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backs. A key phenomenon influencing water infiltration into the land surface is soil hydrophobicity, or water re-
pellency. Despite repellency dictating the speed, volume and pattern of water infiltration, there is still major
uncertainty over whether this critical hydrological process is biologically or physicochemically controlled. Here
we show that soil water repellency is likely driven by changes in the plant and soil microbial communities in re-

Keywords: sponse to environmental stressors. We carried out a field survey in the summers of 2013 to 2016 in a variety of
Hydrophobicity temperate habitats ranging across arable, grassland, forest and bog sites. We found that moderate to extreme re-
Drought pellency occurs in 68% of soils at a national scale in temperate ecosystems, with 92% showing some repellency.
Bacteria Taking a systems approach, we show that a wetter climate and low nutrient availability alter plant, bacterial
Fungi and fungal community structure, which in turn are associated with increased soil water repellency across a
E;mperate large-scale gradient of soil, vegetation and land-use. The stress tolerance of the plant community and associated

changes in soil microbial communities were more closely linked to changes in repellency than soil physicochem-
ical properties. Our results indicate that there are consistent responses to diverse ecosystem stresses that will im-
pact plant and microbial community composition, soil properties, and hydrological behaviour. We suggest that
the ability of a biological community to induce such hydrological responses will influence the resilience of the
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whole ecosystem to environmental stress. This highlights the crucial role of above-belowground interactions in
mediating climatic feedbacks and dictating ecosystem health.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The frequency and intensity of extreme climatic events is predicted to
increase over the next century and beyond (IPCC, 2014). Soil moisture has
been shown to have major implications for carbon storage and related cli-
matic feedbacks (Green et al., 2019), therefore it is more important than
ever to understand how the flow of water interacts with ecosystem health
and the mechanisms controlling water fluxes at the land-atmosphere in-
terface. There are still many uncertainties surrounding how water, soil,
and vegetation will respond to the escalation of climatic stress in addition
to prevailing land use stresses. Resilience to change varies between eco-
systems, yet in most cases resilience and recovery only occur within limits
and are less likely under multiple stressors (Coté et al., 2016). Biological
communities shift in response to stress, and soil physicochemical proper-
ties change in tandem, creating an overall ecosystem response (van der
Putten et al., 2013). Further, the ecosystem response to one stressor,
such as drought, may change the response to another, such as flood.
Many habitat stressor responses and feedbacks are as yet unknown but
are globally important if we are to model and predict impacts helping to
mitigate ecosystem damage (Robinson et al.,, 2019).

Soil water repellency fundamentally changes the way water infil-
trates and moves through the soil. A water repellent (hydrophobic)
soil is defined by the behaviour of liquid on the soil surface, with repel-
lent soils causing water drops to bead and resist capillary absorption.
Previous seminal work on water repellency has emphasised its impact
on hydrological processes through increasing surface runoff and soil
erodibility, predominantly in fire driven systems (Doerr et al., 2000;
Goebel et al., 2011). To date, it is often negative impacts of repellency as-
sociated with crop production, flood risk, water quality and biogeo-
chemical cycling that have been the focus of the literature (Dekker
and Ritsema, 1994; Doerr et al.,, 2000). However, an emerging body of
work provides evidence for the ecological role of repellency in promot-
ing the resilience of plant communities and soil carbon stock to wildfire
and drought stress in various ecosystems (Kettridge et al., 2014;
Robinson et al., 2010; Zeppenfeld et al., 2017). Water repellency has
been shown to induce unsaturated preferential flow of water into the
soil rather than piston flow in many soils (Dekker and Ritsema, 1994;
Rye and Smettem, 2017). Of the 17 ecosystem service categories identi-
fied by Costanza et al. (1997), twelve benefit from preferential flow and
three are affected detrimentally (Clothier et al., 2008).

