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Climate change and cropland management
compromise soil integrity and multifunctionality
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Soils provide essential ecosystem functions that are threatened by climate change and
intensified land use. We explore how climate and land use impact multiple soil function
simultaneously, employing two datasets: (1) observational - 456 samples from the European
Land Use/Land Cover Area Frame Survey; and (2) experimental - 80 samples from Ger-
many's Global Change Experimental Facility. We aim to investigate whether manipulative
field experiment results align with observable climate, land use, and soil multifunctionality
trends across Europe, measuring seven ecosystem functions to calculate soil multi-
functionality. The observational data showed Europe-wide declines in soil multifunctionality
under rising temperatures and dry conditions, worsened by cropland management. Our
experimental data confirmed these relationships, suggesting that changes in climate will
reduce soil multifunctionality across croplands and grasslands. Land use changes from
grasslands to croplands threaten the integrity of soil systems, and enhancing soil multi-
functionality in arable systems is key to maintain multifunctionality in a changing climate.
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limate change and intensive land use are affecting the

functioning of soil ecosystems worldwide!. Global tem-

peratures are projected to rise by up to 2 °C by the end of
the century, while changes in rainfall patterns will lead to more
frequent and severe drought events?. Concurrently, the growing
demand for raw materials and food is leading to increased
intensification of agricultural practices on the finite global land
area, which has already drastically altered ecosystems®. Such
attempts to maximize yields by intensification of land use include
monocultures and higher inputs of fertilizers and pesticides*. In
recent years, knowledge of the substantial effects of climate and
land use changes on terrestrial ecosystems has expanded
considerably®. Yet, information on whether their joint effects will
be mitigating, additive, or mutually reinforcing is still lacking®.

Soils, in particular soil microbes, provide a range of essential
ecosystem functions for human well-being that are challenged by
climatic and land use changes’. Microbes, such as bacteria and
fungi, degrade complex organic matter into simpler formsS.
Enzymes secreted by microorganisms catalyze the breakdown of
organic compounds, such as cellulose and lignin, supporting
nutrient release and the cycling of elements like carbon, nitrogen,
and phosphorus in the ecosystem®. Other functions, such as soil
stability result from interactions of soil properties and biotic
activity; for example, mycorrhizal fungi play an essential part in
stabilizing soil aggregates and protecting against erosion!0.
However, soil functioning is also shaped by essential physical
features, such as soil structure and water retention capacity!!. By
measuring soil functions, such as microbial respiration, microbial
biomass, enzymatic activity, or soil aggregate stability, we can
assess the capacity of soils to support these ecosystem processes!2.
The ability of soils to perform multiple functions simultaneously
is known as soil multifunctionality!3, but to date there is no
agreement on a unified measure for assessing soil
multifunctionality'4. Here, we chose a subset of seven ecosystem
functions that are crucial for decomposition and nutrient cycling,
and are therefore tightly linked to ecosystem services, such as
primary productivity and soil fertility!®. Ecosystem functions are
highly sensitive to the interaction of warming and soil moisturel®,
suggesting that climatic changes will be an important factor
limiting soil functions under future conditions. Understanding
the drivers of soil functions, especially when considered collec-
tively, enables more comprehensive predictions of how soil eco-
systems will respond to a rapidly changing world!”.

Today’s world is already subject to increased mean tempera-
tures and longer dry periods, which are expected to increase in
the future?. Drought is expected to reduce microbial abundance
and diffusion rate, resulting in a decline in enzyme activity!8.
However, the overall impact of drought can be augmented or
mitigated by additional mechanisms, such as enzyme stabilization
within the soil matrix, shifts in microbial community composi-
tion, and the potential acclimation and adaptation of microbial
populations!® 20, As a result, the response of enzyme activity to
drought exhibits variability across different soil types, levels of
drought intensity, and durations?!. Warming initially increases
enzymatic processes, but can also inactivate enzymes and reduce
substrate affinity over time and led to an overall decrease of
microbial efficiency in decomposing soil organic matter!®17:22, In
the natural environments, elevated temperatures can give rise to
indirect detrimental impacts by amplifying evapotranspiration
rates, causing declines in soil moisture and thus microbial
functions?3-24,

