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A B S T R A C T   

Volcanic ash deposition disrupts soil surface hydrology. Our previous study showed that soil infiltration was 
reduced eightfold after a volcanic eruption in various land-use systems adjacent to Mount Kelud (Indonesia). Yet, 
soil macroporosity was relatively unchanged, indicating soil hydrophobicity. We tested the hypothesis that 
hydrophobicity or water repellency (WR) can be induced by volcanic ash interacting with organic matter and 
quantified its effect on surface water infiltration. 

We combined volcanic ash with leaf litter from coffee, durian, pine and mixed sources and tested for WR as a 
function of incubation time (0–16 weeks) and soil water content (θ, %), with Water Drop Penetration Time 
(WDPT, s) and Contact Angle (CA, o) as WR metrics. Lipids content (%) and pH were also analysed during in-
cubation. Water droplets were placed onto a material tested for WR in a slope-adjustable stage to determine the 
critical angle for droplet runoff before penetration. Finally, to quantify the effect of WR on water flow, we 
layered 5 and 10 cm of ash with organic matter additions on top of a control soil column and performed infil-
tration (hydraulic conductivity) measurements. 

Among litter sources, pine litter induced the highest WR. There were significant relationships between WR, 
lipid, and pH. However, these relationships became weaker with material water contents > 7%. A significant 
relationship was also found between CA and critical slope of both small and large drops. A higher CA lowered the 
minimum critical slope for droplet runoff to 7◦ and 10◦ for the diameters of large and small water droplets, 
respectively. The mixture of volcanic ash and organic matter layered into the soil surface resulted in a five-times 
lower average hydraulic conductivity, with indications of air entrapment limiting water infiltration in a thicker 
ash layer. A higher CA was strongly associated with a lower hydraulic conductivity ratio, particularly under the 
5 cm organic matter treatment. The WR effects on hydraulic conductivity are equivalent to at least a ten-fold 
reduction in effective soil porosity. By reducing infiltration, WR may contribute to ash movement in the vol-
canic landscape.   

1. Introduction 

Mature volcanic soils, Andosols, generally have high porosity, rapid 
infiltration of rainfall, and highly stable soil aggregates, leading to 
strong resistance to water-based erosion (Zehetner and Miller, 2006; 
Neris et al., 2012). By contrast, fresh volcanic ash (VA) is prone to soil 

erosion (Korup et al., 2019). Many studies documented that the depo-
sition of volcanic materials, including tephra (lapilli and VA), hampered 
water infiltration and exacerbated erosion and sediment transport 
(Lavigne, 2004; Arnalds, 2013; Pierson and Major, 2014). VA can form 
encrusted strata with low hydraulic conductivity and infiltration rates 
on top of an older, more developed soil surface (Wilson et al., 2011; 
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Anda and Suparto, 2016). A lower hydraulic conductivity of fresh VA 
(Tarasenko et al., 2019) is commonly linked to the orientation of soil 
particles and its consequences for macropore continuity. However, the 
way water interacts with the surface of soil particles might also 
contribute to this lower hydraulic conductivity. 

Soil pores provide pathways for water to infiltrate into soils. Soil 
infiltration can be based on soil pores that are not yet water-saturated or 
on typically saturated pores that pass the water onto deeper layers. Soil 
porosity will be high where soil texture is coarse, bulk density is low, and 
the soil structural development led to stable, continuous pores (Baker, 
1979; Tejedor et al., 2013). Even in such conditions, however, infiltra-
tion can be slow if the soil surfaces exhibit water repellency (WR) due to 
hydrophobic compounds (Doerr et al., 2000). Without WR phenomena, 
initial infiltration rates tend to be high, as soil pores absorb water, and 
then gradually approach a’saturated hydraulic conductivity’ dominated 
by the largest pore sizes, where the rate of outflow from a soil column 
determines the inflow rate. The presence of non-polar (hydrophobic) 
molecules at the soil particle surfaces, coupled with the cohesive nature 
of water, results in water droplets remaining intact and unable to 
penetrate the available pores. Additionally, air entrapment can restrict 
infiltration into dry soils (Wang et al., 1998; Hammecker et al., 2003; 

Sakaguchi et al., 2005). 
VA deposition from the 2014 eruption of Mt. Kelud in East Java, 

Indonesia, led to soil hydrophobicity and severely inhibited infiltration 
(up to 8 times slower than the pre-eruption condition), despite relatively 
unchanged soil porosity (Saputra et al., 2022). The deposition of VA up 
to 20 cm in Ngantang District (Nakada et al., 2016) led to subsequent 
erosion and sediment transport that substantially reduced the water 
storage capacity of two important reservoirs in this region, Wlingi and 
Ledoyo, by half (Hidayat et al., 2017). This case provides an opportunity 
to analyze the relative roles of VA as such and VA plus organic debris as 
the cause of the recorded soil water repellency (SWR) in the field. 

The underlying processes of WR, caused by the interactions between 
VA and organic matter (OM), and its consequences on soil hydraulic 
conductivity (infiltration), have rarely been studied compared to 
research conducted on other soil types or under different management 
practices (such as vegetation type, soil management) or fire history 
(Jordán et al., 2009; Jordán et al., 2011; Lucas-Borja et al., 2022). To 
understand the development of WR following a volcanic ash deposition, 
we may need to consider a sequence of events as illustrated in Fig. 1. 

In the short-medium term, volcanic ash deposition may dramatically 
change the soil water balance through a sequence of processes (Fig. 1). 

