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Abstract Soil water repellency (SWR) is a widespread challenge to plant establishment and growth.
Despite considerable research, it remains a recalcitrant problem for which few alleviation technologies
or solutions have been developed. Previous research has focused on SWR as a problem to be overcome,
however, it is an inherent feature of many native ecosystems where it contributes to ecosystem
functions. Therefore, we propose a shift in the way SWR is perceived in agriculture and in ecological
restoration, from a problem to be solved, to an opportunity to be harnessed. A new focus on potential
ecological benefits of SWR is particularly timely given increasing incidence, frequency and severity of
hotter droughts in many regions of the world. Our new way of conceptualising SWR seeks to
understand how SWR can be temporarily alleviated at a micro-scale to successfully establish plants,
and then harnessed in the longer term and at larger spatial scales to enhance soil water storage to act as
a “drought-proofing” tool for plant survival in water-limited soils. For this to occur, we suggest research
focusing on the alignment of physico-chemical and microbial properties and dynamics of SWR and,
based on this mechanistic understanding, create products and interventions to improve success of plant
establishment in agriculture, restoration and conservation contexts. In this paper, we outline the
rationale for a new way of conceptualising SWR, and the research priorities needed to fill critical

knowledge gaps in order to harness the ecological benefits from managing SWR.

Keywords: Drought, Fertiliser, Hydrophobicity, Microbial Activity, Nonwetting Soils, Run-off

Introduction

Soil water repellency (SWR) restricts soil water infiltration (DeBano 1981) and is a widespread
challenge to plant establishment and growth in many regions (Blackwell 2000; Doerr et al. 2000). It
has been ranked as one of the major soil constraints to successful agriculture, for example, production

losses of up to 80% have been reported in Australia (Blackwell 1993). Soil water repellency is not


https://orcid.org/0000-0002-4044-6694
https://orcid.org/0000-0002-7756-3755
https://orcid.org/0000-0002-9629-4423
https://orcid.org/0000-0001-8118-1904
https://orcid.org/0000-0003-0143-2190
https://orcid.org/0000-0002-1235-1903
https://orcid.org/0000-0002-7962-219X
https://orcid.org/0000-0003-0268-2917

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

limited to particular climates, soil types or land uses. It occurs in tropical to subarctic climates, in dry
regions such as the United States (California, Oregon, and Utah), southern Australia (New South Wales,
South Australia, and Western Australia), the Mediterranean Basin (Italy, Portugal), but also in wetter
regions such as British Columbia, Sweden, Great Britain the Netherlands, and Columbia) (Mallik and
Rahmann 1985; Berglund and Persson 1996; Doerr et al. 2000). It affects soils of different textures from
sand to clay (Dekker et al. 1998, Fig. 1), but is predominantly associated with soils with smaller surface
areas and coarse texture, such as sands (Woche et al. 2005). In the Netherlands, an estimated 75% of
crop and grassland soils exhibit SWR (Dekker & Ritsema 1994) and across southern Australia, 2-5
million hectares are affected (House 1991). Soil water repellency is also induced by forest fires, under
some vegetation types (Debano 2000; Doerr et al. 2000). Soil water repellency has been reported for
cropping, pasture, shrubland, and forest soils. However, its specific occurrence is difficult to predict
(McKissock et al. 1998). Collectively, these studies underscore the diversity of environments where
SWR occurs and highlight the need for research to deliver practical outcomes for management.

Current understanding of the key factors causing SWR centre around the presence of hydrophobic,
aliphatic C-H compounds, derived from plant residues and exudates and micro-organisms, or from
decomposing soil organic matter, which also originates from plants, animals and microbes (Doerr et al.
2005) (Fig. 1). It is most likely that low molecular weight, amphiphilic organic molecules are directly
responsible for SWR. These hydrophobic organic compounds coat the surface of sand grains, or are
intermixed with soil particles, and cause reduced and uneven infiltration of water into soils (Bond 1964).
However, such hydrophobic compounds only represent a small proportion of soil organic matter.
Moreover, such compounds may occur even in wettable soils. Hence, the degree of hydrophobicity has
been explained by the amount of the hydrophobic aliphatic compounds, their origin, hydration status
and intermolecular arrangement on the soil particles and soil surface area (Doerr et al. 2005; Diehl 2013;
Uddin et al. 2017; Daniel et al. 2019). Dynamic changes in hydrophobicity can occur due to changes in
soil water content, pH, ionic strength and temperature (Diehl 2013). Microbial transformations of soil
organic matter are also likely to determine the type and concentration of low molecular weight, water-

