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Altered precipitation and nighttime warming reshape the 
vertical distribution of soil microbial communities
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ABSTRACT Soil depth determines microbial community composition. Yet, it remains 
largely unexplored how climate changes affect the vertical distribution of soil microbial 
communities. Here, we investigated the effects of altered precipitation and nighttime 
warming on microbial communities in the topsoils (0–20 cm) and subsoils (20–50 cm) of 
a temperate grassland in Inner Mongolia, China. As commonly observed under nutrient 
scarcity conditions, bacterial and fungal α-diversity and network complexity decreased 
with soil depth. However, protistan α-diversity and network complexity increased, which 
was attributed to less niche overlap and smaller body size. Strikingly, the slopes of 
linear regressions of microbial α-diversity/network complexity and soil depth were all 
reduced by altered precipitation. Microbial community composition was significantly 
influenced by both depth and reduced precipitation, and to a lesser extent by nighttime 
warming and elevated precipitation. The ribosomal RNA gene operon (rrn) copy number, 
a genomic proxy of bacterial nutrient demand, decreased with soil depth, and the 
percentages of positive network links were higher in the subsoil, supporting the “hunger 
game” hypothesis. Both reduced precipitation and nighttime warming decreased the 
rrn copy number in the subsoils while increasing the percentages of positive links, 
enhancing potential niche sharing among bacterial species. The stochasticity level of 
bacterial and fungal community assemblies decreased with soil depth, showing that 
depth acted as a selection force. Altered precipitation increased stochasticity, attenuat­
ing the depth’s filtering effect and diminishing its linear relationship with microbial 
diversity. Collectively, we unveiled the predominant influence of altered precipitation in 
affecting the vertical distribution of soil microbial communities.

IMPORTANCE Understanding how climate change impacts the vertical distribution of 
soil microbial communities is critical for predicting ecosystem responses to global 
environmental shifts. Soil microbial communities exhibit strong depth-related stratifi­
cation, yet the effects of climate change variables, such as altered precipitation and 
nighttime warming, on these vertical patterns have been inadequately studied. Our 
research uncovers that altered precipitation disrupts the previously observed relation­
ships between soil depth and microbial diversity, a finding that challenges traditional 
models of soil microbial ecology. Furthermore, our study provides experimental support 
for the hunger game hypothesis, highlighting that oligotrophic microbes, characterized 
by lower ribosomal RNA gene operon (rrn) copy numbers, are selectively favored in 
nutrient-poor subsoils, fostering increased microbial cooperation for resource exchange. 
By unraveling these complexities in soil microbial communities, our findings offer crucial 
insights for predicting ecosystem responses to climate change and for developing 
strategies to mitigate its adverse impacts.
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G lobal warming, accompanied by substantial shifts in precipitation regimes (1), 
has significant impacts on soil microbial communities (2) and their functions (3, 

4). However, the observed diurnal asymmetry in global warming, characterized by a 
onefold higher rate of warming at night compared to day (5), challenges the mainstream 
experimental warming design with constant warming levels (via infrared heaters) or 
higher warming levels during the day than at night (via open-top chambers) (6). As a 
result, the impact of stronger nighttime warming on soil microorganisms lacks under­
standing.

The effects of climate change treatment on topsoil microbial communities have been 
extensively studied. For instance, experimental warming decreased microbial biomass 
and diversity in the topsoil of grassland (7) and altered microbial community composi­
tion (8), while elevated precipitation tended to increase microbial biomass and diversity 
(7). Reduced precipitation decreased topsoil microbial interaction, with differential 
impacts on bacteria and fungi (9). However, subsoil microbial communities (>20 cm) 
remain largely overlooked (10). Although topsoils harbor more abundant microorgan­
isms, subsoil microbial communities are far from negligible, constituting over 30% of the 
soil microbial biomass (11) and playing a pivotal role in regulating subsoil organic carbon 
stocks, which account for more than half of global soil stocks (12, 13).

Due to strong resource constraints in carbon, nitrogen, and O2 availability and the 
presence of smaller and less frequent soil pores (14), nutrient deprivation and disper­
sal limitation strongly shape subsoil microbial community (11), resulting in the high 
dissimilarity of bacterial community within a 30 cm depth range comparable to the 
dissimilarity observed across several kilometers in topsoils (15). Compared to topsoils, 
microbial communities in subsoils are thought to be more stable and resistant to climate 
change (16, 17). For example, subsoil microbes under warming enhanced the utilization 
of complex organic carbon to reduce resource limitation effects (18). Under warming, 
microbial biomass carbon remained unchanged in subsoils but increased at the soil 
layer at the depth of 0–10 cm (19). However, this proposition has been challenged by 
a recent finding that warming altered the dynamics of organic carbon in subsoils but 
not in topsoils (20), potentially leading to more substantial changes in subsoil microbial 
communities.