Fig. 1. Schematic process of volcanic ash deposition on an agriculture system. In the short-medium term, volcanic ash deposition may dramatically change the soil 
water balance through a sequence of processes: (1) volcanic eruption ejects ash materials to the atmosphere that gets deposited on agricultural land, (2) all plants 
may drop leaves or severely experience leaves surface abrasion (some trees survive, some die) and add a substantial amount of fresh organic matter into the soil, (3) 
original soil and standing litter layer may be buried under fresh volcanic ash and organic matter, (4) volcanic ash and organic matter from leaves litter and root may 
interact and create a water repellent surface layer, (5) soil infiltration may decrease, and on slopes, runoff and erosion occur. 
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Regarding steps 1, 2 and 3, the heavy load of VA deposits during a 
volcanic eruption may directly damage the natural and agricultural 
ecosystems and cause many crops and trees to partly die (Anda and 
Suparto, 2016; Korup et al., 2019). The soil may suddenly be loaded 
with a high amount of VA and plant litter, resulting in a new layer 
overlaying the original topsoil. This layer can lead to the development of 
hydrophobic material from the interaction of OM and VA. Hydrophobic 
substances can form a water repellent coat on VA particle surfaces 
(Franco et al., 2000) and a water repellent particulate OM. The type of 
water repellent substances produced may vary depending on the mo-
lecular composition and properties of the OM (Ellerbrock et al., 2005; 
Jiménez-Morillo et al., 2017; Dao et al., 2022). Lozano et al. (2013) 
found that lipids were one of the molecular substances strongly linked to 
SWR in a semi-arid Mediterranean forest. In addition, soil pH also can 
affect SWR by influencing soil microbial and fungi activity, which 
release hydrophobic substances (Doerr et al., 2006; Lozano et al., 2013). 
Other factors like soil-pH dependent chemical interaction may also play 
role in the formation of SWR (Smettem et al., 2021). In soil, pH can be 
influenced by the soil water content directly through the dilution of ions 
in the soil solution or the decrease of the solution volume due to intense 
evaporation. Additionally, pH can be indirectly influenced by soil water 
content through soil microbial activity as they release or consume acidic 
or basic compounds (Husson, 2013). 

Regarding step 4 (Fig. 1), the inhibited soil infiltration post-volcanic 
eruption may be attributed to the establishment of a water repellent 
layer on the soil surface. The WR of this layer may be induced by the 
hydrophobic characteristics of VA (Berenstecher et al., 2017), and/or 
through hydrophobic substances derived from organic debris interacting 
with the VA (Poulenard et al., 2004; Kawamoto et al., 2007; Jiménez- 
Morillo et al., 2017). However, the relative importance of these effects 
remains unclear (Bachmann et al., 2000; Poulenard et al., 2004; Neris 
et al., 2013) and may depend on (as yet unidentified) contextual factors. 

Regarding step 5 (Fig. 1), ‘WR’ and ‘saturated hydraulic conductiv-
ity’ are mutually exclusive concepts. The dependency of SWR on soil 
water content suggests that it is a transient phenomenon. However, 
while it persists, it can reduce infiltration rates and result in overland 
flow and erosion. Beyond the first rewetting phase, the negative impact 
of SWR on soil infiltration can return when the soil surface dries. In 
relatively dry initial soil conditions, soil pores are filled with air. Water 
reaching this dry soil surface cannot continue to enter soil pores if those 
air bubbles become trapped, especially during high-intensity rainfall (or 
irrigation). The combined effect of the WR layer and entrapped air 
bubbles within the soil matrix can have a significant impact on soil 
hydraulic conductivity and infiltration (Wang et al., 2000). However, 
the impact may still be underestimated due to the limited number of 
studies investigating this specific combination of factors. The topic of 
WR and entrapped air bubbles have been discussed separately. 

This research aimed to investigate whether the establishment of WR 
in a mixture of VA and OM layers was correlated with the types of 
organic materials, and quantify the effect of WR on infiltration (hy-
draulic conductivity). This controlled laboratory setting experiment 
could help to provide evidence that the WR phenomenon generated in 
the lab can be related to the reduction of infiltration rate in the field. Our 
research questions were: 

Q1A. Do the types of OM that are mixed with VA influence WR? B. Is 
this effect associated with lipid content and pH changes? 
Q2. How does water content influence the severity and persistence of 
WR? 
Q3. Do WR and water drop sizes influence the critical slope at which 
surface runoff starts? and, 
Q4. How does surface-level WR relate to column-level and field 
measurements of infiltration rates? 

2. Materials and methods 

2.1. Water repellency (WR) metrics 

We used two methods to evaluate WR, including (1) the Water Drop 
Penetration Time (WDPT) (Doerr et al., 2005), (2) the contact angle 
(CA) of water droplets with a Sessile Drop Method (SDM) (Leelamanie 
et al., 2008). 

The WDPT test involves placing drops of distilled water onto the 
sample surface and recording the time for complete drop penetration. 
We put 15 g of VA sample or a mix of VA and various litter sources (see 
section 2.4.1) on a 90 mm diameter petri dish and levelled it with a 
spatula. Three water droplets were placed on the sample surface, and the 
actual time required for complete infiltration was recorded (de Blas 
et al., 2013). We took the average infiltration time values of three 
droplets to represent the sample. 

We also measured the CA of water droplets. The sample particles 
were sprinkled on a double-sided tape (1.5 cm × 1.5 cm) pasted onto a 
smooth surface of a 90 mm diameter of petri dish. The particles adhering 
to the tape were pressed using a 100-gram load for 10 s to get a thin one- 
grain sample layer with a similar diameter. The sample layer was then 
gently tapped to remove surplus soil particles from the sample. The 
procedure was repeated twice. After preparation, the samples were 
placed on a stage in front of a digital camera, as illustrated in SI.1. Three 
droplets of 10 µL distilled water were sequentially placed onto an un-
affected (from the previous drop) part of the sample surface using a 
pipette. A digital photograph of the horizontal view of each water 
droplet was taken within one second (Leelamanie et al., 2008). The CA 
of both sides of each water droplet was determined by analysing the 
photograph images using ImageJ apps with drop-analysis plug-ins 
(Stadler and Sage, 2020). The mean CA value from both sides of the 
water droplets was used for further analysis. A sample was classified as 
hydrophobic if CA was >90◦ (Simpson et al., 2015). 

2.2. The effect of WR on the relationship between critical slope and runoff 

As a novel, additional method, a simple procedure was designed to 
test the relationships between the slope and runoff of droplets before 
infiltration. To generate the slope dataset, we placed samples of different 
WR levels (CA > 90◦) inside a petri dish on an adjustable stage (sturdy 
handphone holder) to set the slope (SI.2). We placed a droplet of 
distilled water into the sample, quickly took a photograph for CA mea-
surement, and adjusted the gradient to a point where the droplet started 
to slide down (representing the soil runoff occurrence). This procedure 
took approximately 5 s. Slope adjustments immediately made after the 
water droplets were applied to the WR surface may allow for movements 
and energy changes that may impact the infiltration process. Never-
theless, such effects may only marginally change the runoff initiation 
with the increasing slope. The diameter of drop sizes is crucial for this 
experiment. Here, we used two different water drop diameters of small 
(2.8 mm) and large (8.5 mm), as it represents the range of raindrop 
diameter sizes in tropical regions, as reported by Yakubu et al. (2016). 

