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Abstract

Litter decomposition is strongly influenced by soil communities, composed of soil biota which display large variations in body
size. Body size plays a central role in metabolism and mediates the functional potential of soil biota, but the influence of soil
community body size structure on litter decomposition is unresolved. Here, we conduct ecological microcosm experiments to in-
vestigate how soil fauna community body size structure mediates litter loss in response to temperature and plant litter availability.
Community-weighted mean body mass (CWMBM) calculations are taken as an indicator of structural shifts in soil fauna commu-
nity body size across treatments. Structural equation models revealed that CWMBM was strongly influenced by Collembola body
mass and exhibited a non-linear response to temperature, with convergence at intermediate temperatures. Collembola CWMBM
mediated a portion of the temperature effect on CWMBM, while Nematode responses were opposite and weakly correlated. Litter
loss was jointly driven by CWMBM and plant litter input, with no direct effect of temperature. Sensitivity and mediation analyses
confirmed the central role of Collembola in linking temperature to soil fauna community shifts but identified plant litter availability
as the dominant driver of litter loss. Linear mixed effects models of relative litter loss, however, highlight a key role of the soil fau-
na community across temperature treatments when the effects of plant litter availability are controlled. Our experiment included
extreme low plant litter availability (0 g) and high temperature (30°C) treatments to detect critical thresholds for the functioning of
soil communities, but high variation in temperature responses between 20 and 30°C require exploration in future studies. Although
our experiment did not isolate body size effects independently of treatments, our findings suggest an important role of soil fauna
body size structure in soil functioning. Future work, experiments and statistical models should be designed to test the causal me-
chanisms driving emergent shifts in soil community structure and soil function in response to environmental perturbations. Such
an understanding could guide management practices which buffer against potentially detrimental effects of environmental change.
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1 Introduction across globally distributed ecosystems have identified a

significant climate-dependent effect of soil fauna on litter

Litter decomposition is a critical component of the
global net land carbon sink and is strongly influenced
by climate, plant litter availability and quality, and soil
community composition at a global scale (Hedénec et al.,
2022; Swift, 1979). Syntheses of litter bag field studies

decomposition in temperate and wet tropical regions
(Frouz et al., 2015; Garcia-Palacios et al., 2013; Wall et
al., 2008). However, the complex interplay between soil
fauna communities with site-specific climatic and plant
conditions in field experiments limits current insights
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into the general relationship between soil community
composition and litter decomposition. The role of soil
fauna communities in mediating litter decomposition is
also not well known.

Climate directs litter decomposition rates through
well-known reaction kinetics (Swift, 1979), and by
constraining both plant and soil biota (microbial
and faunal) distribution and metabolism (Joly et al.,
2023). For instance, the temperature sensitivity of soil
biota metabolism (Johnston & Sibly, 2018) relative
to resource availability and quality constrains soil
community composition across latitudinal gradients
(Johnston & Sibly, 2020). Nutrient availability (e.g. soil
carbon:nitogen (C:N) and phosphorous (C:P) ratios)
modulates litter decomposition rates by directing plant
carbon allocation above- or below-ground (Gill &
Finzi, 2016), with consequences on the availability of
food resources for different soil biota groups. Nutrient
availability and correlated edaphic variables such as
soil pH and soil organic carbon (SOC) thus show strong
relationships with the composition of soil communities
at a global scale (Johnston, 2019; Johnston & Sibly,
2020; Phillips et al., 2021; Tedersoo et al., 2014). The
influence of both climate and nutrient availability on
the role of soil fauna in litter decomposition have most
often been studied according to their effect on microbial
activity, and differences between bacterial- and fungal-
dominated food webs (Geisen, 2016; Lavelle et al., 1997,
Wardle et al., 2006). Soil food web interactions, however,
are complicated by the effects of abiotic factors (e.g.
temperature) on various trophic groups and feedbacks
between bottom-up and top-down food web control
(Sauvadet et al., 2016).

Soil community groups (e.g. bacteria, fungi,
microfauna and microarthropods) respond differently to
environmental perturbations such as climate extremes
and changing resource availability, leading to novel
shifts in the functional composition of soil communities
(Bardgett & Caruso, 2020; Cifuentes-Croquevielle et
al., 2020; Siebert et al., 2020). Different environmental
perturbations can also influence soil community groups
via different mechanisms and at different levels of
biological organisation (Johnston, 2024). For instance,
in an experimental field study of the interactive effects
of climate and land use changes on soil microarthropods
at the Global Change Experimental Facility in Central
Germany, Yin et al. (2020) found climate change
(increased temperature and precipitation) to reduce
individual body size and land use intensification to
reduce population density. In a sub-Arctic dwarf shrub
heathland, Bokhorst et al. (2012) found extreme winter
warming events to have a disproportionate effect on
smaller body sized soil microarthropods (Prostigmata

and eu-edaphic Collembola) that was not apparent from
species-level metrics. Enhanced and reduced litter
decomposition rates in warm and cold climates are also
typically facilitated by soil communities composed of
soil biota with larger and smaller body sizes respectively
(Petersen & Luxton, 1982; Swift, 1979). The interactive
effects of climate and plant controls on soil fauna and
litter decomposition could thus be explained by the
functional composition of soil communities.