At the same time, conventional land-use practices are known
to reduce soil biodiversity and functions by decreases in soil
organic matter, habitat destructing, soil disturbance, and chemical
inputs?>26. For example, croplands are often dominated by
bacteria?’ due to the detrimental effects of field management on

soil fungal communities, as frequent tillage activities damage their
hyphal networks?”. At the same time, croplands often experience
elevated pesticide use, which harms soil fauna diversity, abun-
dance, and beneficial plant symbionts?®28, consequently
restricting soil ecosystem functioning. This susceptibility could
potentially amplify the effects of changing climate conditions, as
these systems might be less resilient against climate extremes?’.
This suggests that changes in land use, such as the conversion of
grassland to cropland throughout Europe, will alter the provision
of key soil functions3?.

Here, we address this gap by examining the relationship
between multiple ecosystem functions, climate, and land use. As
there have been few attempts to bridge existing gaps between
observational and experimental studies, to explore large-scale
ecological patterns, and identify causal relationships in targeted
experiments3!, we used two complementary approaches (Fig. 1):
(1) an observational study of 456 locations across European
croplands and grasslands; and (2) a large-scale field experiment in
Germany that combines simulated climate change and varying
cropland and grassland management intensities. We dis-
tinguished between two broad types of cultivation to examine
differences in land use: areas where crops are grown and grass-
lands. Croplands are areas cultivated with crops, such as maize,
wheat, olives and fruit trees (please see Supplementary Table 49
for a detailed overview). Grasslands, on the other hand, are
managed grasslands with and without shrub cover32. Soil samples
for the European Land Use/Cover Area frame Survey (LUCAS)
were collected in 2018. In 2019, we sampled the Global Change
Experimental Facility (GCEF), a large-scale field experiment
studying the combined effects of climate change and land use on
ecosystem functions2®, to test whether patterns observed in the
European survey were supported experimentally. The GCEF
includes a future climate scenario (ambient climate vs. +0.6 °C
temperature increase; 20% less rainfall in summer, 10% rainfall
increase in spring and fall), two cropland treatments and two
grassland treatments of different management intensities (con-
ventional and organic croplands; intensive and extensive grass-
lands). For consistency with the LUCAS data, whose cropland
and grassland categories incorporate several management inten-
sities, we also combined these two intensity levels at the GCEF
within the broader categorizations of grass- and croplands. We
used the soil samples from LUCAS and the GCEF to measure
microbial respiration and biomass, the activity of four key soil
enzymes involved in decomposition processes (xylosidase, N-
acetylglucosaminidase, phosphatase, cellulase), and water-stable
aggregates to calculate soil multifunctionality with the averaging
approach?. We hypothesized that (1) drier conditions would
reduce soil multifunctionality and that (2) higher temperature
would show a direct positive effect on soil multifunctionality and
an indirect negative effect through a decrease of soil moisture. We
further expected that (3) cropland management as compared to
grassland, would also reduce soil multifunctionality. Moreover,
we hypothesized that (4) cropland practices would exacerbate the
negative effects of climate change. Previous studies have
demonstrated that bacterial communities are more susceptible to
drought3334 than fungal communities?®.

Results

We calculated soil multifunctionality based on the same seven soil
functions we measured in both the observational and the
experimental study, using the same analytical methods to ensure
standardization and comparability. All soil functions were sig-
nificantly positively related to each other (Fig. la, b), with the
exception of water-stable aggregates; this parameter was not
significantly correlated with any of the other functions in the
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Fig. 1 Location of sites and correlation of soil functions. Pairwise relationships (Pearson correlation coefficients) between soil functions in grasslands and
croplands in a the European survey (LUCAS) and b the field experiment (GCEF). Stars reflect significant relationships. The seven variables are labeled as
follows: Mic Resp soil microbial respiration, Cel Cellulase, Pho acid phosphatase, Xyl Xylosidase, Nag N-acetylglucosaminidase, WSA water-stable
aggregates, Mic biomass soil microbial biomass. Photo credit for picture of GCEF: Andre Kiinzelmann/UFZ.