soluble organic compounds responsible for SWR (Fig. 1) (Lowe et al. 2019).
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Fig. 1 How water repellency develops, and its controlling factors (adapted from Doerr et al. (2000)).

Emerging tools to overcome soil water repellency in the short-term

Despite considerable research on SWR, it remains a recalcitrant problem for which alleviation
technologies or solutions have mixed levels of success in agricultural or restoration activities. Perhaps
this failure is due in part to a search for treatments that completely alleviate SWR rather than short-term
solutions specifically targeted at seedling establishment. In this research space, recent developments
over the past decade include the targeted use of surfactants to overcome SWR such as seed coatings
and tree tablets (Madsen et al. 2012; Madsen et al. 2016; Ruthrof et al. 2015; Anderson et al. 2019).
These technologies can enhance infiltration and improve water availability in hydrophobic soils (Fig.
2). The combination of water harvesting and treatment of water repellency around the seed resulted in
uniform seed emergence, increased soil moisture availability below the seed and improved nutrient
uptake (Yeap et al. 2018). Other methods of increasing vigour in water repellent soils have been
investigated by Ward et al. (2013), including the use of zero tillage seeding with disc openers, which

was shown to preserve old root channels, thus increasing water infiltration in water repellent soil (Roper
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et al. 2013). Clay has been applied to large areas of cropping soils to increase soil reactive surface area
in sands (Ward and Oades 1993; McKissock et al. 2000). The use of soil microbes, particularly fungi,
to alleviate SWR has potential (Fig. 1), through breaking down SWR, or creating SWR, but is

underexplored, though see Roper (2004, 2006) (see section: Directions for future research).

J

surfactant J
seedling
seed @ —
water repellent hydrophilic
layer conduit

’ - (A
J ;B
‘4’4 ¢ J ’
O %/, b

Fig. 2 Illustration of a seed coated with a surfactant (left). Precipitation releases the surfactant into the
soil, overcoming soil water repellency and creating a hydrophilic conduit within the microsite of the
seed (middle). Enhanced access to soil moisture facilitates seedling survival (right) (reproduced from
Madsen et al. (2016), and using Vecteesy.com).

Long-term management

Soil water repellency may be more severe in native soil than in agricultural soils (Harper et al. 2000).
Indeed, inputs of organic matter from native vegetation induced SWR to a greater extent than equivalent
amounts of organic matter from agricultural species (Harper et al. 2000; Walden et al. 2015). The
contribution of specific residual organic compounds from former native vegetation to SWR in farmland
soils is not known but may be significant and help to explain the spatially variable distribution of SWR
in these soils (Harper et al. 2000). Indeed, most likely the legacy of former native vegetation contributes
to SWR rather than agricultural land use per se (Harper et al. 2000). That said, SWR has been induced
under plantation eucalypts established in lands previously used to grow annual pastures, which suggests
its expression is sensitive to land-use and specifically to established vegetation (Walden et al. 2015).
This last observation is particularly significant, because it suggests SWR can be managed through
selection of appropriate land uses and vegetation types. Based on these findings, we have further
explored the potential beneficial roles of, and the concept that SWR is an inherent feature of many soils

that does not need to be alleviated permanently, but rather, managed.
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Ecological benefits

Perceptions about SWR need to change towards understanding its potential long-term benefits rather
than on developing blanket treatments to overcome SWR (Fig. 3). A focus on the beneficial ecological
roles of SWR could lead to effective on-ground solutions with significant benefits for conservation,
restoration and agricultural activities. The beneficial roles of SWR are evident in the preservation of
moisture in soils under native vegetation (e.g. beneath Pinus and Quercus spp. Lozano et al. 2013; see
Fig. 3 for further explanation).