Since the responses of the subsoil microbial community to climate change differ from 
topsoils (18), vertical spatial distributions of microbial communities might be affected by 
climate change. To address it, we have conducted a field experiment on the Mongolian 
Plateau since 2014, which is composed of three treatments (i.e., reduced precipitation 
of −30% rainfall adjustment, elevated precipitation of +30% rainfall adjustment, and 
warming with continuous +1°C warming at night) and their controls (21). The plots 
are arranged in random block design and with three biological replicates (Fig. S1). 
In 2021, soil samples spanning a depth of 0–50 cm were collected from all plots. 
We hypothesize that (i) soil bacterial, fungal, and protistan diversities decrease with 
soil depth, with distinct community composition and network complexity at different 
soil layers, as shown previously (11, 22–24); we further hypothesize that (ii) 7 year 
experimental treatments of reduced precipitation, elevated precipitation, or nighttime 
warming will affect the trend that microbial α-diversity decreases with soil depth. 
Among them, we predicted that reduced precipitation would reduce the magnitude 
of microbial α-diversity’s decrease with soil depth since higher aridity reduced environ­
mental heterogeneity across the soil profile, thus narrowing the difference of micro­
bial α-diversities between topsoils and subsoils. In addition, soil microbial community 
compositions and network complexity would be changed. As microbial communities 
under nutrient-poor conditions tend to cooperate in exchanging their metabolites (25), 
we also hypothesize that (iii) the percentage of positive ecological interaction, revealed 
by co-occurrence networks, would increase with soil depth but would be changed by 
experimental treatments. However, our results only partially support those hypotheses.
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MATERIALS AND METHODS

Site description and experiment design

Our experiment was established in 2014 at Duolun Restoration Ecology Station, Duolun 
County, Inner Mongolia, China (42°02′ N, 116°17′ E, and 1,324 m a.s.l.), while the soil 
profiles were transplanted from meadow steppes (Dongwuqi County: 45°57′ N, 118°22′ E, 
992 m a.s.l.) with 448.7 mm historical mean annual precipitation (1953–2012), typical 
steppes (Duolun County: 42°12′ N, 116°28′ E, 1393 m a.s.l.) with 380.9 mm (1953–
2012), and desert steppes (Siziwangqi County: 41°52′ N, 111°53′ E, 1484 m a.s.l.) with 
314.9 mm (1959–2012), based on China Meteorological Data Sharing Service System 
(https://data.cma.cn/en/). For each site, 18 soil-plant monoliths (2.2 m in length, 1.5 m 
in width, and 1.2 m in depth) were extracted, accommodated within a stainless steel 
box, and then transported by truck (26). We arranged 54 monoliths in a 3 × 3 matrix, 
grouped by steppe types, buried in 1.2 m-deep trenches, with nine units separated by 
4 m buffer zones. Each unit contained six plots, distanced 1 m apart from each other 
and randomly subjected to one experimental condition below: (i) control; (ii) night­
time warming (ambient precipitation, warming between 18:00 and 06:00); (iii) reduced 
precipitation (30% below ambient precipitation levels); (iv) increased precipitation (30% 
above ambient precipitation levels); (v) reduced precipitation plus nighttime warming; 
and (vi) elevated precipitation plus nighttime warming, excluding natural precipitation 
inputs from June to September for every year by rainout shelters with a roof height of 
3.5 m and edge height of 2.0 m. The collected rainwater was distributed to the plots 
based on the annual precipitation of their origin location, which was determined by 
the average precipitation recorded from 2002 to 2006. To investigate how single-climate 
change treatment on soil microbial community and reduce the influence of transplant, 
our study only involves soil samples under control, reduced precipitation, elevated 
precipitation, or nighttime warming, and from typical steppes.

Nighttime warming was applied due to the asymmetric diurnal increase in tempera­
ture, which exhibited a smaller effect during the day than at night, and their dispropor­
tionate effect on the plant ecosystem (27). Medium wave infrared radiators, measuring 
104.2 cm long, 5.5 cm wide, and 8.5 cm high, were used to heat the site, which was set 
at a 1,600 W output (Heraeus Noblelight GmbH, Hanau, Germany). Since 2014, they were 
positioned 2 m above the plots for warming from mid-March to mid-November annually. 
Identical but inactive “dummy” heaters were also installed to simulate shade effects in 
plots without warming.