GCEF (Fig. 1b). We then used these seven variables to calculate a
multifunctionality index using the averaging approach of Byrnes
et al.3%, based on the mean of all standardized functions as a
measure of soil multifunctionality. Afterwards, we used structural
equation modeling (SEM) to determine the direct effects of pre-
cipitation, temperature, and land use, as well as indirect effects via
differences in soil water, carbon content, and pH on soil multi-
functionality. For the observational dataset, we also included soil
texture (composed of silt, sand, and clay content), latitude and
elevation as potential drivers.

Our SEMs revealed that soil multifunctionality is driven by
climate and land use, in both the observational and the experi-
mental study (Fig. 2). At the European level, we discovered that
climate is directly and significantly related to soil multi-
functionality (Fig. 2a), with higher mean annual temperature
reducing multifunctionality, while higher mean annual pre-
cipitation increases it (Figs. 2a, ¢ and 3a). At the same time, we
found that climate also influences soil multifunctionality through
indirect pathways, for example, by changing soil water and
organic carbon content (Fig. 2a). Higher temperatures (both
annually and prior to sampling) reduce soil water content,
whereas soil water content is positively associated with multi-
functionality. A higher mean precipitation (annually) increases
soil water content and thereby also soil multifunctionality.
Similarly, precipitation and temperature are positively associated
with higher amounts of soil organic carbon (Fig. 2a). We also
found that land wuse is a significant driver of soil

multifunctionality. Cropland management directly reduces soil
multifunctionality and also reduces soil water and organic carbon
content, thus also indirectly decreasing multifunctionality.
Cropland cover also lowers pH, but pH was not associated with
multifunctionality in the observational study. We did not detect
any interactive effects of climate and land use. Considering both
direct and indirect effects by summing them, we identified land
use, precipitation, and temperature as the most relevant factors
affecting multifunctionality of European soils.

We also used SEM to explore the causal effects of a future
climate treatment and land use on soil multifunctionality in the
field experiment. Here, the future climate treatment significantly
decreases soil multifunctionality (Figs. 2b and 3b). We also found,
however, that the future climate increases soil organic carbon,
thereby exerting an indirect positive effect on soil multi-
functionality and partly mitigating the negative effect of future
climate (Fig. 3b). At the same time, cropland management sig-
nificantly reduced soil multifunctionality and soil organic carbon
(Figs. 2b and 3b). Similar to the observational study, we did not
find any interaction effects between the future climate treatment
and land use.

Discussion

In this study, we used an unprecedented combination of obser-
vational and experimental approaches to investigate how climate
and land use affect soil multifunctionality. We found that soil
multifunctionality is strongly influenced by climate; higher
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Fig. 2 Structural Equation Models showing the results from two complementary studies on the effects of climate (change) and land use (cropland
versus grassland) on soil multifunctionality. a SEM using data from 456 sampling sites across Europe and b samples collected at the field experiment
GCEF (n= 40 experimental plots). The thickness of the arrows corresponds to the strength of the association based on standardized path coefficients
(sum of the absolute standardized effect sizes); only significant relationships (P < 0.05) are shown. The climate variable (a) is a composite variable
including temperature and precipitation measurements, each with a monthly and annual value, shown in Box A. Space constitutes elevation and latitude,
soil texture is composed of clay, sand, and silt. In both the observational and experimental studies, there was no interactive effect of climate and land use.
Direct, indirect and net effect from ¢ climate variables (Box A) and land use on multifunctionality in LUCAS and d standardized direct, indirect and net
effect of the future climate treatment and land use on soil multifunctionality in the GCEF. Fishers C is a measure of SEM fit.
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Fig. 3 Direct effect of the climate, land use and explanatory variables on soil multifunctionality. a The European survey (LUCAS) and b the field
experiment (GCEF). The direct standardized effect sizes derived from the structural equation models are shown.
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temperatures and drier conditions reduced multifunctionality in a
large-scale survey in Europe. In addition, cropland management
had a detrimental effect on multifunctionality. We observed a
similar pattern in a large-scale field experiment: cropland man-
agement and the warmer future climate that also entails drier
summers reduced soil multifunctionality. However, future climate
conditions also increased soil carbon here, which in turn pro-
moted soil multifunctionality, partly mitigating the strong nega-
tive effect of future climate conditions. Taken together, these
results provide empirical evidence for the cumulatively detri-
mental effects of future climate and land use, threatening the
integrity of soils.