Potential benefits of soil
water repellency

Reduces evaporation

From soil surface - this can be induced
by plants and soil biota as protection
during stress (Imeson et al. 1992).

Traps soil moisture

Repellency helps to trap stored soil water
by reducing evaporation (*Harper et al.
2014)

Helps sequester carbon

Labile organic compounds may be
effectively protected in soil by humified
OM and their microbial mineralization
substantially reduced (Spaccini et al.
2002)

Acts as a bioengineering tool

Deep rooted plants can optimize their
water and nutrient command (Robinson
et al. 2010).

Fig. 3 Potential benefits of soil water repellency.

The ecological implications of SWR in native ecosystems are not fully explained, however, SWR may:
a) reduce the loss of soil water by evaporation directly from the soil surface (Imeson et al. 1992; Rye
and Smettem 2017), or under water repellent mulches (Hiller and Berliner 1974); b) help sequester
carbon (Spaccini et al. 2002; Goebel et al. 2011); and c) act as a bioengineering tool by deep rooted
plants to optimize their water and nutrient supply (Mtller & Deurer 2011) (Fig. 3). Furthermore, SWR
may inhibit seed germination and water use by potential competing species (Scott 1993).

Paradoxically, soil profiles remain moist below water repellent surfaces where there has been little plant
growth (Harper et al 2014). The structured patterning of preferential flow pathways created by SWR
substances, provide a system for trapping water runoff and for conserving it against evaporation
(Imerson et al., 1992; Rye and Smettem). By contrast, there are also plant-soil feedbacks that remain to
be explored in this context, in that plants growing in SWR soils may transpire less water. Research to

develop deep-rooted perennial farming systems able to cope with uncertain seasonal rainfall, and
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prevent recharge to groundwaters, has suggested the conservation of this stored water may enable plants
with deeper roots to access it during drought conditions (Howieson et al. 2008; Harper et al. 2014).
Success in this approach has recently been reported by Edwards et al. (2019). Thus, SWR could have
marked potential benefit in water-limited ecosystems. The spatio-temporal heterogeneity of SWR and
other characteristics could be harnessed to improve plant survival, notwithstanding the need to locally
ameliorate SWR around seeds to ensure successful plant establishment. We propose that the key
research challenge is to understand SWR with the aim of temporarily overcoming it to successfully and

uniformly establish plants, and then preserve it to act as a “drought- proofing” tool.

In a warming climate with predicted increases in extreme events, the stability of soil organic matter is
enhanced in water repellent soils as microbes under water stress transfer less carbon to the atmosphere
and thus, SWR could be an important soil organic matter stabilisation mechanism in the future (Goebel
et al. 2011; Mao et al. 2019). Indeed, Spaccini et al. (2002) found the higher the hydrophobicity of
humic material, the larger the soil organic carbon sequestration. However, it is not straightforward to

determine the role of SWR in carbon sequestration without more quantitative analyses (Mao et al. 2019).

Soil water repellency could also prevent soil aggregates from breaking down rapidly due to slowing
down water infiltration; that is, delayed wetting could protect fragile aggregates from disruptive forces
associated with sudden wetting (Bisdom et al. 1993; Zheng et al. 2016). Additionally, as wetting/drying
cycles and patchiness alter microbial communities, this could explain why fungi contribute to SWR, as

fungi can function at low water potentials (Zheng et al. 2016).

Directions for future research

Microbial activity has been established as one of the most important factors influencing the severity
and persistence of SWR (Mao et al. 2019). Soil microbes are intrinsically linked to SWR through their
transformation of soil organic matter (Fig. 1). Many species of bacteria produce hydrophobic
compounds, which influence the distribution and prevalence of SWR (Mao et al. 2019). Hyphae of
fungi and some of their metabolites are also significantly hydrophobic (Lin et al. 2006). The mycelium
of the arbuscular mycorrhizal fungi, Glomus intraradices, for example, has been reported to increase
SWR (Rillig et al. 2010). Fungal biomass is patchy in space within the soil (Ritz 2007; Tibbett 2000)
and so it is reasonable to assume that the deposition of hydrophobic compounds will be similarly patchy.
Stimulating microbial biomass with nutrient addition has been shown to enhance SWR in agricultural
soil (Hallett and Young 1999), and, although a strong relationship has been reported between fungal
biomass and SWR (Feeney 2004; Feeney et al. 2006), another study showed no relationship (Feeney et
al. 2006). Clearly these types of interactions, and the mechanisms underpinning them require further
investigation, and could include: a) further enhancing microbial growth conditions in order to increase