Sampling procedures and edaphic property analyses

After 7 years of altering temperature and precipitation, soil samples were collected in 
August 2021, when the growing season ended. Within every plot, a soil auger was used 
to randomly collect two soil cores, each measuring 0–50 cm deep and 7.5 cm in diameter. 
They were subsequently split into four depth intervals: 0–10 cm, 10–20 cm, 20–30 cm, 
and 30–50 cm (Fig. S1). Those two soil cores were then mixed as a composite soil sample. 
We used a 2 mm sieve to sieve the soil and tweezers to remove roots and organic matter, 
so we got a fine­earth fraction of the soil. After that, we transported 48 composite soil 
samples (four treatments, three replicates, and four soil layers) chilled on ice to the 
laboratory within 2 days. They were then separated into two portions, with one subset 
refrigerated at 4°C and the other frozen at −80°C for further analyses.

Before collection, we measured and recorded the soil temperature, which was 
represented by soil at a depth of 10 cm for each plot, using a Li-8100–201 thermocou­
ple probe (Li-Cor Inc., Lincoln, NE, USA). We also measured soil moisture through a 
Diviner 2000 portable soil moisture device (Sentek Pty Ltd, Balmain, NSW, Australia). For 
the collected soil samples, a Lachat 8000 flow­injection analyzer (Lachat, Milwaukee, 
WI, USA) was employed to determine the soil nitrate (NO3

−) and ammonia (NH4
+). 

We estimated belowground net primary productivity (BNPP) via the root in-growth 
technique as previously shown (28).
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DNA extraction and sequencing

We extracted and purified DNA from 1 g soil samples using the DNeasy PowerSoil Pro kit 
(Qiagen, Hilden, Germany). Then, we assessed DNA quality using a NanoDrop ND-1000 
Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA). We retained 
the eligible samples according to the standard that measuring absorbance ratios for 
260/230 nm should be more than 1.7, and that for 260/280 nm should be more than 1.8. 
These DNA samples were then preserved at −80°C until further sequencing.

For the sequencing analysis, universal primer pairs were employed, i.e., 515F 
(5′-GTGYCAGCMGCCGCGGTAA-3′) and 907R (5′-CCGYCAATTYMTTTRAGTTT-3′) targeting 
the V4–V5 hypervariable region of bacterial and archaeal 16S rRNA genes (29), ITS5F (5′-G
GAAGTAAAAGTCGTAACAAGG-3′) and ITS1R (5′-GCTGCGTTCTTCATCGATGC-3′) targeting 
the fungal internal transcribed spacer (ITS) sequence between 5.8S and 28S rRNA genes 
(30), and TAReuk454FWD1 (5′-CCAGCASCYGCGGTAATTCC-3′) and TAReukREV3 (5′-ACTT
TCGTTCTTGATYRA-3′) targeting the V4 region of 18S rRNA genes (31). To enhance the 
accuracy and quantification of the sequence data for library preparation (32), we utilized 
a two-step polymerase chain reaction (PCR) amplification method. For each sample, 
10 ng of DNA was initially amplified through PCR for 10 cycles using specific primer 
pairs, and this process was in a 25 µL reaction volume and performed in triplicate. 
Then, we combined the PCR products obtained in three triplicates and purified them. 
Subsequently, we used 30 µL deionized water to elute them before using 15 µL of the 
products as templates to amplify in PCR using primers with unique barcodes for each 
sample over 25 cycles. Then, we mixed the PCR products obtained in the previous step 
from different soil samples at equal molarity, and we used the Illumina Nova Reagent Kit 
(Illumina Inc., San Diego, CA, USA) for sequencing library preparation. Finally, a 2 × 250 
paired-end sequencing kit was used to sequence the library on the Illumina Nova 6000 
platform (Illumina Inc.).