Water repellency induces increased runoff if the soil has no
macropores and unsaturated preferential flow of water into the soil,
rather than piston flow, in the presence of macropores (Dekker and
Ritsema, 1994). The partitioning between preferential flow and surface
run-off will depend on a number of factors in addition to the degree of re-
pellency, e.g. texture, macropore density, the topography of the area, and
the spatial pattern of repellency, which is often highly spatially heteroge-
neous (Bodi et al,, 2013; Doerr et al., 2000). With preferential flow, water
penetrates deeper into the soil profile by following roots or other
macropores generating fingered flow, while with piston flow it pene-
trates evenly down the soil profile (Bogner et al., 2010). In an ecosystem
where the spatial pattern of plants can adjust to the heterogeneity of in-
filtration due to repellency, preferential flow can be an advantage. For ex-
ample, preferential flow can result in greater storage of water at depth
(Rye and Smettem, 2018) which can increase a plant's resilience to
drought stress and give an advantage to deep-rooting plants over
shallow-rooting plants in drought stressed environments (De Boeck and
Verbeeck, 2011; Zeppenfeld et al,, 2017). Whereas, in agricultural produc-
tion systems where the pattern of plants is predetermined and there are

limited macropores for the development of preferential flow paths soil
moisture spatial heterogeneity and dry spots results in yield loss.

Water repellency is considered to be created by the amount, nature
and configuration of soil organic material (Doerr et al., 2000; Mao et al.,
2019), yet there is still uncertainty over the origins of the hydrophobic
compounds in global soils (Mao et al., 2016; Schaumann et al., 2007;
Spohn and Rillig, 2012). Until now, potential mechanisms for inducing
water repellency have not been tested at realistic scales, hampering
the emergence of a coherent theory across habitat types for the devel-
opment and persistence of water repellency. In this work we analysed
soil repellency across a wide range of habitats (Fig. 1) within a temper-
ate oceanic climate. This wide range of biota within a limited climatic
range enabled us to evaluate the relative role of biotic influence on re-
pellency versus soil physicochemical influences, without confounding
effects of climate. We characterised the plant community and soil phys-
icochemical properties within 1326 sites, including 425 sites in which
the belowground communities were measured, allowing an in-depth
look at how the whole ecosystem shifts in tandem with soil hydrological
shifts. Given the emerging evidence discussed we hypothesise that:

1) Soil water repellency depends on habitat, particularly showing
greater persistence in those habitats that experience environmental
stress such as drought and high acidity.

2) Persistence of repellency depends on the microbial community com-
position, as microbes can adapt to water stress by either becoming re-
pellent or producing repellent compounds to aid water conservation.

We test these hypotheses through the following objectives:
(i) measure repellency across habitat types and determine its preva-
lence; (ii) test the relationship between soil, plant and microbial com-
munities and the persistence of soil repellency; and (iii) explore
whether our pre-identified physicochemical and biological variables
predict the changes in repellency across land use.

2. Methods
2.1. Field sampling design

We used data collected as part of the Glastir Monitoring and Evalua-
tion Programme (GMEP) field measurement program in Wales, a sam-
pling domain of ~2,000,000 ha comprising varied land use and
topography and situated on the oceanic Atlantic seaboard of NW
Europe (Emmett and the GMEP team, 2017). There were 300 individual
1 km squares randomly selected from within land classification strata
and each included 5 vegetation plots (Fig. 1, Fig. S1). The sites were se-
lected to be representative of the range of habitat types across Wales;
consequently, different grassland habitats were sampled extensively,
complemented by substantial numbers of woodland and wetland sites
(Table S1). Sampling occurred over a five month period across each of
the summers of 2013 to 2016, each square was only surveyed once
over the four years with different squares being surveyed each year.
Every plot had a vegetation survey performed for a 200 m? square and
where possible soil samples taken at the south corner of an inner 2 m
square (Fig. S1). A soil core for physicochemical analysis was taken
with a plastic corer of 5 cm diameter down to 15 cm depth. The squares
from the first two years of the survey had soil samples for microbiology
taken from three randomly selected plots within the square. Soil sam-
ples for microbiology were taken using a gouge auger at 5 points around
the physicochemical soil core location down to 15 cm, and then bulking
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Fig. 1. A map of the survey square locations and the range of habitats included in the survey. The white circles represent approximate survey square locations. The habitats shown are
aggregated from the categories within the Land Cover Map 2015. These aggregated habitat classes were not obtained using the same methods as the field survey assignment so care

must be taken in linking the results.

together the samples. The surveyors assigned each plot to a habitat ac-
cording to the Joint Nature Conservation Committee criteria (Jackson,
2000). The main habitats included in this study were: arable; improved
grassland; neutral grassland; acid grassland; broadleaved woodland;
coniferous woodland; dwarf shrub heath; fen, marsh and swamp;
bog; and bracken.