2.3. Volcanic ash (VA) collection and preparation 

We used VA materials from the 2014 Mt. Kelud eruption deposited in 
Sumberagung Village, Ngantang District, East Java, Indonesia. VA term 
refers to the pyroclastic materials deposition of < 2 mm tephra fractions 
(Arnalds, 2013; Rossi et al., 2021). Farmers collected the VA approxi-
mately two months after the eruption. VA was stored in a dry condition 
and has not been modified by the interaction with the existing vegeta-
tion in the landscape. Saputra et al. (2022) reported that the VA has 
material distribution sizes of 81%, 14%, and 5% sand-, silt-, and clay- 
size particles, respectively. VA also had a very low soil organic carbon 
content (Corg) of < 0.01%. 

VA was sieved using a 2 mm mesh sieve. To dry the VA, we heated 
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the sample to a temperature of 200 ◦C for 60 min using a muffle furnace. 
In the preliminary experiment (SI.3), VA exhibited a hydrophobic state 
(CA > 90◦) after the heating process. However, it was observed that the 
VA returned to a hydrophilic state in<48 h. This particular high- 
temperature treatment was within the estimated temperature range of 
volcanic ash flow from the Merapi eruption in Indonesia (<300 ◦C) in-
side the radial distance of 9–16 km from the vent (Jenkins et al., 2013). 
Similarly, Pensa et al. (2019) estimated volcanic ash temperature in an 
unconfined distal area up to 8–10.5 km from the crater as in 170◦-220 ◦C 
range during the Volcan de Colima eruption (Mexico). The dried VA was 
stored at laboratory conditions (temperature between 23 and 25 ◦C with 
an average relative air humidity of 65%) for two days before further 
being used for laboratory analyses and experimental materials. 

2.4. Experiments setup 

2.4.1. First experiment: The effect of different organic matter (OM) sources 
on WR indicators 

To answer Q1, we designed an experiment with three different plant 
litter sources and one mixture litter to represent the range of OM ex-
pected in the agroforestry landscapes affected by Mt. Kelud ash. The OM 
sources include litter from Coffea canephora (Robusta coffee), Durio 
zibethinus (Durian), Pinus merkusii (Pine) and mixed litter of C. cane-
phora, D. zibethinus and P. merkusii. The experiment included five 
treatments: (1) volcanic ash (VA), (2) VA + C. canephora, (3) VA +
D. zibethinus, (4) VA + P. merkusii, and (5) VA + mixed. 

Litter from C. canephora, D. zibethinus and P. merkusii were classified 
as high, medium, and low litter quality, respectively (Purwanto et al., 
2007; Chae et al., 2019; Ishaq et al., 2020). High litter quality has a low 
C:N ratio and lignin plus polyphenol to N ratio, (L + Pp)/N, and de-
composes rapidly (Sari et al., 2022). We gathered freshly abscised leaf 
litter from agroforestry plots, at the same place where we collected the 
ash materials. The litter was air-dried for 48 h and ground. The ground 
litter was then sieved using a 2 mm mesh sieve and stored under labo-
ratory conditions before further chemical analysis. We used ≤ 2 mm of 
particle size as it induced the highest CA compared to larger OM particle 
size treatments (SI. 4), representing the maximum-potential level of WR 
that OM could produce. Furthermore, ≤2 mm also represents the size of 
decomposed organic materials when they turn into soil organic matter. 

VA and litter were mixed to achieve a 16% OM proportion. This OM 
proportion was based on the third preliminary experiment (SI.5) that 
tested a wider range of VA to OM ratios for the degree of WR induced. 
This high OM proportion is realistic for the top few cm of mixed VA +
OM layer formed after the volcanic eruption. During the volcanic 
eruption, VA precipitation induces significant defoliation and abrasion 
of leaves and other tree components (biomass) and buries all of the 
standing litter (necromass). 

The mixing of VA and litter of each treatment was performed 
manually in large quantities. For each replication, around 30 g of ma-
terial were incubated in small aliquots, with one for each time step. To 
maintain a constant water content, each aliquot was placed in a sealed 
plastic bag. Before measuring WR, the material in each aliquot was 
homogenized. The WDPT and CA were measured initially and after five 
time steps (0, 1, 2, 4, 8, 16 weeks) to understand the longevity/persis-
tence of WR for each treatment and its correlation with extractable lipids 
content and soil pH (for further explanation on lipids and pH analysis, 
please see Section 2.5). Each treatment was replicated four times for a 
total of 120 samples. However, for CA and WDPT, a total of 360 data 
points were recorded, as we measured each sample three times (please 
see Section 2.1). 

2.4.2. Second experiment: The effect of soil water content on WR 
We designed the second experiment to determine the WR sample’s 

critical water content (CWC) and transition zone (Q2). The VA +
P. merkusii material from the first experiment was used, as this treatment 
induced the highest WR. CWC refers to the water content at which the 

effect of WR on the material is no longer present. Various amounts of 
water were added to the sample to create different water contents (θ, %). 
Samples were carefully mixed, put inside a sealed plastic bag, and left for 
a day to equilibrate before the first measurement. The actual water 
content was determined gravimetrically before measuring CA and 
WDPT. Five different water content treatments, including < 4%, 4–7%, 
7–10%, and > 10%, were used in this experiment. The persistence of WR 
was studied by conducting measurements at five different times after the 
start of the experiment (0, 1, 2, 4, 8, 16 weeks). All treatments were 
replicated four times, for a total of 96 samples. 

2.4.3. Third experiment: The critical slope–runoff relationship affected by 
WR 

The third experiment was designed to study the relationships be-
tween WR (represented by CA) and the critical (minimum) slope at 
which water droplets started to run off (Q3). VA + P. merkusii material 
with varying water content to create a range of CA. To achieve different 
CA, we conditioned the samples by adding 0.25 ml, 0.5 ml, and 1 ml of 
water into each sample unit. After homogenizing and incubating the 
samples for one day, we measured the actual water content gravimet-
rically. The actual water content ranged from 1 to 1.6%, 2–2.6%, 
4.1–5.2% for the 0.25, 0.5, and 1 ml water additions, respectively. This 
procedure produced CA values ranging from 95◦ to 153◦. We replicated 
all treatments five times. For detailed WR measurement procedures 
please see section SI.2. 