The raw reads from the 16S rRNA genes, ITS sequences, and 18S rRNA genes were 
processed as previously described (7). Briefly, we trimmed the primer sequences from 
the paired-end sequences and then merged the sequences with FLASH (33). Sequen­
ces for 16S rRNA genes with less than 245 bp, for ITS with less than 220 bp, and 
for 18S rRNA genes with less than 330 bp, or sequences exhibiting uncertain bases 
were all removed. Following this, the refined 16S rRNA genes, ITS sequences, and 18S 
rRNA genes were employed to create amplicon sequence variants (ASVs) with 100% 
identity via the UNOISE3 algorithm (34). We used Clustal Omega v1.2.2 to align these 
representative sequences (35) and constructed phylogenetic trees with FastTree2 v.2.1.10 
(36). Taxonomic classification of zOTUs for the 16S rRNA genes was achieved using the 
Silva Classifier with a 70% confidence threshold (37), excluding archaea, chloroplasts, 
and mitochondria from the analysis. The ITS ASVs were classified using the Ribosomal 
Database Project Classifier, along with the UNITE Fungal ITS training set (August 2018 
version) (38). The PR2 database (39) was used for taxonomic annotation of 18S rRNA 
gene ASVs, with those identified as fungi, Metazoa, and Streptophyta excluded from 
the analysis of protists. The remaining protistan sequences were classified into main 
groups based on their energy acquisition strategy: phototrophs, parasites, or consumers, 
as previously classified (40). For comparative purposes, sequence counts for each sample 
were normalized to a consistent depth for the bacterial 16S rRNA gene (35,000), fungal 
ITS sequences (33,287), and protistan 18S rRNA genes (2,961).

Bioinformatic analyses of microbial communities

Please see the supplemental information for details on bioinformatic analyses of 
microbial communities.
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RESULTS

Key ecosystem variables

Nighttime warming and altered precipitation regimes significantly affected several soil 
factors. We used a soil depth of 20 cm as the boundary for topsoil and subsoil, a 
popular practice based on the average plant root depth in grassland ecosystems (20, 
41–43). There were significant differences in root biomass, BNPP, soil NO3

− content, and 
moisture between topsoil and subsoil (P < 0.048, Fig. S2). Compared to the control, 
the average topsoil temperature was increased by 0.66°C under nighttime warming (P 
< 0.001, Fig. S3a) but remained unchanged under altered precipitation. The average 
soil moisture across all soil layers was 7.25% under the control, which was decreased 
to 5.62% by reduced precipitation (P < 0.001, Fig. S3b) and increased to 11.70% by 
elevated precipitation (P < 0.001) and to 8.89% by nighttime warming (P = 0.001). For 
other edaphic factors, the average NO3

− content across all soil layers was increased 
by reduced precipitation (P < 0.001, Fig. S3c) but remained unchanged by elevated 
precipitation or nighttime warming. In contrast, the average NH4

+ content across all soil 
layers was similar across all plots (P > 0.050, Fig. S3d). The BNPP across all soil layers 
was decreased by nighttime warming (P = 0.002, Fig. S3e) but remained unchanged 
by altered precipitation. Soil moisture, NO3

− content, and BNPP all decreased with soil 
depth (Table S1), indicating a greater oligotrophic environment in the subsoil. In contrast, 
NH4

+ content remained similar across all soil layers but was increased under nighttime 
warming (P = 0.023, Table S1).

Microbial α-diversity

Climate treatments significantly affected microbial α-diversities, which were calculated 
based on targeted amplicon sequencing data. The linear mixed model (LMM) showed 
that bacterial richness and phylogenetic α-diversity (PD) were increased by elevated 
precipitation and nighttime warming (P ≤ 0.036, Table S2). The bacterial Shannon index 
was also increased by elevated precipitation (P = 0.026), while they responded non-sig­
nificantly to reduced precipitation. In contrast, fungal richness, Shannon index, and PD 
decreased with reduced precipitation (P ≤ 0.007), though elevated precipitation and 
nighttime warming had no significant effects on them. However, protistan α-diversity 
remained unchanged under all three treatments.

Soil depth significantly affected microbial α-diversities. As commonly observed 
elsewhere (22–24), bacterial and fungal richness decreased with soil depth under control 
and all three treatments, showing negative linear regressions (P < 0.026, Fig. 1a and b). 
However, the decrease in bacterial and fungal richness with depth was less substantial 
under reduced precipitation (P < 0.003 by standardized major axis [SMA] test), suggest­
ing that reduced precipitation diminished the slope of the regression. A similar result 
was observed for fungal richness under elevated precipitation (P = 0.024 by SMA test), 
while the slope was not affected for bacteria richness. In sharp contrast, the decrease in 
fungal richness with depth was more substantial under nighttime warming (P = 0.004 by 
SMA test), while the slope of bacteria richness was not affected. The protistan richness 
increased with soil depth under the control and nighttime warming (P < 0.003, Fig. 1c), 
with nighttime warming showing a larger slope than the control (P = 0.003 by SMA test). 
In contrast, the protistan richness remained similar across all soil layers under altered 
precipitation.