Although we did not find any significant interactive effects of
climate and land use, our results suggest that both climate and
land-use change will have major implications for soil functioning.
Given the strong link between the microbial community and their
associated functions to temperature and soil moisture, shifts in
climate patterns may cause significant declines of soil functioning.
The anticipated climate changes are expected to result in notable
alterations in soil functions. In line with our hypotheses, we
found that higher temperatures and lower rainfall amount were
related to lower soil multifunctionality. However, warming and
drought interact®®, as higher temperatures stimulate evapo-
transpiration, reinforcing dry conditions?3. We noted a similar
mechanism in the observational study, where warming was linked
to reduced soil water content, consequently impacting soil mul-
tifunctionality through indirect pathways. As soils get drier,
microbial physiology responds to drought stress, while soil
enzymes are immobilized, and both substrate and enzyme dif-
fusion rates decrease’”. This decrease causes microbial and
enzyme activities to decline®. Similarly, the future climate
treatment in our field experiment, involving warming and sum-
mer drought, reduced soil multifunctionality. While our study
captures warming and changes in precipitation, it does not con-
sider extreme weather events, which will become more frequent
with climate change, and also exert substantial impacts on soil
functioning340.

At the same time, we observed an additional mechanism in the
field experiment. The future climate treatment had a positive
effect on soil carbon, partially counteracting the negative impact
of future climate conditions on multifunctionality. Carbon
accumulation relies on specific factors: high plant biomass pro-
duction at the beginning of the year, followed by a dry summer
and a cold winter that prevent organic matter decomposition. In
the future climate treatment of the GCEF, spring conditions
become even wetter, favouring plant biomass production. How-
ever, the increased summer drought associated with the future
climate treatment impairs the decomposition of organic material,
leading to an accumulation of carbon in the soil throughout the
fall*l. Nevertheless, climate change can reduce soil organic carbon
stocks by increasing carbon release after droughts*2. Our findings
demonstrate a positive effect on soil carbon in the short term;
however, this mechanism may be limited to specific climate
conditions at the study location and also dependent on season™3.
At the same time, these dynamics might also vary significantly
depending on the soil type, such as dry sandy soils or soils with
waterlogging conditions. Both specific climate conditions and soil
types highlight the importance to consider potential negative
long-term climate change impacts on soil carbon stocks*4.

We also observed that cropland management compared to and
grassland management—reduced soil multifunctionality across
Europe, a pattern which was confirmed by the results of our field
experiment. The mechanisms by which cropland management
impairs soil functions are manifold3(. They include regular tillage
that adversely affects soil microorganisms by destroying micro-
habitats and fungal hyphal networks*>. Tillage also leads to soil

oxygenation and reduces soil organic carbon by removing root
organic releases and by increasing susceptibility to erosion?>#7, In
addition, considerably more fertilizers are used on arable land
with annual crops compared to grasslands®S. Although direct data
on fertilization regimes was not available in the observational
dataset, we observed that cropland management practices led to a
reduction in pH, likely indicating higher fertilizer inputs*®. Fer-
tilization may initially have a positive effect on microbial and
enzyme activity, for example by increasing rhizodeposition via
enhanced plant growth® or removing stoichiometric
limitations®’, but long-term studies often show inhibiting effects,
e.g., caused by excessive nitrogen accumulation®!. In addition,
although pesticides are intended to have a target-specific effect,
they are in fact usually harmful to other organisms and can
therefore also affect microbial biomass and thus impair soil
functions®2. Finally, croplands are often cultivated as mono-
cultures, which are known to have limited benefits to soil life and
functions®3. In contrast, grasslands usually grow multiple plant
species, and this plant diversity is beneficial for microbial and
enzymatic activity>*>> At the same time, the absence of tillage
promotes soil physical properties®® and allows the build-up of
plant-beneficial soil microbial communities with multiple eco-
system benefits>’.