Elevation data was taken from NEXTmap based on the GPS coordi-
nates of the plots. Precipitation is the Standardised Annual Average
Rainfall for 1961-1990 calculated on a 1 km grid. Drought is a measure
of the annual average number of dry spell events, defined as 14 day
events with <2 mm rainfall per day, over the previous 30 years to sam-
ple collection and calculated on 5 km grid square basis. All precipitation
and drought data came from the Met Office © Crown copyright 2017.
The Land Cover Map 2015 was used to represent the range of habitats
across Wales (Rowland et al., 2017).

2.2. Soil physicochemical laboratory analyses

Analysis of soil variables was undertaken using the methods of the
Countryside Survey (Emmett et al., 2008). Soil pH was measured by
suspending 10 g of fresh soil in 0.01 M CaCl, in a 1:2.5 (weight/volume)
soil suspension (Avery and Bascomb, 1974). The pH used was measured
in CaCl, instead of deionised water as the CaCl, solution has similar
ionic strength to the soil solution in fertilised temperate soils and thus

the pH is more representative of field conditions (Schofield and
Taylor, 1955).

The surface 2 cm of the air-dry core was removed intact for water re-
pellency measurement using the water drop penetration time method on
the soil surface (Doerr, 1998) in the laboratory between 50 and 60% rela-
tive humidity. Six 1 ml droplets of deionised water were dropped on top
of the soil surface from a height of 1 cm using a pipette. The absorption of
the water droplets was recorded using video recording equipment, en-
abling measurement of the WDPT at a precision of 1 s. This surface section
of the soil was recombined with the rest of the core for further processing.
The complete soil samples had particles >2 mm size removed and the re-
maining fine earth fraction ground by a deagglomerator (Pulverisette 8).
Soil carbon of the fine earth fraction of the soil was measured by oxidative
combustion followed by thermal conductivity detection using an
Elementar Vario EL analyser. The soil water content was calculated as
the volumetric percentage of the fine earth fraction of the soil, taking
into account the volume of particles >2 mm removed.

2.3. Biological community data

2.3.1. Plant community analysis

Multiple indices of plant community properties were calculated, in-
cluding both those based on Ellenberg indicator values (Hill et al., 2004)
and those based on Grime's CSR theory. Grime's CSR theory states that
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species can be categorised into competitors, stress tolerators and ru-
derals (Grime, 1977; Hodgson et al., 1995). For these indices the score
assigned to each plant species was taken and then a mean score per
plot calculated based on species identity. Within this analysis we used
Ellenberg fertility and Grime's stress tolerance.

2.3.2. Microbial community analysis

DNA was extracted using a mechanical lysis and homogenisation in
triplicate from 0.25 g of soil per sample using PowerLyzer PowerSoil
DNA Isolation Kits (MO-BIO) after pre-treatment with 750 pl of 1 M
CaCOs (Sagova-Mareckova et al., 2008). Amplicon libraries were created
using primers for the 16S (bacteria) and ITS1 (fungi) regions of the
rRNA marker gene using a two-round PCR. The primer combinations
used for the first round were 515F/806R (V4 16S) for 16S libraries
(Caporaso et al.,, 2011; Walters et al., 2011) and ITS5/5.8S_fungi (ITS1)
for ITS1 libraries (Epp et al,, 2012). For a full description of the methods
used see George et al. (2019). Amplicon libraries of 2013 samples were
constructed at Bangor University. Library preparation for 2014 samples
and Illumina sequencing for both years were conducted at the Liverpool
Centre for Genome Research. Sequences with limited sample metadata
have been uploaded to The European Nucleotide Archive with the fol-
lowing primary accession codes: PRJEB27883 (16S) and PRJEB28028
(ITS1).