When using other α-diversity indices including Shannon and phylogenetic diversity, 
similar results were obtained (Table S3), suggesting that the patterns observed were 
robust to choices of α-diversity indices. When classifying microbial communities into 
different phyla, most phyla showed consistent results (Table S4). The variations in 
microbial α-diversity in different soil layers could be explained by BNPP, NO3

− content, 
NH4

+ content, and soil moisture (Table S1), as they were key contribution variables of 
microbial richness based on aggregated boosted tree (Table S5).
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Microbial community compositions

Climate treatments and soil depth differentially affected microbial community composi­
tions. Specifically, microbial community compositions were significantly different among 
soil layers (non-metric multidimensional scaling in Fig. 2a through c; P = 0.001 by Adonis 
in Table S6). Reduced precipitation affected bacterial, fungal, and protistan communi­
ties, while elevated precipitation and nighttime warming affected only the protistan 
community (P < 0.050, Table S6). BNPP was the strongest contribution variable for all 
microbial communities, while NO3

− content, soil moisture, and NH4
+ content were also 

significant predictors (P < 0.063 by Mantel test, Table S7).
The paired bacterial community dissimilarity between the reduced precipitation 

treatment and the control decreased with soil depth (P < 0.083, Fig. S4a), suggesting that 
bacteria in subsoils were less affected by reduced precipitation than topsoils. Similarly, 
the paired protistan community dissimilarity between any of the three treatments and 
the control decreased with soil depth (P < 0.084, Fig. S4c). However, the paired fungal 
community dissimilarity between the nighttime warming treatment and the control 
increased with soil depth (P = 0.083, Fig. S4b), suggesting that fungi in subsoils were 
more affected by nighttime warming than topsoils. Additionally, we calculated microbial 
community dispersion within soil profiles. However, we did not observe any statistically 
significant differences in community dispersion within soil profiles (Table S8) across all 
treatments and microbial groups (bacteria, fungi, or protists), suggesting that experi­
mental treatments did not homogenize microbial communities within soil profiles.

Microbial ecological networks

Microbial ecological networks have been widely used to explore potential ecological 
relationships among microbial community members. To this end, we constructed four 
global molecular ecology networks (MENs) using samples in each of the four soil layers 
(see Materials and Methods for details). All global networks were non-random (P < 0.050, 
Table S9), possessing typical biological network properties such as scale-free, small-world 

FIG 1 Changes in soil microbial richness with soil depth. (a–c) Changes in bacterial (a), fungal (b), and protistan (c) richness with soil depth under treatments 

or control. The slopes were determined using the linear mixed­effect model (LMM) accounting for the repeated-measure design, and r2 values were calculated, 

reflecting variance explained by the whole LMM model. Statistical significance was determined using Wald type II χ2 tests (n = 12). The lines show the fixed effects 

in the LMM, where solid lines represent the significant fixed effects, while dashed lines represent non­significant fixed effects. The slopes are presented as a 

coefficient in fixed effect ± standard error in random effect. The gray star or hash symbol of the slope represents the significance of the slope difference between 

the control and treatments, based on the standardized major axis test. The upper depth of soil layers was used for calculation. ***P < 0.001, **0.001 < P < 0.010, 

*0.010 < P < 0.050, #0.050 < P < 0.100.
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(short geodesic distances ranging from 3.905 to 10.222), and modular (modularity 
exceeding 0.350) features.

We divided the global MENs into individual networks for each sample (see Materials 
and Methods for details). Under the control condition, the network size (total number 
of nodes, n) and connectivity (total number of links, L) of bacterial and fungal networks 
decreased with soil depth, except that those of protistan networks increased with soil 
depth (P < 0.001; Fig. 3; Table S10), consistent with observations of microbial α-diversities 
(Fig. 1a through c). Those changes were less substantial or remained similar along soil 
depth under reduced precipitation for bacteria and fungi (P < 0.004 by SMA test), and 
under elevated precipitation for fungi and protists (P < 0.018 by SMA test). In contrast, 
those changes were more substantial along soil depth under nighttime warming for 
bacteria (P < 0.082 by SMA test).

The ratios of positive to negative links, which implied niche sharing, in bacterial and 
fungal networks were higher in subsoils than in topsoils (Fig. S5). Those ratios in subsoil 
were further increased by reduced precipitation and nighttime warming (P < 0.086 by 
linear mixed­effect model [LMM], Table S11). In contrast, the ratio of positive to negative 
links in the subsoil protistan network was decreased by elevated precipitation (P = 0.098, 
Table S11).