Body size is widely adopted for the functional
classification of soil community groups and is strongly
related to numerous life history traits such as metabolic
and ingestion rates, generation times and population
size (Bonfanti et al., 2018; Luan et al., 2020; Tan et
al., 2021). The functional roles of soil communities are
strongly influenced by their body size ranges within
functional groups (Zhu et al., 2024) but less evidence is
available across functional groups as this relationship is
complicated by complex food web interactions. Larger
soil mesofauna (e.g. collembola) break down plant litter
into smaller fragments, while soil microfauna (e.g.
nematodes) are typically classified as fungal or bacterial
feeders, regulating litter decomposition and nutrient
mineralization through the soil microbial community
(Beare et al., 1992; Szanser et al., 2011). Species richness
has also been shown to decline with increasing body
size, making larger sized biota more rare and thus more
functionally unique, and potentially more functionally
important in determining decomposition dynamics
due to their higher population biomass (Andriuzzi
et al.,, 2020; Potapov et al., 2019). Larger soil biota
are also typically more susceptible to environmental
perturbations (e.g. land management practices and
climate extremes) via reductions in body size and/or
population density (Yin et al., 2020). Together, these
observations suggest that the role of soil fauna in litter
decomposition, across environmental gradients, could
be explained by accounting for the body size structure
of soil communities.

Here, we use ecological microcosms to investigate
the interactive effects of temperature and plant litter
availability on the body size structure and community
composition of soil communities (bacteria, fungi,
nematodes, mites and collembola) and litter loss. We
use extreme ranges in our temperature and plant litter
treatments to identify critical thresholds in energy
availability and expenditure conditions on soil fauna
with different body size ranges. The central hypothesis
we test is that larger soil mesofauna are more sensitive
to extreme temperatures and resource limitation,
and that their reduced representation in the soil
community structure will correlate with decreased litter
decomposition.
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2 Methods
2.1 Site description and
experimental treatments

Ecological microcosms (n = 3 replicates for each
treatment and timepoint (n = 5)) were prepared with
soils (Endostagnic Luvisols, clay loam, pH 6.8) collected
from an arable farm in Shefford, southeast England in
October 2022. Air temperature during soil collection
was 15°C, and gravimetric soil moisture was between 38
and 43%. 150 L of soil was collected from four randomly
designated areas in a field planted with winter wheat.
Soil was collected between 5 and 20 cm depth as soil
mesofauna are most abundant at this depth (Petersen &
Luxton, 1982). During collection, fresh soil samples were
passed through a 5 mm diameter mesh sieve to remove
large debris such as stones and roots. Winter wheat litter
from the same site was collected and stored separate to
the soil. All soil and litter were transported to Cranfield
University and maintained at an air temperature of 15°C
and 40% gravimetric soil moisture for three weeks prior
to experimental setup. The homogenised soil was stored
in two bulk containers and air flow was maintained to
ensure soil community survival. A sample of the soil was
used to measure the soil community composition on the
collection day to monitor soil community composition
during the storage period. On the day of the experimental
setup, the bulk soil was homogenised again and 500g of
soil placed in 1L plastic containers, which were randomly
assigned a treatment code and replicate number.
Experimental treatments were designed to disentangle
the effects of broad temperature and resource availability
ranges on soil community composition and litter
decomposition. Experimental treatments included
four temperatures (4, 12, 20 and 30°C) and three plant
litter availability treatments (0, 2.5 and 5 g of dried
plant material in litter bags), with three replicates of
each treatment combination. Temperature levels were
selected to reflect a wide gradient from suboptimal to
extreme conditions based on seasonal soil temperatures
in temperate agricultural regions, with 30°C intentionally
high to represent a functional stress threshold and test
whether resource availability from the high plant litter
treatment alleviated the detrimental effects of extreme
temperatures. To destructively sample three replicates
of each treatment across multiple timepoints (0, 30, 60,
90, 120 days) throughout the experiment, experimental
set up was for a total of 180 containers. Microbial and
soil chemical properties were measured at the start and
end of the 16-week experimental period, while soil fauna
metrics were measured at each timepoint. For the main
statistical analysis we use the final timepoint to reflect the