All bioinformatics were performed on the Supercomputing Wales
system. Illumina adapters were trimmed from sequences using
Cutadapt (Martin, 2011). The sequences were then de-multiplexed, fil-
tered, quality-checked, and clustered using a combination of USEARCH
v. 7.0 (Edgar, 2010) and VSEARCH v. 2.3.2 (Rognes et al., 2016)
programmes. Sequences with a maximum error >1 and > 200 basepairs
were removed following the merging of forward and reverse reads for
all sequences. Operational taxonomic units (OTUs) were clustered
using open reference methodology as described in George et al.
(2019). Filtered sequences were matched first against either the
GreenGenes v. 13_8 (DeSantis et al., 2006) or UNITE v. 7.2 (Koljalg
et al., 2013) databases. Ten percent of sequences that failed to match
were clustered de novo and used as a new reference database for failed
sequences. Sequences that failed to match with the de novo database
were subsequently clustered de novo. Chimeric sequences were re-
moved. Taxonomy was assigned to OTUs using QIIME (Caporaso et al.,
2010) with RDP methodology (Wang et al., 2007) from the GreenGenes
database v. 13_8 and UNITE database v. 7.2 for the 16S and ITS1 data, re-
spectively. Singletons and OTUs appearing in only 1 sample were re-
moved from OTU tables following taxonomic assignment. All non-
bacterial and non-fungal OTUs were removed from each OTU table.

To account for variation in read depth across samples, fungal data
was rarefied to 1750 reads and bacterial data was rarefied to 18,800
reads using the vegan package (Oksanen et al., 2018; Weiss et al.,
2017). Rarefaction was repeated 100 times for fungi and 50 times for
bacteria and the rounded mean used for all analyses. Fungal OTUs
were also assigned to trophic mode using FUNGuild (Nguyen et al.,
2016). In total 53.2% of the OTUs were assigned to a trophic mode,
82.9% of those assignations being rated probable or highly probable.
The FUNGuild data was rarefied to 1500 read depth 100 times and the
mean value across the repetitions used to calculate the proportions of
OTUs identified to be solely pathotrophic, symbiotrophic or
saprotrophic. Due to the low proportion of solely pathotrophic fungi
within our samples only the symbiotrophic and saprotrophic propor-
tions were used in the statistical analysis.

24. Statistical analysis

All statistical analysis was undertaken in R (R Core Team, 2018), and
were performed on the natural logarithm of the median WDPT. The
WDPT was categorised into the WDPT ratings of Doerr et al. (2006).
Fig. 4 was created using the ggplot2 package (Wickham, 2009). Non-
metric multidimensional scaling of the OTUs was performed using the

vegan package (Oksanen et al., 2018) using Sgrensen community com-
position distances.

Structural equation modelling was used to evaluate the factors
influencing water repellency in our dataset. This approach involves pro-
posing a causative model, taking into account direct and indirect path-
ways, then fitting to the data and critically evaluating the proposed
causative model. A set of climate, soil and plant variables were selected
based on previous work constructing hypothesised relationships consis-
tent with mechanisms that could drive repellency. These variables were
built into a piecewise structural equation model (SEM) (Shipley, 2000)
using Bayesian multilevel models (Biirkner, 2017; Clough, 2012), and
evaluated using Shipley's test of d-separation (Shipley, 2013, 2009).
Further details on the SEM approach and parameter selection are
contained within the supplementary information.

3. Results
3.1. Soil water repellency at the national scale

Overall, we found that 92% of the soils showed at least slight water
repellency with 32% showing severe to extreme water repellency
(Table S1). We found that water repellency was strongly associated
with soil carbon, water content and the composition of the plant and
soil microbial communities at a site (Fig. 2). Soil carbon had the largest
impact upon water repellency in both the model across the full dataset
(Fig. 3b, Table S2) and the model with microbial data (Fig. 2b, Table S3).

3.2. Biological influences on water repellency

Plant stress tolerance strongly impacted water repellency, having a
direct impact that was over 50% higher than the effects of soil pH, soil
water or climatic variables across the entire dataset (Fig. 3, Table S2).
Although precipitation and drought were negatively correlated, both
significantly increased the Grime stress tolerance score of a site. The
stress score as a representative of the plant community was responsive
to multiple forms of climatic stress as well as pH stress. A stress tolerant
plant community at a site was associated with more repellent soils.
The stress tolerance of the plant community impacts repellency
directly and indirectly through differences in the soil microbial
communities.