2.4.4. Fourth experiment: The effect of WR as a surface layer property on 
soil infiltration and hydraulic conductivity 

The fourth experiment aimed to assess the impact of VA and OM 
layer on infiltration (hydraulic conductivity) (Q4). For this purpose, six 
treatments were applied, including (1) original soil ’as a control’, (2) 
original soil + VA, (3) original soil + VA + C. canephora, (4) original soil 
+ VA + D. zibethinus, (5) original soil + VA + P. merkusii, and (6) original 
soil + VA + mixed litter. The ‘original’ soil column used in the experi-
ment was obtained from the topsoil of coffee-based agroforestry systems 
and had the following characteristics: loam texture with 16% clay, 37% 
silt, and 50.8% sand, a bulk density of 0.99 g cm− 3 and Corg content of 
1.1%. Two different treatments of 5 and 10 cm depth of water repellent 
material layer were added to the original soil column before conducting 
the infiltration (hydraulic conductivity) measurement. These values 
represent the range of deposited volcanic ash thickness measured near 
Mt. Kelud after the 2014 eruption (Saputra et al., 2022). We tried to re- 
create the field condition post volcanic eruption where our field- 
measured steady state infiltration rate was dramatically drop 
compared the pre-eruption. The treatments were replicated four times. 
All experiments (1–4) were performed under a climate-controlled lab-
oratory setting at an air temperature ranging from 23 to 25 ◦C and an 
average relative air humidity of 65%. 

Soil hydraulic conductivity was assessed using a ‘falling’ head 
method in a laboratory setting (Novák et al., 2009). The undisturbed soil 
column samples were collected using a plastic cylinder with a volume of 
238 cm3 (diameter 5.5 cm) at the same location where the VA and litter 
were taken. The field-collected soil column samples were saturated 
using tap water from the sample bottom to allow the air to escape for 48 
h. We applied a 5 or 10 cm layer of dry water repellent material on top of 
the original soil column and then added water to the soil column until 
the water level reached 23 cm above the sample surface. We measured 
the difference between the first and second water level reading at 1-min-
ute interval. If the water level reduced to around 15 cm above the 
sample surface, we readjusted it back by adding additional water. This 
process was repeated for a total observation time of 2 h. This procedure 
was applied for all measurements. 

We expected to observe the common infiltration pattern in water 
repellent material, where the initial low infiltration rate would increase 
over time as the material became more wettable. However, our data did 
not show this pattern. Within two hours of observation time, the infil-
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tration rate declined from the initially high to a lower rate. Therefore, to 
estimate the initial infiltration rate as well as the steady state infiltration 
rate, which is equal to hydraulic conductivity, we used the standard 
Horton equation (Horton, 1941; Mahapatra et al., 2020). The estimation 
was done by curve fitting of Horton’s equation using SigmaPlot 10 
software (Saputra et al., 2020) as follows: 

fp = fmin +(fmax − fmin)e− kd t (1)  

where: 

fp: infiltration rate at time t, cm h− 1. 
fmax: initial infiltration capacity or maximum infiltration rate, cm 
h− 1. 
fmin: (quasi)-steady state infiltration rate representing hydraulic 
conductivity, cm h− 1. 
kd: exponential decay constant specific to soil, time-1. 

The equation predicts a smooth decline from the initially high 
infiltration rate, when water can fill air-filled pore spaces, to the rate at 
which it can be passed, supposedly indefinitely, through the whole 
column once this is saturated and the largest pore sizes dominate the 
result. As an alternative to analysis of the temporal change in fp, the rates 
were also compared to the RelCumInf parameter that divides the cu-
mulative infiltration by the total pore space in the soil column (whether 
air-filled or water-filled at the start of the measurements). 

In standard theory the fmin parameter in equation (1) represents Ksat 
or saturated hydraulic conductivity. In our case, there were doubts that 
the soil was completely water-saturated towards the end of the mea-
surement periods. Faybishenko (1995) refers to this term as quasi- 
saturated hydraulic conductivity to describe the state in which air is 
trapped in soil but not connected to the atmosphere. We refer to the fmin 
or quasi-saturated hydraulic conductivity parameter simply as Kobs, the 
observed hydraulic conductivity. 

We compared this Kobs, derived as the fmin parameter in Eq. (1), to 
what the van Genuchten (Hodnett and Tomasella, 2002) pedotransfer 
function (hydraulic conductivity = f(texture, macroporosity)) predicts 
for a soil with the same texture and bulk density (Kref). However, as the 
predicted hydraulic conductivity values from the van Genuchten pedo-
transfer function were higher than our lab measurements for the original 
soil, we used the ratio between the two values rather than directly used 
the predicted values. 

Furthermore, a ’relative equivalent porosity’ term was defined as the 
relative macroporosity for which the reference soil (in the van Gen-
uchten pedotransfer function) would yield the observed Ksat. We used a 
log10 transform to interpolate between the tabulated points generated 
from the van Genuchten pedotransfer function. Hydraulic conductivity 
ratio (K ratio) in equation (2) and relative equivalent porosity in equa-
tion (3) were used to test the consequence of WR (represented by CA) as 
a surface property on soil column hydraulic conductivity (Q4). 

K ratio = Kobs/Kref (2)  

where: 

Kobs: observed hydraulic conductivity. 
Kref: reference hydraulic conductivity. 

Relative equivalent porosity = Φref
/

Φobs (3)  

where: 

Φ ref: reference macroporosity. 
Φ obs: observed macroporosity. 

2.5. Physico-chemical analysis 

Physico-chemical analysis of VA was performed at the Soil Science 
and Forestry Department laboratory of Brawijaya University. The soil 
organic carbon (Corg) content was measured using the wet oxidation of 
Walkley and Black method (Anderson and Ingram, 1994). This method 
involves the oxidation of OM by potassium dichromate (K2Cr2O7) with 
sulfuric acid (H2SO4) to heat the dilution, followed by colorimetric 
titration. Soil texture was determined using the pipette method (Biega-
nowski and Ryżak, 2011). The pH of the soil–water mixture (1:5 ratio) 
was measured using an electrodes-connected pH meter. 