cumulative experimental treatment effects. 4°C treatments
were maintained in fridges and 12 and 30°C treatments
were maintained at constant temperatures using two
incubators. To avoid the risk of a high temperature shock
for the 30°C treatment we increased the temperature of the
incubator incrementally from ~15°C by 1°C per 48 hours
over 30 days. The 20°C treatment was maintained at room
temperature, and soil temperature variations monitored
using a Mcbazel soil temperature meter. Initial microcosm
soil bulk density was 1.69 g cm?. Soil moisture was
checked every 48 hours for the 4, 12 and 20°C treatments
or every 24 hours for the 30°C treatment and maintained
at 40% using distilled water. Lighting across treatments
was not controlled. Plant litter treatments were instigated
following a 30 day temperature incubation period (see
Figure S1 for a comparison of soil CWMBM between
day 0 of the experiment (when plant litter treatments were
established, after temperature incubation) and day -30
(when microcosms were established, prior to temperature
incubation periods). Litter bags were stainless steel with
a 1.2 mm size mesh, with nylon wire stitches. Additional
non-toxic plastic balls were packed into litter bags with
Og or 2.5g plant litter to provide an equal weight of 5 g
across all treatments. Each experimental microcosm was
sampled every 30 days over a 16-week period to monitor
changes in soil community body size structure over time.
Soil microbial communities, extractable N, available P
and soil organic matter (SOM) content were measured
twice, at the start and end of experimental period, together
with plant litter loss.

Experimental microcosms do have some limitations,
deviating from real world conditions, and thus potentially
compromising the ability to compare or upscale findings
to the field (Chen et al.,, 2023). For example, fixed
temperature and moisture conditions do not replicate
the daily to seasonal dynamics of natural environments.
However, crucially, they do allow isolation and
investigation of individual and interactive environmental
conditions on soil fauna community composition
(Kitagami et al., 2020), the focus of this study.

2.2 Soil community composition

Soil fauna were extracted from each replicate soil
sample using Tullgren and Bearman funnels for soil
microarthropods (mites and collembola) and nematodes,
respectively. The abundance of soil fauna in three
different body size ranges (< 0.5mm, between 0.5-1mm,
and > 1 mm) were identified and measured by micro
rulers under a dissecting microscope. Body size ranges
were used to classify fauna into micro- and meso-faunal
groups, which informed CWMBM calculations and
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group-level analyses. All individuals were measured
and identified to the family level if it was not possible
to identify the functional groups below. The Tullgren
funnel method adopted here placed 300g of fresh soil in
each funnel, which were maintained under 40W lights
for 72 hours to create a desiccation gradient. Each funnel
was sampled every 24 hours to extract soil mites and
collembola in containers placed beneath the funnels.
Soil nematodes were extracted using 50 g of fresh soil
from mesocosm replicates in Bearman funnels, which
were maintained at ambient temperature (> 15°C) for 72
hours and sampled once every 24 hours.

Soil micro- and meso-fauna in each body size
group were identified to family level and classified
according to the following functional groups: fungivore
mites, predator mites, decomposer collembola, plant
parasitic nematodes, bacterivore nematodes, fungivore
nematodes, omnivore nematodes and predatory
nematodes (Briones, 2014; Rusek, 1998). Soil fauna
were identified according to existing online databases
(Balogh & Balogh, 1992; G. O. Evans & Till, 1979;
Kaliz & Fenda, 2005; Skvarla et al., 2014) and their
abundances recorded for each body size and functional
group for aggregation in taxonomic group CWMBM
calculations. Body lengths (L, um for nematodes and
mm for mites and collembola) of individuals in each
functional and body size group were measured using a
micro ruler under the microscope for a subset of at least
20 identifiable individuals (van den Hoogen et al., 2019).
Body mass (M, mg dry weight) was then estimated
from L according to M = aL®, where the parameters a
and b were 0.153 and 2.300 for collembola, 0.053 and
2.494 for mites, and 0.00113 and 12.387 for nematodes
(Douce, 1976; Hodar, 1996; van den Hoogen et al.,
2020; Zhao et al., 2019).

2.3. Microbial community composition

Phospholipid fatty acid analysis (PLFA) was used to
assess the soil microbiome. Fresh soil samples were
frozen at -80°C and freeze-dried below -20°C to maintain
the structure of the living soil microbiome. PLFA
biomarkers were extracted followed the methodology of
(Frostegard et al., 1991), based on the modified (Bligh
& Dyer, 1959) protocol, using 5 g of freeze-dried soil
from each replicate, as described in detail in (Girkin
et al., 2020). PLFA markers were assigned according
to (Frostegard et al., 1991) and updated classifications
(Joergensen, 2022; Ruess & Chamberlain, 2010; Zelles,
1997). 18:2w6, 9c biomarkers were used for saprotrophic
fungi, 16:1ow5¢ for arbuscular mycorrhizal fungi, 15:0,
al5:0, i16:0, 117:0, al7:0 for gram-positive bacteria,

16:1w7c, 18:1w7c, cyl7:0 and cyl9:0 for gram-negative
bacteria (Ruess & Chamberlain, 2010; Zelles, 1997). We
used mol% to calculate the ratio between saprotrophic
fungi and bacteria (F:B ratio).