Both bacterial and fungal community composition explained signif-
icant residual variance in soil water repellency once changes in soil car-
bon, pH and water content were accounted for (p < 0.001), indicating a
direct link between the soil microbial communities and water repel-
lency. Soil water repellency decreased with increasing proportions of
symbiotrophic fungi (Fig. 2), the majority of which were
ectomycorrhizal in this dataset (61%). Bacterial composition had a par-
ticularly high direct impact upon repellency (93% of the impact of soil
carbon, the source of hydrophobic material; Fig. 2b, Table S3).

3.3. Mediation of climate and pH stress

Within our model the impacts of environmental stressors on repel-
lency were completely mediated by changes in the biological communi-
ties at a site. Within the model without microbial data there are direct
links between precipitation, drought and repellency (Fig. 3) however
these were not present in the model with microbial data (Fig. 2).
Water repellency does increase considerably with elevation, and alters
with changing rainfall regime, yet this was entirely mediated by
changes in soil properties and the biological community (Fig. 2b). We
also found no further association between soil pH and water repellency
once changes in the soil bacterial community composition were
accounted for.
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Fig. 2. Structural equation modelling reveals soil water repellency is strongly influenced by biological community composition. a The width of the arrow joining two boxes is proportional
to the strength of the relationship, i.e. the parameter estimate. Positive relationships are represented by a blue arrow, negative by red and endogenous variables feature the proportion of
variance within the variable explained by the model, the conditional R? value, in the corner of the box. The model fitted the data well (C = 20.22, p = 0.68, n = 425) and all other SEMs
tested had a AAICc score > 2. The full output from the model is in Supplementary Table 2. b The total, direct and indirect effect of each predictor on soil water repellency as estimated from
the model parameters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Influence of land use on soil water repellency

Repellency varied across the different habitat types in our study, with
higher repellency in low productivity habitats such as acid grassland and
bog compared to high productivity habitats such as improved grassland.
Repellency was highly variable within most habitat types, particularly in
broadleaved woodlands and fens (Fig. 4). Arable systems had significantly
lower water repellency than all other habitat types (Fig. 4, Table S1). The
low water repellency of arable systems persisted after accounting for their
higher pH and lower soil carbon content (ANOVA on impact of habitat on
residuals for whole dataset: Fg 1295 = 7.394; p < 0.0001; Table S4) and
different microbial communities (ANOVA on impact of habitat on
residuals: F, 350 = 2.458; p = 0.01; Table S5). Arable habitats were
the only habitats that were still different from other habitats after
accounting for soil physicochemical and biotic variables (Table S5).

4. Discussion
4.1. Biological influences on soil water repellency

We found that repellency is higher in ecosystems with greater soil
carbon, higher plant stress tolerance and associated changes in soil pH
and microbial communities (Fig. 5). The strong influence of soil carbon
on water repellency is consistent with previous work (Hermansen et al.,
2019; Mao et al., 2019; Wang et al., 2016), but the association between
plant community stress tolerance, microbial composition and repel-
lency is novel. Our results provide evidence supporting literature con-
jecture that the ability to induce water repellency could confer a
competitive advantage to plants within stressful environments
(Robinson et al., 2010; Verboom and Pate, 2006). Multiple types of en-
vironmental stressors, including both climatic and acidity related
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stressors, have been found to be related to repellency. Surface water re-
pellency can divert water deeper into the soil profile through inducing
preferential flow of water and preventing water movement upwards
by creating a evaporative barrier layer at the soil surface providing
dual protection from evaporation (Doerr et al., 2006; Rye and
Smettem, 2017). In semi-arid ecosystems the pattern of soil moisture
in relation to trees suggests that the trees respond to drought by induc-
ing water repellency to promote water flux down their root systems
into deeper soil layers (Robinson et al., 2010; Verboom and Pate,
2006). Rhizosphere hydrophobicity has been found in modelling exer-
cises to give a competitive advantage for plant growth due to greater ac-
quisition of water and mitigating the impacts of drought stress (Kroener
et al,, 2016; Zeppenfeld et al., 2017).