However, while there is a strong link between soil functioning
and land use, the capacity of soils to provide essential functions
also relies on other factors, including soil type, chemical com-
position, and physical properties®8. The soil type used in our field
experiment, for example, is known for its fertility, which likely
provides it with a higher capacity to buffer extreme conditions
than many other arable soils. Therefore, soil functioning is highly
influenced by its specific context and considering these factors
becomes crucial when exploring measures to promote the health
of the soil microbial community and enhance soil functions®?. At
the same time, our analysis focussed on seven soil functions at a
specific soil depth and did not include production of food, water
purification, carbon sequestration or habitats for biodiversity?S.
This highlights the need for future studies to investigate multi-
functionality measures encompassing a broader range of
functions®?.

Taken together, our results indicate that changes in climate, as
predicted for many European regions, could reduce the multi-
functionality of soils. We confirm this pattern in a field experi-
ment that simulates future conditions in a controlled setting,
where higher temperatures and shifts in precipitation patterns
(including summer drought) also reduced soil multifunctionality,
independently of land use. Our findings confirm that a shifting
climate could potentially limit the effectiveness of soil ecosystem
functions in cropland management. Considering the crucial role
of these functions, this situation is expected to lead to adverse
effects on human well-being in the coming decades. Promoting
sustainable land use practices may be a powerful approach to
maximize the provisioning of multiple ecosystem benefits?>61,62
under changing climatic conditions>%3%4, As Earth’s climate
changes, deepening our understanding of the drivers of soil
multifunctionality is going to be critical to inform policy deci-
sions that safeguard soils and their functions for current and
future generations.

Methods

European survey. To determine the effects of climate and land
use on soil multifunctionality across Europe, we used soil samples
from the Land Use/Cover Area frame Survey (LUCAS). Briefly,
soil samples were collected from 881 unique sites across Europe
in 2018, covering a wide range of environmental conditions,
taken from April to December with no particular sampling
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strategy. Detailed sampling time information can be found in
Appendix 2 of Smith et al. 2021 (Figs. $2-2)%°. After collection,
samples were stored on ice and transferred to Ispra, Italy, prior to
measurements in Leipzig and Halle, Germany, in March 2019.
For this study, we selected a subset of the sampling sites. As we
were interested in the effects of agricultural land-use intensities,
we selected 318 cropland sites and 160 grassland sites, excluding
forest sites.

Field experiment. We used the 6-year-old, large-scale field
experiment “Global Change Experimental Facility” to test the
impacts of climate change and land use in an experimental setup.
Located at the field research station of the Helmholtz-Center for
Environmental Research UFZ in Bad Lauchstidt, Saxony-Anhalt,
Germany (51°22060 N, 11°50060 E, 118 m above sea level), the
region is characterized by mean annual rainfall averages of
489 mm and a mean temperature of 8.9 °C. The soil type is a
haplic Chernozem, developed under carbonatic loess substrates,
which have one of the best capacities for storing soil organic
carbon?!. The experiment is comprised of a split-plot design, with
50 subplots (16 m x 24 m) arranged in 10 main plots. Half of the
main plots are subjected to a climate change scenario informed by
regional climate projections that include an increase in tem-
perature by 0.6 °C, a 20% reduction of rainfall in summer, and a
10% increase in spring and fall (see Schédler et al.% for details).
Each main plot is split into five subplots, implementing five dif-
ferent land use treatments: conventional cropland, organic
cropland, intensive grassland, extensive grassland, and extensive
pasture grazed by sheep instead of being mown (see Supple-
mentary Fig. 1). We sampled four of the five land use types
(n =40 subplots; 4 land use types x 2 climate treatments x 5
replicates) and omitted extensive pasture. Land use treatments
were divided into two land use types (cropland vs. grassland) to
reflect the design of the LUCAS survey. In the croplands, a crop
rotation of winter oilseed rape, winter wheat, and winter barley
was implemented, with legumes added every third year instead of
rapeseed, in the organically managed areas, providing atmo-
spheric N fixation and plant N supply®”. The plots were fertilized
depending on the cultivated crop and in accordance with the
respective management method. Pesticides (herbicides, fungi-
cides, and insecticides) were used according to regional recom-
mendations. In organic croplands, pesticide use was completely
avoided. Grasslands were represented by an intensively- and
extensively used meadow. The intensive grassland was sown with
five grass varieties, fertilized with nitrogen (N), phosphorus (P),
and potassium (K), and mown up to four times per year. In
contrast, the extensively used meadows contained 56 plant species
(grasses, legumes, and herbs), received no fertilization, and were
mown twice a year. We collected soil cores in spring (May) and
fall (September/October) 2019 using a steel core sampler (1.5 cm
diameter; 15cm deep). Eight fresh subsamples were pooled,
sieved to 2 mm, and stored at 4 °C.