2.4 Soil properties and litter loss

Soil organic matter (SOM) was measured via loss on
ignition by drying 10g of fresh soil at 105°C for 24 hours
and combusted at 450°C (Roper et al., 2019). SOM was
measured at the beginning and end of the experimental
treatments. SOM was converted to SOC using aconversion
factor of 1.724 (Pribyl, 2010) and used in calculating
soil C:N:P ratios across experimental treatments. Bulk
density was measured by drying a known volume of soil
at 105°C for 24 hours. Soil available P was measured
by the Olsen P method and was extracted using 0.5M
NaHCO; solution, pH 8.5 (Olsen, 1954), and analysed
colorimetrically via the molybdate blue—ascorbic acid
colorimetric method (Murphy & Riley, 1962). Total C
and N of plant litter and total soil N were determined by
an elemental analyser (Seal Analytical AA3 Segmented
Flow Multi-Chemistry Analyzer). Field collected plant
litter was dried at 65°C for 48 hours for use in litter bags
during the experimental treatments (Isaac et al., 2005).
Initial plant litter C:N was 27.06 £2.36. Litter mass loss
was taken by measuring the residual litter after drying at
the end of the 16-week experiment.

2.5 Data analyses

All data analyses were performed in R v 4.3.2 (R Core
Team, 2024). Soil fauna data from all samples were first
summarised to investigate total community responses
to the experimental treatments (plant litter availability:
n = 3; temperature: n = 4, with 3 replicates). CWMBM
was calculated for given treatments as the mean body
mass (mg) for all sampled soil fauna groups, weighted
by species abundance. An increase in CWMBM reflects
a community increasingly composed of individuals
with larger body masses and so provides a relative
composition of large versus small soil fauna groups in
the community. Here, we use CWMBM as an indicator
of shifts in soil fauna community structure in response
to treatments. CWMBM responses were consistent
across the experimental duration, and so we use average
measurements across the experimental period in our
analyses. CWMBM’s were calculated for the overall
soil fauna community, taxonomic groups (nematodes,
mites, collembola) and functional groups (e.g. predators,
fungivores).
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The interactive effects of plant litter and temperature
treatments on soil community (total abundance and
biomass, overall soil fauna, taxonomic and functional
group CWMBM and F:B ratio, summarised as the ratio
of fungal to bacterial PFLAs) and soil function (litter
loss, SOC, soil C:N and C:P ratios) response variables
were investigated using two-way ANOVA. Significant
interaction effects were further explored by applying
post-hoc pairwise comparisons using estimated marginal
means with Tukey’s adjustment for multiple testing to
identify which specific combinations of temperature
and plant litter treatments differed in their effects on soil
community and function responses.

To assess the moderating effect of soil community
structure responses to treatments on litter loss (N = 36),
we constructed a piecewise structural equation model
(SEM) using the piecewiseSEM package in R. The SEM
was used to test causal pathways from temperature,
quadratic temperature (T?), and plant litter inputs to
various soil community and soil function metrics. These
terms, alongside residual correlations to account for
unmeasured shared responses, were tested in a stepwise
approach which started with the null model (Litter loss ~
Temperature + Plant Litter) and added additional terms.
Maximum-likelihood estimation was applied and model
fit evaluated using Fisher’s C statistic, with a P > 0.05
for Fisher’s C indicating an adequate model fit, alongside
degrees of freedom (df), and Akaike’s Information
Criterion (AIC). Model parsimony was also accounted
for by setting the condition that additional df’s should
result in AAIC < -5.

Mediation analysis was consequently applied to
the final SEM model to decompose the total effect
of predictor variables into direct effects and average
causal mediation effects (ACMEs). Nonparametric
bootstrap sampling (n = 1000 simulations) was used to
estimate confidence intervals and assess significance.
Statistical significance of mediation was evaluated using
the proportion mediated and associated p values. We
further evaluated the robustness of the final SEM by
conducting a leave-one-out sensitivity analysis to test
the effect of removing key structural paths on model fit
and explanatory power. Each reduced model retained the
same overall structure as the final SEM but excluded a
single causal effect or predictor, and alternative models
were compared based on changes in R? for key response
variables, Fisher’s C statistic, AIC and df.

Linear mixed effect models were applied to examine
the relationship between relative litter loss (proportion
of litter mass loss, compared to the starting plant litter
mass, N = 24) and soil community variables. Models
were fitted using the nlme package (Pinheiro et al.,
2023), with initial plant litter mass included as a random

effect to account for variation in litter availability. This
structure controls for baseline differences in input mass
while isolating the effects of soil community predictor
variables on litter decomposition. All soil community
and edaphic variables were tested as predictors of relative
litter loss and the best fitting models selected based on
their goodness of fit via AIC and the AAIC < -5 model
parsimony condition. Pseudo-marginal (fixed effect) and
conditional (fixed and random effect) R* values for models
were calculated using the MuMIn package in R (Barton,
2023). To better visualise litter loss according to changes
in soil community composition across treatments, effect
sizes were calculated according to changes in variables
(V) between the 2.5 and 5g plant litter treatments (V)
and no plant litter treatments (V) as standardised mean
differences (SDMs): In(V,, / V).