Extractable lipids 
The extractable lipids content of 120 samples was analysed with the 

Soxhlet method (Perera and Brown, 1996) in the Food Technology 
Laboratory of Universitas Muhammadiyah Malang. Lipids content from 
a 2 g freeze-dried sample was extracted with 20 ml of petroleum ether 
solvent using Soxhlet apparatus for six hours. Extracts were filtered and 
dried (evaporated) at 40 ◦C for about 30 min until no solvent was seen 
and were kept in a desiccator at room temperature before weighing. 
Total lipids content was gravimetrically determined and expressed as 
percentages of the dry sample weight (Helrich, 1990). 

2.6. Data analysis 

The main and interactive effects of treatments of WR (expressed by 
CA and log WDPT), pH, lipids content, and Kobs were analysed using 
two-way ANOVA after evaluating the data normality by checking the 
skewness and kurtosis metrics. The WDPT data (experiments 1 and 2) 
were log-transformed, while the CA (experiment 1) and lipids (experi-
ment 2) were square root-transformed prior to analysis to meet the 
normality assumption. The non-transformed data were used for data 
presentation in figures and tables, except for WDPT. Statistical differ-
ences were considered significant at p ≤ 0.05 level. Pairwise differences 
were tested using Tukey’s HSD post-hoc test. We fitted a logarithmic 
regression model to address the relationships between CA and log WDPT 
with lipids, and a linear regression model between CA and log WDPT 
with pH (Q1 and Q2). The relationships between CA with the critical 
slope for runoff (Q3), and CA with Ksat ratio and relative equivalent 
porosity (Q4) were fitted using a simple linear regression model. We 
performed all statistical analyses using R 4.1.2 (R Core Team, 2021). 

3. Results 

3.1. The effect of different organic matter types on lipids, pH, and WR 
indicators 

The incubation time had a strong effect on the CA and log WDPT of 
the water-repellent material, with the concentration of lipids as a po-
tential causal factor. Additionally, the pH difference between samples 
with and without litter gradually increased over time (Fig. 2). Expo-
nential decay functions were used to model the difference between VA 
and VA + litter, and they provided a good fit for the data. The effect on 
CA, log WDPT and lipids decreased 1.5, 0.8 and 4.6% per week, 
respectively. 

Lipids content was zero for the VA samples and 2.4% on average for 
the VA + litter samples, without statistically significant difference be-
tween the litter sources, but a substantial decline over time (SI. 6). A 
substantial decrease in lipids was found during the first week of incu-
bation time, with an average reduction of 23% relative to the initial 
value. The most significant reduction was found in VA + mixed OM 
treatment (28%) during this first week, followed by VA + P. merkusii, 
VA + D. zibethinus, and VA + C. canephora with 26%, 22%, and 17%, 
respectively. Whereas, between weeks 2 to 16, we identified a slow and 
steady lipids reduction in all VA + OM treatments with an average 
relative decline of 2.2% per week. 

The pH differed significantly among the treatments. In general, OM 
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addition to VA increased pH. The VA + C. canephora treatment increased 
pH by nearly two units compared to only VA. Whereas, the VA +
P. merkusii elevated the pH by 0.2, the lowest among other treatments. 
There was a tendency for pH to increase with observation periods. 
However, significant increases were only found for VA + C. canephora, 
VA + D. zibethinus, and VA + mixed OM treatments. 

The mix of VA and various OM sources induced WR showed by its CA 
and log WDPT values (SI. 6). VA + OM treatments increased CA to > 90◦

(indicating hydrophobicity). VA + P. merkusii treatment had the highest 
average of CA (112◦), followed by VA + D. zibethinus, VA + C. canephora, 
and VA + mixed OM (108◦, 99.6◦ and 97.6◦, respectively). The increases 
of CA values followed by a more extended time needed for the water 
droplets to infiltrate into the sample, as shown by a higher log WDPT (SI. 
7). The time range required for a water droplet to penetrate the VA and 
OM samples was between 17 and 755 s, corresponding to slight to severe 
WR based on the classification of Bisdom et al. (1993). The highest 
average of log WDPT was found in VA + P. merkusii, VA + D. zibethinus, 
VA + mixed (strong WR level), followed by VA + C. canephora (slight 
WR level). In contrast, the water droplets were instantly infiltrated into 
the sample for the VA treatment, with an average CA of 61◦. 

During the 16-weeks observation period, all treatments involving a 
combination of VA and OM showed WR (CA > 90◦). The persistence of 
CA varied significantly among treatments. The treatment of VA + mixed 
litter exhibited the slowest decline in CA (-0.4 % per week), while VA +
P. merkusii showed the fastest decline (− 2.6 % per week). The other two 

litter sources showed a decline similar to the overall average (-1.5 % per 
week). In contrast, VA and VA + mixed litter showed constant CA 
throughout the 16-weeks period. 

3.2. The effect of different water contents on lipids, pH, and WR (CA and 
log WDPT) 

We used the VA + P. merkusii treatment sample (which had the 
highest WR), to analyse the effect of soil water content on lipids, pH and 
WR indicators, and their temporal change (second experiment). The 
decline of lipids within the observation period was slowest for the driest 
soil treatment (Table 1). The average lipids content across the obser-
vation times at < 4% water content treatment was 1.4, 2.0, and 2.4 times 
higher than that found in the 4–7, 7–10, and > 10% treatments, 
respectively. 

The decay of lipids was 3.8, 10, 17 and 22% per week, while pH 
increased by 2.33, 1.94, 2.36, and 6.62% per week for soils kept at a 
water content of < 4%, 4–7%, 7–10% and > 10%, respectively. The CA 
difference between the average control treatment (VA) in experiment 1 
and the average of organic matter addition treatments in experiment 2 
(ΔCA) decreased by 2.2, 2.5, and 3.5% per week for water content < 4%, 
4–7%, and > 10%, respectively. However, we found a slight increase 
(0.43% per week) of 7–10% water content. It should be noted that at soil 
water contents > 7%, the initial ΔCA was already small. The log WDPT 
decreased by 2.4, 0.9% per week for water content < 4% and 4–7%, but 

Fig. 2. The measured (a) CA, (b) log WDPT, (c) lipids content and (d) pH of water repellent materials during a 16-week incubation in experiment 1. The average litter 
effect (Avg. litter effect) was calculated by subtracting the control treatment (VA) from the average value of all litter treatments. The average litter effect was fitted 
using an exponential regression model. CA: Contact Angle, WPDT: Water Drop Penetration Time, WR: Water Repellency, VA: Volcanic Ash. 
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slightly increased by 0.69 and 0.01% per week for water content 7–10% 
and > 10%, respectively, again with a small initial effect size at soil 
water contents > 7%. 