Bacterial community-level rrn copy number

The bacterial rrn copy number serves as a proxy to infer bacterial growth potential (44). 
Therefore, we calculated the average rrn copy number for each bacterial community (25). 
The community-level rrn copy number decreased with soil depth under control or any 
treatment, regardless of whether taking taxa abundance into account or not (P < 0.001; 
Fig. 4). The community-level rrn copy number was positively correlated with NO3

− 

content and BNPP (R = 0.536–0.647, P < 0.001, Pearson’s correlation; Table S12), verifying 
strong resource dependence of rrn copy number (25, 44). All three treatments decreased 
bacterial rrn copy numbers in the subsoils, with reduced precipitation and nighttime 
warming also affecting the topsoils (P < 0.077 by LMM, Table S13), indicating an 
enhancement of resource limitations.

FIG 2 The microbial community composition in different soil layers. (a–c) Non-metric multidimensional scaling (NMDS) ordination of changes in microbial 

communities with soil depth under treatments or control. The analyses were conducted based on Sorensen dissimilarity metrics for bacterial (a), fungal (b), and 

protistan (c) communities. All stress values associated with these ordinations are below 0.200, indicating robust ordination outputs.
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Protistan community-level body size and niche overlap

We calculated the average body size for each protistan community to explore the effects 
of soil depth and climate treatments. The community-level body size decreased with soil 
depth (Fig. S6), but the change was less substantial under reduced precipitation and 
more substantial under nighttime warming and remained similar between the elevated 
precipitation and the control (P < 0.016 by SMA test). Reduced precipitation decreased 
community-level body sizes at both topsoils and subsoils; elevated precipitation 
decreased it in subsoils; and nighttime warming increased it in topsoils while decreasing 
it in subsoils (P < 0.037 by LMM, Table S14).

The decrease in community-level body size of protists with soil depth may affect the 
resource competition among protists. Therefore, we measured the niche overlap 
between pairs of protists on the community level. The community-level niche overlap in 
topsoil was higher than that in subsoil (P < 0.001 by Wilcoxon test, Table S15), which was 
suggestive of less resource competition for protists in subsoil.

Microbial community assembly

Stochastic and deterministic ecological processes jointly contributed to microbial 
community assembly (45). Therefore, we calculated stochastic ratios to quantify their 

FIG 3 Changes in microbial network with soil depth. (a–f ) The linear relationship between soil depth and the network node and link number of bacterial (a 

and d), fungal (b and e), and protistan (c and f) under treatments or control. The slopes were determined using the linear mixed­effect model (LMM) accounting 

for the repeated-measure design, and r2 values were calculated, reflecting variance explained by the whole LMM model. Statistical significance was determined 

using Wald type II χ2 tests (n = 12). The lines show the fixed effects in the LMM, where solid lines represent the significant fixed effects, while dashed lines 

represent non­significant fixed effects. The slopes are presented as a coefficient in fixed effect ± standard error in random effect. The gray star or hash symbol of 

the slope represents the significance of the slope difference between the control and treatments, based on the standardized major axis test. The upper depth of 

soil layers was used for calculation. ***P < 0.001, **0.001 < P < 0.010, *0.010 < P < 0.050, #0.050 < P < 0.100.
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relative contributions (46). The stochastic ratios of bacterial and fungal community 
assembly decreased with soil depth under control (P < 0.018, Fig. 5a and b), suggesting 
that soil depth acted as a deterministic filter. The decrease was less substantial for 
bacteria under all three treatments and more substantial for fungi under reduced 
precipitation and nighttime warming (P < 0.002 by SMA test, Fig. 5a and b). In contrast, 
the stochastic ratio of the protistan community assembly was unaffected by soil depth or 
treatments (Fig. 5c). Reduced precipitation and nighttime warming increased the 
stochastic ratio of bacterial community assembly, while elevated precipitation increased 
the stochastic ratio of all microbial community assemblies (P < 0.033 by LMM, Table S16), 
suggesting a decrease in deterministic influence.

DISCUSSION

Negative linear relationship between microbial α-diversity and soil depth

In line with our first hypothesis, there were decreases in bacterial and fungal α-diversities 
with soil depth (Fig. 1; Table S3), which were commonly observed in terrestrial ecosys­
tems (22–24). Such declines are attributable to reductions in nutrition availability (47), 

FIG 4 Changes in community-level ribosomal RNA gene operon (rrn) copy number with soil depth. (a and b) Community-level rrn copy number weighted 

by taxon abundance (a) and unweighted by taxon abundance (b). The slopes were determined using the linear mixed­effect model (LMM) accounting for the 

repeated-measure design, and r2 values were calculated, reflecting variance explained by the whole LMM model. Statistical significance was determined using 