3 Results

3.1 Treatment effects on soil community
composition and soil function

The interactive effects of experimental treatments
(plant litter and temperature) were tested using two-
way ANOVA’s (Table 1, see Supplementary Table Sl
for the data summary). Results demonstrate variable
significant main and interactive effects of temperature
and plant litter on both soil community composition and
soil functions. Total soil fauna community abundance,
biomass and CWMBM were strongly influenced by
both treatment factors and their interaction (p < 0.0001),
with high variance explained (R*,; > 0.95). Similarly,
Collembola CWMBM showed significant main effects of
both temperature and litter, as well as a strong interaction
(all p < 0.001), suggesting trait shifts in community
composition across treatments. Nematode CWMBM
was especially sensitive to temperature (F = 113.00, p <
0.0001) and exhibited a significant interaction with plant
litter (F'=32.06, p <0.0001), but not plant litter (p > 0.05).
In contrast, mite and fungivorous mite CWMBM showed
no significant responses. Litter loss was significantly
affected by plant litter (F = 38.00, p < 0.0001) and its
interaction with temperature (£ = 6.42, p < 0.0001), but
not by temperature alone. Soil C:N ratio also responded
significantly to all terms, whereas soil C:P ratio was
significantly influenced by temperature. Overall, the
results highlight strong, trait-specific responses of the
soil community to warming and resource availability,
with consistent evidence for interactive effects on both
soil community structure and soil function.
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Figure 1. Interaction plots showing the effects of temperature (4, 12, 20, 30 °C) and plant litter (0, 2.5, 5 g) treatments on (A) total soil
fauna community biomass, (B) overall soil fauna community-weighted mean body mass (CWMBM), (C) Collembola CWMBM, (D)
nematode CWMBM, (E) soil C:N ratio, and (F) litter loss (g). Symbols represent treatment means and error bars show standard errors

(N = 36).

Significant treatment interactions are visualised
in Figure 1. Total soil fauna community biomass and
overall CWMBM (Fig. 1A-B, also see Supplementary
Figure S2) showed strong interactive responses, with
both variables peaking at 20°C under high plant litter
availability and declining sharply at 30°C across all
plant litter treatments. CWMBM responses indicate
that the largest individuals occurred under high litter

and moderate temperature (Fig. 1B), also evident for
collembola CWMBM (Fig. 1C) and nematode CWMBM
(Fig. 1D) (also see Supplementary Figure S3). Collembola
CWMBM decreased with increasing temperature,
especially under low and no litter treatments, whereas
nematode CWMBM (Fig. 1D) peaked sharply at 20°C
regardless of litter addition, suggesting a distinct
thermal optimum for nematode body size. Soil C:N
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ratio declined markedly with temperature (Fig. 1E) and
was only modestly influenced by plant litter availability
at lower temperatures. Litter loss (Fig. 1F) showed a
pronounced temperature and plant litter interaction,
with maximum decomposition at 20 °C under high
litter, paralleling biomass and CWMBM patterns. These
results indicate strong interactive effects of temperature
and resource availability on soil community structure
and soil function, with evidence of trait—function
coupling around intermediate temperatures.

3.2 The role of soil fauna community in

observed litter loss

The final SEM provided a very good fit to the data
(Fisher’s C=12.43, p = 0.572, df = 14; AIC =-1212.26),
with no evidence of significant missing pathways. The
model explained a substantial proportion of variance in
Collembola CWMBM (R? = 0.64), Nematode CWMBM
(R? = 0.39), overall mean CWMBM (R? = 0.84), and
litter loss (R* = 0.93) (Figure 2, also see Table S2 of

A B
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Collembola CWMBM Temperature % 050,
N * % \\‘\
0.44 —0.37*// **\\()\_77**** 0.25 ]
1.94 Litter loss
Nematode CWMBM - CWMBM
0.00 ]
0.65%*** 0.47%%%* g & 3 8 7 8
o S o [] R [J]
ESE % 25
Fisher’s C = 12.43, P = 0.572, df = 14, ER -
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I
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Figure 2. Final structural equation model (SEM) showing (A) significant pathways (arrows) linking environmental drivers (blue), soil
fauna community traits (green), and soil function (gold). Arrow thickness reflects standardized effect size; red arrows represent negative
relationships. Residual correlation (dashed red arrow) indicates an unmodelled, but significant association and the dashed black arrow
indicates a partially mediation pathway from T?> to CWMBM via Collembola CWMBM. The full SEM and mediation analysis are
presented in Table S2 and Table S3 of the supplementary material, respectively. Sensitivity analysis of the SEM in (B) shows the impact
of removing individual paths or effects on the explained variance (R?) of litter loss (gold) and CWMBM (green) (also see Table S4).