The critical water content (CWC) for WR to be noticeable in the VA 
+ P. merkusii treatment was 10% (v/v). The samples with CA < 90◦ in 
the > 10% water content treatment exhibited a short WDPT. However, 
the average log WDPT of 0.17 was classified as wettable based on the 
Bisdom et al. (1993) WR rating. 

Interaction between water content and observation periods on CA 
among the treatments was only significant for water content < 7%, with 
a decreased tendency along with the time observations (Table 1). 
Meanwhile, for the log WDPT, that interaction was substantial for water 
content < 4%. The CA difference between hydrophobic samples (<4%, 
4–7%, and 7–10% treatments) became marginal at the end of the 
observation time. The consistently significant differences in log WDPT 
along the observation periods were found between samples with < 7% 
water content. The Bisdom et al. (1993) WR ratings were wettable 
(>10%), slight (7–10%), and strong (4–7 and < 4%) with the average 
log WDPT of 0.17, 1.5, and 2.65, respectively. 

3.3. The relationships between lipids content, pH and WR indicators from 
the different OM treatments 

Although the various parameters exhibited different patterns of 
change with incubation time, significant relationships were found across 
different observation times between CA and log WDPT with lipids 
(Fig. 3). Within litter treatments, the most significant relationship be-
tween WR (CA and log WDPT) and lipids was found in VA + P. merkusii 
(SI.8). An increase in lipids content beyond 1% associated with a mar-
ginal increase in WR. Interestingly, although similar lipids content was 
found between VA + C. canephora and other OM treatments, the log 
WDPT in this treatment was noticeably lower, indicating that other 
factors beyond those measured may also contribute to WR development. 
Additionally, a reduced WR was noted with increased pH, as shown in 
Fig. 3. 

3.4. The relationships between lipids, pH, and WR indicators from the 
different water content treatments 

We found that lipids content was positively associated with WR, 
while pH was otherwise (Fig. 4). WR represented by CA was more 
closely correlated to lipids and pH changes than log WDPT. However, 
our data demonstrate that WR changes were substantially controlled by 
water content treatments rather than lipids and pH. This tendency was 
indicated by the development of data clusters that refers to the water 
content treatments, particularly noticed in the > 7% water content 
treatments. However, lipids and pH in drier materials were highly 
related to CA and Log WDPT (SI. 8). 

3.5. The relationship between CA and critical slope for runoff 

CA was negatively related to the critical slope when runoff starts. 
However, the relationships differed with droplet size (Fig. 5 and SI.8). A 
lower critical slope was required for immediate runoff in a large rain-
drop diameter (range of 7-16◦ critical slope) than the small diameter 
(range of 10–45◦ critical slope) within the WR treatments. 

3.6. The effect of WR surface layer on infiltration and observed hydraulic 
conductivity (Kobs) 

The initial infiltration rates were well correlated with the quasi- 
steady state infiltration (Fig. 6), with an intercept that reflects more 
than proportional reductions of fmin relative to fmax in soils with low 
overall infiltration rates. Although the Horton equation used to estimate 
the Kobs values produced acceptable fits (Fig. 7), the change with time in 
the observed infiltration rate in the volcanic ash soils differed from the 

Table 1 
The observed lipids, pH, contact angle, and log water drop penetration time (Log 
WDPT) of the mixed VA + P merkusii material from four different water content 
treatments of < 4%, 4–7%, 7–10%, and > 10%.  