the capacity to record the production of hydrophobic compounds, including altering abiotic conditions
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such as pH and moisture; b) undertaking measurements at a higher frequency, as SWR may be
consumed by other soil organisms and only peaking briefly; and c) as microbes are only able to expand
into limited amounts of soil, spatially intensive measurements should be undertaken. Clearly, since
these factors, and their interactions illustrate the heterogeneity of SWR in time and space, further
research is warranted (Zheng et al. 2016). In addition, research into harnessing these SWR-producing
microbes, could lead to, for example, broad-scale agricultural products that could be sprayed onto soils
to create a layer of water repellent soil, that retains moisture below the soil surface.

Conversely, bacteria and fungi are also involved in the decomposition of hydrophobic compounds
(Lowe et al. 2019) (Fig. 1). For example, inoculation with Rhodococcus spp. and Mycobacterium sp.
resulted in significantly lower SWR under laboratory conditions (Roper 2004), and under field
conditions, two inoculants, Rhodococcus sp. and Roseomonas sp. resulted in improvements in water
infiltration, without any additional nutrients or soil conditioners (Roper 2006). The addition of soil
treatments in certain soil types, such as lime, have also been shown to promote the activity by bacteria
responsible for wax degradation (Roper 2005). Characterising the molecular basis for microbial
determination of SWR, perhaps focusing on fungal communities), is a key area for future research.
Traditional and state-of-the-art molecular technigues (genomics and metabolomics), could be used to
study spatio-temporal changes in soil microbial activity, the expression of SWR and the interactive
effects on plant establishment to improve our knowledge of SWR and methods of overcoming it, such
as harnessing native microbes capable of decomposing hydrophobic compounds and creating microbial
formations for use in newly developed seed coatings or fertilisers. For example, newly developed seed
coatings could contain SWR-degrading microbes plus germination enhancement chemicals such as
karrikinolide (Flematti et al. 2004), or, new fertilisers could be formulated to deliver site and crop-

specific microbes to target SWR and nutrient limitations simultaneously.

Priorities for future research should include studies to develop an understanding of the dynamics of
SWR in soils and to create methods of improving the success of plant establishment. These include
developing an understanding of the cause and effect relationship between physico-chemical, microbial
dynamics and properties of SWR in native systems at the micro (i.e. plant) to macro scale. For example,
which fungal and bacterial communities are associated with soils with SWR, and those without?
Furthermore, investigation could be undertaken to develop a range of plant-scale and broadacre, farm-
scale products and/or management activities that ameliorate SWR at the micro-scale, and yet facilitate
SWR at the macro scale to reduce evaporation, to enhance plant survival and community resilience to
hotter droughts. For example, can native fungal and bacterial communities capable of breaking down

SWR Dbe kept active while encased in seed coating in agricultural systems?

Conclusions
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Soil water repellency is a major challenge to plant establishment and growth. Despite considerable
research, it remains a recalcitrant problem for which alleviation solutions have mixed success. We
propose a shift from focussing on SWR as a problem, to a focus on its potential long-term benefits. Soil
water repellency need only be temporarily alleviated to ensure successful establishment of plants, and
then it can be utilised to improve soil water conservation, which in turn will improve the success of
conservation, restoration, and agricultural activities. Understanding the role of microbial community
dynamics is critical, given the fundamental role microbes play in SWR. Productive lines of enquiry
include whether native microbes can be harnessed to manage SWR and whether microbial formulations
in seed coatings or plant tablets can reduce SWR at the microscale to increase plant establishment

success in conservation, restoration and production landscapes.
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