Table 1. Two-way ANOVA results testing the effects of temperature and plant litter treatments and their interaction (T x PL) on soil
community composition and litter loss, SOC and soil C:N and C:P ratios. F values and significance levels (ns: p > 0.05; *: p <0.05; **: p
<0.01, ***: p <0.001, ****: p < 0.0001) for each term alongside the adjusted R* for the general linear model.

Temperature Plant Litter T x PL R? .
Total Abundance 38.24%H** 39.18%H** 22 19%*** 0.978
Total Biomass 8.38** 17.42%%%* 152.16%*** 0.989
CWMBM 9.66%** 9.78%** 39.34% % 0.963
Collembola CWMBM 9.277%** 28.19%H** 15.36%*** 0.921
Mite CWBMB ns ns ns
Fungivorous mite CWMBM ns ns ns
Nematode CWMBM 113.00%#** ns 32.06%*** 0.936
Fungivorous nem. CWMBM 15.85%#** 3.15% ns 0.645
F:B ratio 9.33#:%* ns 2.83% 0.604
Litter loss (g) ns 38.00%*** 6.42%%* 0.952
SOC (%) ns ns ns
Soil C:N ratio 12.69%*** 6.89%* 2.65* 0.788
Soil C:P ratio 10.15%%* ns ns 0.739
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the supplementary material). Collembola CWMBM
increased significantly with plant litter input (S = 0.53,
p < 0.001) and showed a nonlinear relationship with T?
(f =-0.59, p <0.001). The final SEM excluded the non-
significant direct path from temperature to Collembola
CWMBM, as temperature effects were sufficiently
captured by T?, with removal of the linear term improving
overall model fit without compromising explanatory
power. Nematode CWMBM was also sensitive to
temperature and declined with increasing litter (f =
-0.44, p = 0.003), suggesting contrasting responses
across taxa. A significant residual correlation between
the collembola and nematode CWMBM (r = —-0.38, p =
0.014) indicated shared but opposing trait responses to
environmental conditions. Overall soil fauna CWMBM
was strongly driven by Collembola CWMBM (S = 0.79,
p < 0.001) and responded positively to temperature
(f =2.23, p <0.0001) and negatively to T2 (f = —2.04,
p < 0.0001), reflecting trait convergence around
intermediate temperatures. Litter loss was significantly
predicted by both mean CWMBM (f = 0.47, p < 0.001)
and litter addition (f = 0.65, p < 0.001), indicating that
community body size structure and resource availability
jointly enhanced litter loss. Mediation analysis revealed
a partially mediated pathway from T? to CWMBM via
Collembola CWMBM (Table S3), while other pathways
showed limited evidence of mediation. Sensitivity
analysis using leave-one-out SEM variants (Fig. 5B, also
see Table S4) confirmed the importance of Collembola
CWMBM and temperature effects as removing these
paths resulted in the largest drop in R? for CWMBM.
Removing nematode or litter pathways had minimal
impact, indicating a more limited role for those predictors
in the final model structure. Litter loss R? was sensitive

to the removal of the pathway between CWMBM and
Litter Loss, but mostly explained by plant litter mass
(Litter, although note this was both Litter and Litter Loss
was 0 for n = 13 for the 36 measurements included).

3.2 The influence of soil body size
structure on litter loss

We further tested the independent and interactive effects
of explanatory variables on relative litter loss across
treatments (excluding treatments with no plant litter as
no litter loss occurred) using mixed effect models and
testing linear and quadratic terms. The best predictor of
litter loss was a quadratic term for overall soil commu-
nity CWMBM (Figure 3A, AAIC compared to the null
model = -30.08). No additional terms increased model
likelihood, with the condition of AAIC < -5 for additio-
nal degrees of freedom. Model predictions are compared
to experimental observations in Figure 3B, and alongside
the relationship between the model residuals and experi-
mental temperature in Figure 3C, indicate a slight under-
prediction of litter loss at low temperature (4 and 12°C)
and an over-prediction of litter loss at 20°C when overall
soil CWMBM is the only fixed effect. Plant litter quan-
tity was used as a random effect and explained around
19% of the variation in litter loss observations (conditio-
nal compared to marginal R? values presented in Figure
3A). Alternative random-effect structures were tested but
this formulation provided the best explanatory power.
To further visualise effect sizes between the plant litter
treatments on soil community body size structure, we
calculated standardised mean differences between the
plant litter and no litter treatments (Figure 4). Regres-
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Figure 3. Best fitting mixed effect model for predicting relative litter loss (proportion litter loss compared to initial plant litter (2.5 and 5g
treatments), showing (A) a quadratic relationship between soil community weighted mean body mass (CWMBM) and relative litter loss
(N =24, also see Table S5), (B) model predictions compared to observed litter loss (the solid line shows a 1:1 relationship), and (C) model
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coral, green, blue, magenta indicate experimental temperatures of 4, 12, 20 and 30°C respectively (shown alongside temperature in C).
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sion analysis revealed changes in nematode CWMBM
to be more strongly related to relative litter loss (F =
25.93, p < 0.0001) (Figure 4A) than changes in overall
soil CWMBM (F = 16.50, p = 0.0005) and collembola
CWMBM (F = 21.44, p < 0.0001). However, a strong
positive linear relationship appeared between changes
in total soil and collembola CWMBM (F = 133.57, p <
0.0001, Figure 4B) and negative linear relationship bet-
ween collembola CWMBM and nematode CWMBM (F
=25.57, p <0.0001, Figure 4C).