Treatments Weeks Lipids, % pH Contact 
angle, o 

Log 
WDPT, s 

<4% 0 3.49 ±
0.08n 

6.40 ± 0.04a 126.6 ±
2.9hi 

2.9 ±
0.01e 

<4% 1 2.53 ±
0.02m 

6.35 ± 0.05a 120.3 ±
1.3ghi 

2.7 ±
0.02cde 

<4% 2 2.24 ±
0.07lm 

6.65 ±
0.03bcd 

115.4 ±
2.7fgh 

2.6 ±
0.04cd 

<4% 4 2.02 ±
0.06klm 

6.68 ±
0.03bcde 

108.4 ±
2.3defg 

2.6 ±
0.04cd 

<4% 8 1.83 ±
0.07jkl 

6.68 ±
0.06bcde 

107.3 ±
0.5cdef 

2.5 ±
0.05c 

<4% 16 1.58 ±
0.06ijk 

6.80 ±
0.00defghi 

104.4 ±
0.9bcdef 

2.4 ±
0.02c 

Av. < 4%  2.28 ±
0.13C 

6.59 ± 0.04A 113.7 ±
1.8C 

2.61 ±
0.03C  

4–7% 0 3.49 ±
0.08n 

6.59 ±
0.01bc 

128.7 ±
4.0i 

2.8 ±
0.07de 

4–7% 1 2.24 ±
0.10lm 

6.71 ±
0.03cdef 

112.2 ±
2.3efg 

2.7 ±
0.06cde 

4–7% 2 1.25 ±
0.12hij 

6.83 ±
0.03defghi 

109.8 ±
1.9efg 

2.7 ±
0.07cde 

4–7% 4 1.10 ±
0.12ghi 

6.89 ±
0.02fghij 

107.4 ±
1.7cdef 

2.6 ±
0.06cd 

4–7% 8 0.88 ±
0.13fgh 

6.91 ±
0.03ghi 

100.6 ±
1.4bcde 

2.6 ±
0.04cd 

4–7% 16 0.48 ±
0.15cde 

6.98 ±
0.05hi 

100.7 ±
1.2bcde 

2.6 ±
0.05cd 

Av. 4–7%  1.57 ±
0.21BC 

6.8 ± 0.03B 109.9 ±
2.1C 

2.7 ±
0.03C  

7–10% 0 3.49 ±
0.08n 

6.51 ±
0.02ab 

94.5 ± 4.3b 1.5 ±
0.23b 

7–10% 1 1.76 ±
0.04jkl 

6.75 ±
0.02cdefgh 

92.4 ± 4.3b 1.5 ±
0.21b 

7–10% 2 0.74 ±
0.05efg 

6.91 ±
0.04ghi 

95.2 ±
1.3bc 

1.5 ±
0.15b 

7–10% 4 0.57 ±
0.06def 

6.85 ±
0.02efghi 

95.5 ±
0.9bc 

1.6 ±
0.12b 

7–10% 8 0.29 ±
0.07bcd 

6.93 ±
0.01ghi 

94.7 ± 2.5b 1.6 ±
0.11b 

7–10% 16 0.14 ±
0.04ab 

7.04 ± 0.02i 96.4 ±
0.8bcd 

1.6 ±
0.13b 

Av. 7–10%  1.16 ±
0.24AB 

6.8 ± 0.04B 94.8 ± 1.0B 1.5 ±
0.06B  

>10% 0 3.49 ±
0.08n 

6.50 ±
0.04ab 

70.1 ± 3.8a 0.2 ±
0.02a 

>10% 1 1.32 ±
0.14hij 

6.83 ±
0.02defghi 

68.8 ± 2.5a 0.2 ±
0.03a 

>10% 2 0.55 ±
0.07def 

6.72 ±
0.07cdefg 

68.0 ± 1.1a 0.1 ±
0.03a 

>10% 4 0.19 ±
0.03abc 

6.89 ±
0.02fghi 

72.4 ± 1.3a 0.2 ±
0.03a 

>10% 8 0.09 ±
0.02ab 

7.49 ± 0.01j 65.9 ± 1.3a 0.1 ±
0.02a 

>10% 16 0.06 ±
0.01a 

7.58 ± 0.03j 66.2 ± 0.8a 0.2 ±
0.02a 

Av. > 10%  0.95 ±
0.25A 

7.0 ± 0.08B 68.6 ± 0.9A 0.17 ±
0.01A 

Note: Av. = average value of each treatment; the values displayed are means ±
standard error (SE); the interaction between treatments with incubation time is 
represented by the lowercase letter following the values in each treatment; the 
difference between treatments is represented by the uppercase letter following 
the average value in each treatment (in bold); different letters within a variable 
are significantly different at P < 0.05. 
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gradual approach to a Kobs that can be sustained for as long as mea-
surements would be continued. Instead, the VA + organic sources 
showed a continuously declining infiltration rate, with the most sub-
stantial effect seen in the 10 cm layer of VA + P. merkusii. When the 
infiltration rate was related to the RelCumInf parameter, results indi-
cated that Kobs was obtained after the total soil pore volume had been 
many times (10 – 100 times) replaced, indicating a strong preferential 
flow (as opposed to ‘piston flow’). 

The Kobs values generated from the Horton equation were log- 
normally distributed, with the value range of 6–131 cm h− 1. Overall, 
the added layer treatments significantly reduced Kobs by an average of 
79% (24 cm h− 1), or five times lower than the reference soil (112 cm 
h− 1) (Fig. 8). Relative to control soil, VA and OM treatments reduced the 
averages of Kobs by 71 and 87% for 5 and 10 cm layer thickness, 
respectively. The addition of various OM as hydrophobic materials 
further hampered Kobs by an average of 45% (5 cm layer) and 25% (10 
cm layer) relative to VA treatments. The highest Kobs reduction was 
observed for the combination of VA + P. merkusii, almost 19 times lower 
than the reference soil. Similar to Kobs, we found that the initial infil-
tration (initial rate of water flows into the WR layer + soil column) was 
significantly different between the control and treated soil columns. 
Adding VA and various OM sources to the original soil column surface 
reduced the averaged initial infiltration rate from 143 cm h− 1 to 52 cm 
h− 1. Even though we found no significant difference in the infiltration 

rate decay constant or -k among treatments (SI. 9 a and b), we identified 
that WR metrics (CA and log WDPT) have a negative relation to -k (SI. 
10a and b). 

We found strong negative relationships between K ratio and relative 
equivalent porosity with CA in 5 and 10 cm layers of VA and VA + OM 
treatments (Fig. 9). However, the lower regression line gradient of 10 cm 
layer thickness compared to 5 cm treatment indicates that the influence 
of WR on K ratio and relative equivalent porosity reduction became less 
substantial with thicker volcanic ash and organic matter layer added. 

4. Discussion 

The experiments showed that the types of OM mixed with VA in-
fluence WR (Q1A). However, a direct attribution to lipids content and 
pH changes could not be made, as the temporal dynamics differed be-
tween parameters (Q1B). We also found that soil water content in-
fluences the severity and persistency of WR, with a critical soil water 
content of 10% above which WR effects are negligible (Q2). WR and 
droplet diameter size influenced the critical slope at which drops of 
water will runoff before they infiltrate (Q3). Finally, we found that the 
column-level soil infiltration and hydraulic conductivity was affected by 
surface-level WR (Q4). 

In matching our process-level laboratory results to the field condi-
tions, a number of steps in the experimental procedure need to be taken 

Fig. 3. The relationships between lipids content and (a) CA, (b) log WDPT; and between pH and (c) CA and (d) log WDPT under VA and different organic matter 
sources treatments. We excluded VA dataset for the pH and WR indicators (CA and log WDPT) regression analyses. CA: Contact Angle, WDPT: Water Drop Penetration 
Time, VA: Volcanic Ash. 
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into account, such as the homogenization of litter material. We used 
ground fresh litter material, as this type of OM was probably predomi-
nant in the newly deposited volcanic ash, but we did not explore the 
effects of litter particle sizes, and litter to ash ratios beyond the pre-
liminary experiment (SI. 4 and 5). 

Q1: Difference litter sources induced a different level of WR through 
their lipids content and pH modification 

The addition of litter to volcanic ash induced WR. However, the 
severity of WR depended on the litter source. We found that the litter 
from P. merkusii induced the highest severity of WR compared to other 
litter treatments, with a CA of 112◦ and log WDPT of 2.62. Our results 
are similar to those of Neris et al. (2013), who found that the pine forest 
floor in Tenerife (Canary Islands, Spain) exhibited extreme SWR, with 
log WDPT ranging from 1.8 to 3.6. SWR has been broadly associated 
with tree species such as pine due to their hydrophobic substance con-
tent (Mataix-Solera et al., 2007). 