Wald type II χ2 tests (n = 12). The lines show the fixed effects in the LMM, where solid lines represent the significant fixed effects, while dashed lines represent 

non­significant fixed effects. The slopes are presented as a coefficient in fixed effect ± standard error in random effect. The gray star or hash symbol of the slope 

represents the significance of the slope difference between the control and treatments, based on the standardized major axis test. The slope and the standard 

error are multiplied by one thousand for visualization. The upper depth of soil layers was used for calculation. ***P < 0.001, **0.001 < P < 0.010, *0.010 < P < 

0.050, #0.050 < P < 0.100.
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water content (48), and O2 concentrations (11), which were corroborated by our 
observations of decreased soil moisture, NO3

− content, and BNPP (Table S1). Contrary to 
our first hypothesis, protistan richness increased with soil depth despite the resource 
constraints in subsoils (Fig. 1c). Such an increase may stem from two factors: firstly, the 
decrease in microbial biomass in subsoils (49) could inhibit the abundance of dominant 
protistan taxa, which predate bacteria and fungi. As a result, competitive exclusion is 
reduced, which increases the diversity of subordinate taxa and thereby the overall 
protistan community (50). Secondly, the smaller body sizes of protists in subsoils (Fig. S6) 
imply a lower resource demand (51), enabling the subsoils to harbor a more diverse 
protistan community with less niche overlap compared to the topsoils (Table S15) (52).

The second hypothesis was supported by our results (Fig. 1 to 3). The diminished 
linear relationship between microbial α-diversity with soil depth under altered precipita­
tion mirrors previous studies in grassland soils across broad climatic aridity gradients 
(53, 54), where higher aridity reduced both the carbon input from plant litter and 
environmental heterogeneity across the soil profile, thus narrowing the difference of 
microbial diversities between topsoils and subsoils. This was consistent with our findings 
of a reduced linear relationship between BNPP and NO3

− content with soil depth under 
reduced precipitation (Table S1).

Soil microbial community compositions across the soil profile

In line with our first hypothesis, the microbial community compositions differed in each 
soil layer (Fig. 2), as soil depth was a key determinant of microbial communities (15). 
Contrary to previous studies showing that the influence of aboveground environments 
on microbiome composition was relatively lower in deeper soils (16, 17), the paired 
community dissimilarity between treatments and the control increased with or did not 

FIG 5 Microbial community assembly. The bacterial, fungal, and protistan community assembly was based on Sorensen dissimilarity metrics. (a–c) The change 

of stochasticity in bacterial (a), fungal (b), and protistan (c) community assembly with soil depth based on Sorensen dissimilarity metrics under treatments and 

control. The slopes were determined using the linear mixed­effect model (LMM) accounting for the repeated-measure design, and r2 values were calculated, 

reflecting variance explained by the whole LMM model. Statistical significance was determined using Wald type II χ2 tests (n = 12). The lines show the fixed effects 

in the LMM, where solid lines represent the significant fixed effects, while dashed lines represent non­significant fixed effects. The slopes are presented as a 

coefficient in fixed effect ± standard error in random effect. The gray star or hash symbol of the slope represents the significance of the slope difference between 

the control and treatments, based on the standardized major axis test. The upper depth of soil layers was used for calculation. For visualization, the slope and 

standard error are multiplied by 1,000 for bacteria and protists and 10,000 for fungi. ***P < 0.001, **0.001 < P < 0.010, *0.010 < P < 0.050, #0.050 < P < 0.100.
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change along soil depth (Fig. S4), which was possibly caused by stronger changes in 
moisture in subsoils by nighttime warming and altered precipitation treatments (18).

The subsoil, acting as a restrictive environment for microbial proliferation (16, 55), 
tended to select oligotrophic taxa with low rrn copy number conducive to low resource 
demand (56), which was reflected by the lower bacterial community-level rrn copy 
number in subsoils (Fig. 4). Furthermore, the competitive advantage of oligotrophic taxa 
in subsoils explained the increased or unchanged richness or relative abundance of 
certain taxa with soil depth (Table S4; Fig. S7), including Actinobacteria, known for their 
mycelial growth facilitating water and nutrient acquisition (22), Nitrospirae (common 
chemoautotrophs specializing in nitrite oxidation) (16), and Verrucomicrobia, well known 
as oligotrophs (57, 58).

A test of the “hunger game” hypothesis

In a global survey of marine environments, we have proposed a hunger game hypothesis 
(25), which posited that oligotrophic microorganisms with low rrn copy numbers are 
favored in the nutrition-limited environment, while potential cooperation is enhanced 
to exchange metabolites. This hypothesis might hold true in terrestrial environments 
as well, evidenced by a lower rrn copy number (Fig. 4) and a higher ratio of positive 
to negative links in subsoils than in topsoils (Fig. S5), two microbial functional traits 
untested by the stress gradient hypothesis (59).