4. Discussion

Across a broad gradient of plant litter and temperature
treatments, our results show that variation in soil fauna
CWMBM significantly mediates litter decomposition
(Figures 2-4). The final SEM revealed that collembola
CWMBM was a key driver of overall CWMBM, and that
it responded positively to plant litter and non-linearly to
temperature, declining at both temperature extremes
(Figure 2A, Table S2). Mediation analysis further
confirmed that collembola CWMBM partially mediated
the effect of T? on CWMBM (Table S3), supporting the
role of collembola asacritical link between environmental
conditions and soil community structure. A significant
residual correlation between collembola and nematode
CWMBM (r = —0.38, p = 0.014) indicate shared but
opposing trait responses to environmental conditions.
Although the SEM sensitivity analysis (Figure 2A,
Table S4) indicates a minimal impact of nematode or
litter pathways, the linear mixed effect model applied to
relative litter loss (which accounts for initial plant litter

variation, Figure 3 and Table S5) demonstrates a large
influence of the soil fauna CWMBM and of collembola
and nematode CWMBM (Figure 4).

Taken together, our results suggest an important
and distinct role of both large and small soil fauna in
litter decomposition, whereby the removal of larger
body sized biota at extreme temperature and resource
conditions can reduce top-down control on smaller body
sized biota. For instance, highly variable soil community
and litter loss measurements in the 20°C temperature
treatments reflected a low collembola CWMBM in
the no plant litter treatment, which coincided with a
greater nematode CWMBM under these experimental
conditions (Figure 4). The SEM further identified overall
CWMBM to peak at intermediate temperatures under
high litter availability (Table S2), reflecting taxonomic
convergence around optimal conditions. However, while
litter loss was strongly predicted by soil fauna CWMBM
and plant litter availability no direct pathway with
temperature was identified (Figure 2A), supporting the
finding that temperature effects on litter decomposition
are mediated through changes in soil community
structure, particularly body size composition.

Dissimilar temperature responses between taxonomic
and functional groups (Figure 6) require a higher
resolution understanding to enable predictions of how
shifting soil community composition will alter soil
functions such as litter decomposition. Similarly, the role
of CWMBM as a causal mechanism remains unresolved.
While our experiment was not designed to manipulate
CWMBM independently, mixed-effects modelling
of relative litter loss (Figure 3) supports a unimodal
(quadratic) relationship between CWMBM and
decomposition, consistent with trait—function coupling

A B c
® Rzadj=0.520 ok Rzadj=0.852**** A a o Rzadj=0-517****
1.5 = 0.75]
: =
[m)]
o)
= o
9] % S 0.50)]
2 g o
= o
© = S 0.25.]
[0] ) g
04
A Q@
< 0.00]
0.0 R 8
T T T T 6 I}, é L:) T T T T
S 3 S 3 g 8 &8 & s 3 3 =
Nematode CWMBM SMD Collembola CWMBM SMD Nematode CWMBM SMD

Figure 4. Significant linear effect size relationships, calculated as standardised mean differences (SMD), between (A) relative litter loss
and overall soil fauna community weighted mean body mass (CWMBM, mg); (B) SMD’s between overall soil and collembola CWMBM,
and (C) SMD’s between collembola and nematode CWMBM (N = 24 for all plots). Symbol colours represent experimental temperatures
as in Figure 3 and symbol shapes represent plant litter treatments for which relative litter loss can be calculated (circle: 2.5g, triangle: 5g

plant litter).

SOIL ORGANISMS 97 (3) 2025



300

Zhaoxing Li & et al.

(REF). This implies that intermediate community
body size distributions, composed of both small (e.g.
nematodes) and large (e.g. collembola) taxa, may play
an important role in litter decomposition. Future work
should experimentally separate soil fauna body size
classes to test this relationship mechanistically.