Measurement of microbial respiration, biomass and soil water
content. For the European survey, 50 g soil samples that had been
previously stored frozen at —20 °C were taken, thawed to 4 °C,
and then sieved to 2mm. For logistical reasons, samples were
then stored at 4 °C for four weeks. Five days before measurement,
the samples were placed in sealed bags and acclimatized to room
temperature (20 °C) to maintain constant soil moisture. There-
after, basal respiration was measured using an O,-micro-
compensation system®8. Depending on soil density, 5-7 g of fresh
soil was used to measure basal respiration (ul O, h~! g1 soil dry
weight) for a 24 h interval. Microbial biomass (g Cic g~ ! soil
dry weight) was measured using substrate-induced respiration

with the same soil samples by adding 4 mg glucose per g soil dry
weight, dissolved in 1-1.5 ml distilled water for 12 h%. We used
1-1.5 ml of distilled water, adjusting based on soil dry weight, to
ensure the samples were uniformly moist without being water-
logged. Afterwards, soil samples were dried at 75 °C for 24 h. By
accurately measuring the initial weight of the soil samples before
drying, we were able to determine the percentage of soil water
content afterwards (for detailed information, please see Smith
et al.6%).

In the field experiment, measuring soil microbial respiration
and biomass was done by means of the same O,-microcompen-
sation system setup, using 6 g of fresh soil>®. Following the same
protocol, soils were acclimated at 20°C before determining
microbial basal respiration (ul O, h—! g~ ! soil dry weight) at a 24
h interval. Subsequently, maximum respiratory activity was
measured by adding glucose (4 mgg—! soil dry weight dissolved
in 1.5 ml distilled water), which allowed the determination of soil
microbial biomass (ug Cpic g1 soil dry weight) as done before?”.
Afterwards, soil samples were dried as described above to
determine soil water content.

Measurement of water-stable aggregates. To measure water-
stable aggregates (WSA), we employed the wet-sieving method, a
well-established ~ technique  for  assessing  water-stable
aggregates’%71. The wet-sieving device used was the Eijkelkamp
soil & Water from Giesbeek, the Netherlands. We measured three
replicates for each GCEF subplot and one replicate for each
LUCAS sample. We placed 4 g of fresh soil (FM) into 0.25-mm
sieves and allowed the soil to soak capillarily rewet for 5 min.
Samples were then wet-sieved for 3 min and dried overnight at
70 °C, after which dry matter (DM) was measured. Sand, roots,
and particles were extracted by crushing the aggregates and rin-
sing them in sieves until the water was clean. The coarse matter
(CM) was weighed after another night in the drying oven at
70 °C. The percentage of water-stable aggregates was calculated as
follows:

