). The arid site is a desert grass-
land in the Jornada Basin Long-Term Ecological Research (LTER) site in
Southern New Mexico. In 2016 and 2017 the site received 212 and 290 mm of
precipitation, respectively. The long-term mean annual precipitation is
245 mm. The semiarid site is a shortgrass steppe located in Northern Colo-
rado at the Semiarid Grasslands Research Center, formerly Shortgrass Steppe
LTER. Mean annual precipitation is 321 mm, and the site received 207 and
291 mm in 2016 and 2017, respectively. The mesic site, a tallgrass prairie, was
located in Eastern Kansas at the Konza Prairie LTER. Average annual pre-
cipitation is 835 mm, with 991 and 726 mm in 2016 and 2017, respectively.
We carried out all experiments in areas protected from cattle grazing. See
Table 1 for detailed information about each site.

At each site, experimental plots were established in a relatively flat area of
~0.3 ha where the composition of vegetation represented that of the larger
ecosystem. We manipulated rainfall by using rainout shelters that intercept
the incoming precipitation that drained into a temporary storage tank, and
automatically transferred the water to irrigation plots through a solar-
powered pumping system (42). We imposed five levels of growing-season
precipitation manipulation: large and small water reduction, large and small
water addition, and an ambient control. These precipitation levels corre-
spond to the first and 10th percentile of long-term precipitation for the
rainfall reduction treatments and to the 90th and 99th percentile of long-
term precipitation for the rainfall addition treatments at each site following
current recommendations for manipulative experiments (43). Therefore, we
reduced incoming precipitation relative to the control by 80% and 50% in
the arid site, by 70 and 40% in the semiarid site and 60 and 30% in the mesic
site. We added precipitation simulating an increase of 150% and 180%, 140
and 170% and 130 and 160% in those three sites. In this way, treatments
across sites had drought/deluges that were similar relative to their historic
record although the percentages of precipitation added and subtracted
varied (see ref. 44 for the rationale of the design). We had rain gauges
adjacent to each site where we were manipulating precipitation. We calcu-
lated growing-season received precipitation in each treatment by multiplying

Franco et al.
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Table 1. Site characteristics for the Jornada Basin LTER, NM (Arid), Semiarid Grasslands Research Center, CO (Semiarid), and Konza
Prairie LTER, KS (Mesic)
Site characteristic Arid Semiarid Mesic
Geographic location
Latitude 32°33'N 40°50'N 39°4'N
Longitude 106°49'W 104°45'W 96°34'W
Ecosystem type Desert grassland Semiarid shortgrass Mesic tallgrass
Climate
MAP (mm)? 245 321 835
Mean growing season precipitation (mm)? 105 204 428
MAT (°C)? 14.7 8.4 12.5
Soil
TextureP Fine sandy loam Fine sandy loam Silty clay loam
Soil moisture (%) 0.42-3.00 1.51-4.65 14.39-32.81
Vegetation
ANPP (g m~2 year™") 201.1 52.8 382.5
Dominant species Black grama Blue grama (Bouteloua gracilis; Big bluestem

(Bouteloua eriopoda; Torr.) (Willd. Ex. Kunth) Lag. Ex Griffiths)

(Andropogon gerardii; VVitman)
Little bluestem (A. scoparius;
(Michx.) Nash)

Yellow indiangrass (Sorghastrum
nutans; (L.) Nash)

20btained from NOAA climate data from Las Cruces, NM, Nunn, CO, and Manhattan, KS.
PObtained from Soil Survey USDA (https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx).
‘Range of soil moisture values reflect measurements taken at the two sampling events in 2016 and 2017.

incoming precipitation by the percent reduction or addition associated with
each treatment. We had eight replicates at each site, totaling 40 plots of 5 m
by 2.5 m size per site. Treatments were randomly allocated to plots, which
were at least 5 m apart. The automated rainfall manipulation system was in
place from April to September in both experimental years.

Soil Collection. We collected soil samples at the end of the 2016 and 2017
growing seasons. Within each experimental plot, we used a 2.5-cm diameter
soil corer to collect four subsamples (one in each of the plot’s quadrants) from
the top 10 cm soil from directly beneath the dominant vegetation type,
cleaning all equipment with alcohol wipes between plots to avoid cross-
contamination. We pooled the subsamples together to form one compos-
ite sample per plot and mixed soil gently. The same plots and sampling
scheme were used in both years, avoiding the previous year disturbance on
the second sampling event.

Bags containing the soil samples were immediately placed inside coolers
containing ice packets for transportation, returned to laboratories at Colorado
State University, stored at 4 °C, and soil nematodes were extracted within 2 d.

Nematode Extraction and Counting. Nematodes in soil samples were extracted
from 100-g soil aliquots using Baermann funnels (45), from which nematodes in
water were removed daily for 3 d, and stored at 4 °C. Nematodes were
counted and identified using an inverted microscope (Olympus CKX41, 200x
magnification) within 5 d of extraction to five different trophic groups: bac-
terivores, fungivores, root feeders, omnivores, and predators (13). Standard-
ized nematode population abundances were calculated as number of
individuals per kg of soil (corrected to oven-dried weight equivalent). Gravi-
metric soil water content (wt/wt) and oven-dry weight equivalents were de-
termined for each sample from mass loss of soils heated to 105 °C for 72 h.

Statistical Analyses. We generated statistical models for the abundance of
total nematodes and each individual trophic group using received growing-
season precipitation, long-term MAP, and their interaction. We used linear
mixed effects models with a plot-level random effect term to account for the
interdependency that stems from having repeated measurements per plot.

1. F. T. de Vries et al., Soil food web properties explain ecosystem services across Euro-
pean land use systems. Proc. Natl. Acad. Sci. U.S.A. 110, 14296-14301 (2013).

2. P. A. Fay, D. M. Kaufman, J. B. Nippert, J. D. Carlisle, C. W. Harper, Changes in
grassland ecosystem function due to extreme rainfall events: Implications for re-
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