We know from different parts of the literature that plant exudates
(Svenningsson et al., 1990), fungal mats (Spohn and Rillig, 2012), and
bacterial communities (Achtenhagen et al., 2015) can all respond to
stress by producing water repellent compounds. For the microbial com-
munity the production of water repellent compounds can be an impor-
tant survival mechanism both in dry and saturated systems. For
example, Unestam (1991) argued that the lipoid, hydrophobic fungal
surface protected both the fungus and tree roots against desiccation

during drought periods. Furthermore, he observed that the mycorrhizal
roots withstood a drier soil environment in rhizoscopes than did the hy-
drophilic non-mycorrhizal roots. Another advantage is that hydropho-
bic mycorrhizal hyphae may translocate water more efficiently, being
less susceptible to water loss (Duddridge et al., 1980; Read et al,,
1985). In saturated conditions, Unestam (1991) argued that the fungal
mats, particularly the complex hydrophobic structures, such as the
mantle, cords, and patches, could produce air pockets. As obligate aer-
obes, saturation for extended periods would cause death, so the air
pockets could provide a lifeline.

Bacteria have been found to produce extremely water repellent
biofilms (Epstein et al,, 2011) (Epstein et al.,, 2011). One aspect of this
repellency is that it prevents the penetration of antimicrobials into the
biofilm. This has been exploited in crop protection where the biofilm
development can shield roots from waterborne pathogens. Moreover,
it has been argued that both hydrophobic bacterial cell walls and bacte-
rial biofilms protect bacteria from desiccation or bursting in response to
cycles of drying and rapid rewetting (Achtenhagen et al., 2015). Water
stress was shown to activate a number of processes in microorganisms,
(Morales et al., 2010; Schimel et al., 2007). Hence our proposal that the
development of water repellency is an ecosystem response to a stressful
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environment, as a means of protection for microbes and better resource
allocation with plants. Our results, covering climatic stress, soil physico-
chemical properties, plant and soil microbial communities together,
support the development of such an ecological theory.

4.2. Persistence of repellency

Microbial communities are quicker to respond to change than plants
and our results indicate that repellency could be induced by microbes
on short timescales in response to environmental stressors. There is
still much uncertainty over the persistence of repellency over time
and space (Bodi et al., 2013; Leighton-Boyce et al., 2007; Miiller et al.,
2014; Rye and Smettem, 2015). Our study analysed the air-dry repel-
lency of the soil, which can be interpreted as the ability of the sample
to become repellent upon drying and thus would be less variable over
time than repellency of the fresh soil surface. The different ways in
which repellency is created and maintained may be a critical factor in
determining how long repellency will persist. Some studies have
found that hydrophobicity can originate from plant material, both litter
and root exudates, which clearly indicates a potential for long term
maintenance of repellency by plants (Cesarano et al., 2016; Hallett
et al., 2009; Mao et al., 2016; Naveed et al., 2018). Microbial communi-
ties are more changeable than plants yet could still result in the long
term ability to induce repellency. Microbes both create and destroy re-
pellent compounds, and changes in the composition of the community
help determine water repellency.

\, Stress tolerant plants

1y,

Surface repellency acts

as a barrier to upwards
water movement

networks of
hydrophobic
flow paths

Storage of water at depth

Repellent soils

o M

Increasing organic matter -

Acidic pH

Fig. 5. A representation of the change in repellency across an environmental stress gradient and its impact upon water fluxes in the soil when dry. Upon the left of the diagram we have a
plant community that is adapted to be competitive in low-stress environments, highly productive with a non-repellent soil. Water infiltrates the soil in a piston flow manner. On the right
we have a stress tolerant plant community with a repellent soil that alters water infiltration to follow preferential flow paths. This results in greater water next to plant roots and stored at

depth within the soil.
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4.3. Evaluating the directionality of links and mediation in SEM

Within our analysis we assumed that soil repellency was caused by
changes in the microbial community, rather than the reverse. We con-
sider that repellency is caused by hydrophobic compounds within the
soil (Hermansen et al., 2019; Mainwaring et al., 2013; Mao et al,,
2019), however, it is feasible that the physical configuration of soil com-
ponents could play some role, which remains largely unexplored
(Benard et al., 2018). It is these hydrophobic factors that we consider
to be altered by biotic communities. It is possible that the hydrophobic
compounds within the soil could be altering the microbial communities
through changing the suitability of the environment (Barnard et al.,
2013; Or et al., 2007; Wang and Or, 2013). However microbial commu-
nities are both the source of, and mediator of, the breakdown of hydro-
phobic compounds (Achtenhagen et al., 2015; Chau et al,, 2012; Liet al,,
2018; Schaumann et al., 2007). There is likely a feedback mechanism
whereby, as the physical environment is altered by the production or
degradation of hydrophobic compounds, this then forces changes in mi-
crobial communities which are adapted to different situations. We be-
lieve that the shorter feedback is in the direction of microbes to
repellency, and it is this we have included in our model.