WSA — CM
%WSA = (7> x 100

FM — CM

Measurement of soil enzymes and properties. Determination of
the activities of four hydrolytic enzymes was based on
4-methylumbelliferone (MUF)-coupled substrates. 4-MUB-b-D-
cellobioside, 4-MUB-b-D-xyloside, 4-MUB-N-acetyl-b-D-gluco-
saminide and 4-MUB-phosphate are used to estimate the activ-
ities of enzymes involved in carbon (cellobiohydrolase,
xylosidase), nitrogen (N-acetylglucosaminidase), and phosphorus
(phosphatase) cycling, respectively. For each soil sample, a
separate black 96-well microplate was prepared. The plates con-
tained all substrates, MUF dilutions to calculate quench and
extinction coefficients (1.25 and 2.5 M), as well as substrate and
soil suspension controls. Then, approximately 250 mg of fresh soil
sample were suspended in 50 ml of 50 uM acetate buffer (pH 5)
for analysis. The pH range for soils of the GCEF platform was
between 5.5 and 7.572. We chose pH 5 for two reasons. Firstly, it
ensured that all enzymes in the soil suspension exhibited suffi-
cient activity and prevented bias from other phosphatases. Sec-
ondly, enzyme production is concentrated in soil hotspots around
litter and plant roots, which lower the pH due to plant exudation
and microbial metabolism?3. Thus, the working pH of enzymes in
soil may differ from the measured pH using standard methods.
The method employed standardized conditions, removing tem-
perature and moisture differences, allowing for direct comparison
of enzymatic potentials across diverse samples. To break up soil
aggregates, the soil suspensions were sonicated for 5min, then
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transferred to the prepared microplates and incubated at 25 °C for
60 min. The addition of 30 pl 1 M NaOH solution stopped the
enzymatic reactions. Subsequently, fluorescence was measured for
eight technical replicates (to account for soil heterogeneity) using
an Infinite 200 PRO instrument (Tecan Group, Méinnedorf,
Switzerland) with 360 nm excitation and 465 nm emission filters.
Enzyme activities were provided as turnover rate of the substrate
in nmol per gram dry soil and hour. Total organic carbon was
determined by dry combustion with a Vario EL III C/H/N ana-
lyzer (Elementar, Hanau, Germany) and soil pH by using a pH
electrode (InLab Expert Pro-ISM, Mettler-Toledo, Giessen,
Germany).

Statistical analyses. Data processing and statistical analyses were
performed using R version 4.2.1. We used the “corrplot” package to
analyze the correlation between the individual functions. Afterwards,
we used the same seven functions to calculate soil multifunctionality
with the averaging and the threshold approach according to Byrnes
and colleagues®. In order to avoid any model-fit deviation due to
scale differences between variables, all explanatory variables were
centered and divided by two standard deviations.

We tested the relationships between climate, land use, soil
water content, soil carbon content, and pH as well as their effects
on soil multifunctionality using a Structural Equation Modeling
(SEM) framework. To account for the split-plot design of the field
experiment, we included “mainplot” as random factor. Our SEM
was fitted using the R function “psem” from the “piecewise”
package®?. For the LUCAS dataset, we also included latitude,
elevation, and soil texture in the model. For soil texture, silt, sand,
and clay were combined by a principal component analysis
(PCA). To assess the interactive effects of climate change and
land use on soil multifunctionality, and to test the interaction
effect between the predictors we employed a model that included
the interaction. However, since the interaction was not found to
be statistically significant, we proceeded with a simpler model
(without the interaction term) for the final analysis. We also
tested the model for potential non-linear relationship. For model
fit and model quality we used Fisher C. To test the robustness of
our results, we used two multifunctionality measures in our
model: the averaging approach, which provides the average value
of the standardized functions that is part of our main results, and
the threshold approach. As we sampled the field experiment in
spring and fall, we also tested both samplings separately. We also
tested covariation between the exogenous variables of the SEMs.
In addition, we tested all seven soil functions individually for both
LUCAS and GCEF (for additional information on the analyses
please see Supplementary Methods; Supplementary Tables 2-48
and Supplementary Figs. 2-24).

Data availability

Datasets used for this study can be accessed here: https://zenodo.org/record/8386710.

Code availability
Al R scripts used for this study can be accessed here: https://zenodo.org/record/8386710.
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