Temperature has been extensively shown to strongly
influence the body size structure of ecological
communities (Angilletta et al., 2004; Evans et al., 2020),
but co-occurring shifts in resource availability can lead
to context-specific community effects when temperature
responses differ between community groups (Tabi et
al., 2019; Tan et al., 2021). For instance, Thakur et al.
(2023) found climate warming of a sub-Arctic grassland
soil by 3-6°C to decrease collembola biomass and
abundance, whereas mites showed a unimodal response
to warming thereby shifting the overall soil body size
structure. Changes in resource availability, for instance
through land use intensity and management, can also
shift the body size structure and trophic processing of
energy and nutrients without immediate effects on soil
functions like litter decomposition by favouring larger
body size soil fauna (Potapov et al., 2019). Here, we
find distinct taxa-specific responses to our temperature
and plant litter treatments that lead to shifts in the body
size structure of soil communities that mediate litter
loss across treatments (Table 1). Litter loss, however,
may reflect treatment-induced changes in body
size structure. For instance, temperature effects on
CWMBM were observed following incubation periods
and prior to plant litter treatments (Figure S1). Future
experiments exploring the causal mechanisms linking
soil communities and litter decomposition thus need to
tightly control for treatment effects.

The fundamental influence of temperature and body
size on metabolism is well known, but biota are also
known to display varying temperature sensitivities
to their metabolic rates (Brown et al., 2004). In soil
communities, this temperature sensitivity (the magnitude
with which metabolic rates increase with a rise in
temperature) has been shown to increase from smaller
(microbial) to larger (macrofauna) biota (Johnston &
Sibly, 2018). Whether different sized soil biota can
meet their metabolic demands, and so increase their
population growth, also depends on the availability of
energy from food resources. In a natural experiment on
stream food webs, for instance, nutrient supply offset the
effects of temperature on primary producers to support
larger body sized animals at higher trophic levels
(O’Gorman et al., 2017). Greater SOM content under
grazing has also been observed to enhance nematode
CWMBM via greater biomass transfer through the soil
food web (Andriuzzi & Wall, 2018). Our results identify

a much stronger influence of temperature compared to
plant litter availability on overall community CWMBM,
potentially reflecting different resource preferences for
smaller and larger fauna in our study.

Soil macrofauna play a key role in litter decomposition
(Delgado-Baquerizo et al., 2020; Sagi & Hawlena, 2023),
but their abundances and distributions often decline
substantially in response to environmental perturbations
(e.g. land management practices and climate extremes)
(Ge et al., 2021; Siinnemann et al., 2023; Yin et al.,
2022). Here, we collected arable soil and plant litter
and focused on the soil microfauna and mesofauna
community as they are typically more abundant than soil
macrofauna across gradients of agricultural management
intensity but play a central role in litter decomposition
(Hanisch et al., 2022). The application of our results is
thus mainly to soils in which soil macrofauna are absent
or reduced, either due to land management (e.g. arable,
urban) or climate (e.g. tundra, alpine). Within an arable
context, our results reinforce the observed benefits of
land management practices, such as cover cropping, on
soil multifunctionality (Garland et al., 2021) through the
provision of resources for larger body sized soil fauna
which have higher metabolic demands as temperatures
rise. That is, greater resource availability could buffer
the effects of extreme temperatures on soil community
composition and the soil functions that are strongly
influenced by larger body sized soil fauna.

Soil mesofauna are thought to influence litter
decomposition both directly through fragmentation
and digestion of plant litter, but also indirectly through
regulation of soil bacterial and fungal communities
(Hattenschwiler et al., 2005). Here, we observed
limited inter-relationships between soil taxonomic or
functional groups to suggest an effect of temperature
and/or plant litter treatments on the overall soil food
web. For instance, F:B ratio showed limited response
to the microcosm treatments and was not selected in
the SEM (Table 1, Table S1). This may be an artifact
of the relatively short experimental period, or finer-
resolution scale-dependency of smaller biota responses.
However, clear relationships between soil mesofauna and
microbial communities have been observed in shorter,
similar-scale, microcosm experiments (Coulibaly et
al., 2019). Several other environmental factors, aside
from resource availability and temperature, are also
important in regulating soil community structure and
litter decomposition. For instance, precipitation, soil
water content and other measures of aridity are key
filters for soil microbial activity, nematode body size
and detrivore abundance (Andriuzzi et al., 2020; Siebert
et al., 2023; Zheng et al., 2023). Here, our focus was on
the ability of greater plant litter availability to alleviate
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extreme temperature effects on the bottom-up processes
regulating litter decomposition. Future research would
benefit from the study of smaller temperature increments,
particularly between 20 and 30°C, together with the
inclusion and exclusion of macrofauna and interactive
soil moisture effects.

Conclusion

Overall, our study demonstrates variable sensitivity of soil
fauna taxonomic and functional groups to temperature
and resource availability, which results in a non-linear
response of overall soil fauna CWMBM to temperature.
We find a significant influence of soil fauna CWMBM on
litter loss and relative litter loss and a strong influenced of
both large (collembola) and small (nematode) taxa on soil
fauna CWMBM across treatments. In response to high
temperatures, our results show that larger soil mesofauna
are particularly sensitive to reduced resource availability,
which through mediated pathways could have cascading
effects on soil functioning. Continued efforts are
needed to quantitatively formulate a higher resolution,
mechanistic, understanding of soil communities in a way
that can be scaled-up to the landscape scales at which
the effects of global drivers influence soil structure and
function.
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