We have found complete mediation of climatic and some physico-
chemical stressors on repellency. Thus once we know the biotic com-
munity composition we do not need to know the wider
environmental conditions to be able to predict repellency. In particular,
the complete mediation of pH related influences on repellency by the
microbial community is of interest. This suggests that the change in
water repellency with pH found in many observational studies
(Lebron et al., 2012; Mirbabaei et al., 2013; Zavala et al., 2014) is not
likely to be due to chemical modification of particles, which has been
found to alter water repellency in pH modification experiments (Amer
et al,, 2017; Diehl, 2013). The complete mediation of climatic stressors
upon repellency suggests that the influence of climate on soil surface
water content will be strongly impacted by the biological community
at a site, with implications for earth system modelling (Goebel et al.,
2011; Green et al., 2019). The infiltration of water into the soil in
these systems is driven by biological factors, not physicochemical, and
will therefore change as biological communities are placed under in-
creasing stress.

4.4. Influence of land use on soil water repellency

The differing land uses within our study had differing repellency,
however the impact of land use on repellency was in most cases ex-
plained by the variation in carbon, pH and biotic communities across
the land use types. This supports the findings of Doerr et al. (2006),
who also found a land cover dependency for soil water repellency in
the United Kingdom. Repellency is known to have a strong role in the
function of some land use types. For example, within some peatland sys-
tems extreme water repellency was created after fire, which lowered
evaporation, allowed the maintenance of a high water table, and in-
creased speed of ecosystem recovery compared to systems that did
not become repellent after fire (Kettridge et al., 2014). With regard to
stress it has been found that, in pasture systems a negative relationship
between productivity and repellency has been found (Miiller et al.,
2014). This suggests that the competitive advantage found by the afore-
mentioned modelling studies (Kroener et al., 2016; Zeppenfeld et al.,
2017) are limited to locations that are undergoing stress and are poten-
tially therefore less productive. Our results are consistent with this as
stress resilient plant species are found in less productive sites.

There is however one habitat in which knowing the carbon, water
and biotic community does not mean that you can predict repellency:
arable. Arable systems have lower than predicted repellency even
after taking into account soil physicochemical, above and belowground
community composition. There is something qualitatively different
about arable systems which results in lower repellency, perhaps due

to the mechanical disturbance of the soil through tillage, which has
been found to reduce water repellency and infiltration (Miiller et al.,
2016; Roper et al., 2013). Water repellency is likely to be related to
soil biophysical structure, the networks of roots, fungal hyphae and mi-
crobial biofilms that permeate the soil and follow, create and maintain
preferential flow paths for water infiltration.

4.5. Water repellency and biological community response to stress

The concept of water repellency as an adaptive stress response sug-
gests that the ability to induce water repellency promotes ecosystem re-
silience to drought and other stressors. Access to water stores has been
shown to be crucial in determining carbon loss and plant resilience dur-
ing drought (De Boeck and Verbeeck, 2011). We propose that water re-
pellency indicates a healthy ecosystem response to stress, and the
inability of tilled land to induce water repellency can be interpreted as
an unhealthy lack of resilience. We have found that multiple different
natural stressors: drought; high precipitation and low nutrient status
acidic soils had a consistent relationship with our realistic large-scale
gradient of soil water repellency. It is the biological communities
which are more closely related to soil repellency than physicochemical
factors, showing the importance of ecology in modifying hydrological
processes through feedbacks that will help conserve water. The homo-
geneity of response indicates there are consistent mechanisms induced
by biological communities across ecosystem types to increase resilience.
These mechanisms are those we should be interested in monitoring and
influencing to understand, predict and mitigate ecosystem shifts in re-
sponse to increasing stress from land use and climate change.
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