In pure cultures, the rrn copy number has been established as a reliable indicator 
of bacterial adaptability to nutrient availability (44, 60). Here, we affirm its applicabil­
ity in natural soil bacterial communities (Fig. 4; Table S1), suggesting the potential 
of employing community-level rrn copy number as a predictor for biological nutrient 
availability in natural settings. Meanwhile, cooperation can enhance productivity, as 
mutually beneficial species may participate in labor division and exchange essential 
metabolites, facilitating optimal nutrient use (61, 62). In contrast, competition among 
community members can counterbalance each other, thereby contributing to commun­
ity stability. Cooperative growth, reflected by the ratio of positive to negative links in 
bacterial and fungal networks (Fig. S5), is preferred in nutrient-limited subsoils, acting 
as a plausible mechanism to counteract the loss of diversity and promote ecosystem 
stability (63, 64). In environments with more nutrients, bacteria produce detrimental 
metabolites that suppress the growth of competing species within the community (65). 
As a result, the “selfish” behavior of dominant species obstructs species coexistence, 
ultimately reducing biodiversity.

Microbial community assembly

Deterministic processes in the community assembly include non-random and niche-
based mechanisms, contributed mainly by environmental filtering or biotic interactions 
(46). Consistent with a previous study (66), we showed that increasing depth imposed 
a stronger deterministic selection for bacteria and fungi (Fig. 5a and b), reflecting 
the restrictive conditions in subsoils (46). The migration of microorganisms in deep 
soils is limited by the physical barrier of soils because the lateral movement of soil 
microbes across an extended distance occurs primarily above ground (67). As a result, 
the dispersal, which is one of the major stochastic processes, would be lower in deep 
soils. In contrast, nutrient and moisture constraints on microbial communities can be 
strong in deep soils, as site­specific variations in both water availability and plant roots 
can give rise to spatial discontinuity of carbon input derived from root exudates (14, 68). 
However, the stochasticity ratios of the protistan community assembly were unchanged 
by soil depth or treatment (Fig. 5c; Fig. S7), suggesting a unique adaptive capacity among 
protists for reducing environmental stress in subsoils, possibly owing to both lower 
resource demands of protists in subsoils as reflected by smaller protistan body sizes in 
subsoils (Fig. S6) and reduced competition among protists as reflected by the decreased 
niche overlap among protists (Table S15). In addition, protists are highly diverse in their 
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metabolic flexibility, enabling them to exploit a broader range of niches within the 
subsoil (69). Protists could also form cysts to cope with environmental pressure (70).

The treatment of reduced precipitation further exacerbates soil moisture limitations 
(Fig. S3b), resulting in a reduction of the stochastic ratios of bacterial and fungal 
community assembly (Table S16). Biotic interaction, serving as a deterministic force (71), 
also plays a pivotal role in the community assembly (72), despite the absence of robust 
methodologies for in situ measurement. However, the ratios of positive to negative links 
in bacterial and fungal networks were higher in subsoils than in topsoils (Fig. S5). As 
subsoils are more resource limited and physically restrictive, microbial species are more 
likely to engage in cooperative interactions to optimize resource utilization and survival.

Conclusions

Our study revealed the complex effects of altered precipitation and nighttime warming 
on the vertical spatial distribution of soil microbial communities. Contrary to common 
observations of decreased bacterial and fungal α-diversity with soil depth, it is surprising 
to detect increased protistan α-diversity with soil depth, which is previously unknown, 
to the best of our knowledge. As soil protists constitute a significant portion of the 
soil microbiome (40), protists in subsoil may play a more important role in regulating 
ecosystem functions than expected. The lower rrn copy number and a higher ratio 
of positive to negative links in subsoils, which were further aggravated by reduced 
precipitation, suggested that bacteria with lower nutrition demand tended to cooperate, 
supporting the hunger game hypothesis.

Our study challenges the existing paradigm that the topsoil is the epicenter of 
microbial α-diversity, offering new perspectives on the adaptability of soil microbial 
communities to soil depth and climate changes. The distinct responses of bacterial, 
fungal, and protistan communities to environmental stressors emphasize the impor­
tance of adopting a holistic approach in microbial ecology research. By unraveling the 
complexities of soil microbial life, we provide key information for predicting ecosystem 
responses to climate changes and for devising strategies to mitigate adverse impacts.
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