Lipids, as a hydrophobic substance in plants, were related to CA and 
log WDPT (Fig. 3). Our result here was similar to the study by Lozano 
et al. (2013), who found that the increases in lipids content from pine 

litter induced longer WDPT. In contrast, even though the VA + C. can-
ephora mixture had comparable lipids content to other litter sources, it 
resulted in lower log WDPT. This result might suggest that lipids content 
alone was insufficient to explain the different WR. Research done by Dao 
et al. (2022) by physically mixing leaf powder from different plant 
species with acid-washed sand revealed that WR related to the differ-
ences in the concentration and diversity of n-alcohols, n-fatty acids, and 
high n-alkanes in the leaves. A wider range of plant characteristics may 
give further insights into which components are primarily responsible 
for the observed WR. 

Our result demonstrates that pH was negatively related to WR, as 
also shown by some studies (Mataix-Solera et al., 2007; Bonanomi et al., 
2016). pH could affect WR by influencing soil microbial and fungi ac-
tivity. Fungi and other soil microbial activity could induce WR by 
releasing hydrophobic substances (Doerr et al., 2006; Lozano et al., 
2013). Within the pH range of 6 – 9, fungi biomass decreased with 
higher pH (Rousk et al., 2009). Therefore, it reduced the hydrophobic 
substances produced by fungi, thus lowering WR. However, we have no 
empirical data on fungi activity in this experiment. Hence further work 

Fig. 4. The relationships between lipids content and (a) CA, (b) log WDPT; and between pH and (c) CA and (d) log WDPT under different water content treatments. 
CA: Contact Angle, WDPT: Water Drop Penetration Time. 
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is needed. An alternative explanation is linked to soil pH-dependent 
chemical interaction, such as condensation or hydrolysis as proposed 
by Smettem et al. (2021). These interactions can lead to the formation or 
breaking of chemical bonds between organic molecules and soil parti-
cles, thus increasing or reducing WR. Furthermore, pH-dependent pro-
tonation or deprotonation of phenolic and carboxylic groups, which 
changes the polarity, have also been found to be correlated with WR 
(Terashima et al., 2004). 

Q2: The critical water content (CWC) and transition zone of water 
repellent material 

The CWC value of the materials in our experiment (10%) was within 
the range reported by Chau et al. (2014), who found values varying from 
0 to > 19% (depending on the specific sample locations), but below the 
value reported by Doerr and Thomas (2000) with 28%. Meanwhile, the 
water repellent materials’ transition zone in this study was between 
0 and 10% water content, corresponding to a 0 to 0.1 m3 m− 3. This range 
is consistent with the results of several studies, such as Dekker et al. 
(2001) with a range of 0.02 up to 0.05 m3 m− 3; Leighton-Boyce et al. 
(2005) with 0.14 to 0.27 m3 m− 3; and Stoof et al. (2011) with 0.18 to 
0.41 m3 m− 3. 

Knowledge of the CWC and the transition range where soils turn from 

a hydrophobic to a completely wettable state is valuable, as it provide 
essential information for remediating or overcoming water-repellent 
soils. Soil with less persistent WR and lower CWC implies that a large 
rainfall event may rapidly eliminate the WR. Soil with a high CWC 
would be prone to preferential flow and runoff due to its lower infil-
trability as the soil is persistently hydrophobic at higher water contents. 
This condition can reduce water storage in the topsoil (Chau et al., 
2014). However, once water moves to a greater depth, it may have a 
longer residence time, as the soil has a slower water movement due to 
tortuosity of the soil capillary system (Gupta et al., 2015). A hydro-
phobic soil surface later could also trap the moisture in underlying 
subsoil layers and provided a barrier to evaporation, which is beneficial 
during periods of high moisture stress during the dry season (Rye and 
Smettem, 2017; Smettem et al., 2021). 

The emergence of WR in a ’fresh volcanic soil’ could be dissimilar to 
heat exposure-induced WR during a forest fire. In high temperatures 
during heat exposure, the volatilization and condensation of hydro-
phobic substances produced from burned organic matter subsequently 
coated soil particles up to 5 cm below the soil surface, creating a water- 
repellency layer (DeBano, 1991). The extreme hydrophobic materials 
could also originate from the fine ash produced after the fire (Bodí et al., 
2011; Stoof et al., 2011). Whereas, hydrophobicity in volcanic soils does 
not always involve heat exposure to organic matter to create WR sub-
stances. Coarse-textured VA deposited in agricultural land experiences a 
cool-down period while drifting in the atmosphere and is not heating the 
soil when deposited. However, in a particular area close to the eruption 
epicentre or along the pyroclastic materials flow paths, there is a pos-
sibility that organic matter could be exposed to high temperatures and 
produce hydrophobic substances comparable to forest fire process. In 
this research, we emphasized the WR formation related to the presence 
of relatively fine hydrophobic particulate OM in pore space which is 
directly correlated to the abundance of organic matter in the soil. This 
specific condition is more or less similar to the non-fire-induced hy-
drophobic phenomena in sandy soils (Franco et al., 2000; Pierson et al., 
2008; Siteur et al., 2016). 

Q3: Strong WR properties minimize the critical slope for runoff to 
start 

Dissimilar to the non-water repellent soils, the existence of severe 
and persistent hydrophobic substances in relatively dry soils and sloping 
terrain could reduce infiltration and cause fast ponding, thus reducing 
runoff/erosion generation time. The relationship between WR and the 
critical slope for the runoff process is essential to predict the runoff/ 
erosion scenarios in different intensities and frequencies of rainfall 
events. 

The minimum critical slope for runoff to start for a large raindrop 
diameter was 7◦ (16%). Within our local context, the high rainfall in-
tensity that often occurs in this mountainous area could create a greater 
risk of runoff and erosion, as the landscape of this region has a slope 
range from 2 to 40% (Saputra et al., 2022). The temporal variability of 
runoff generation between non– and water-repellent plots has been 
found to be highly variable in the short term (early time after the 
rainfall/irrigation or when the soil water content is still below the CWC). 
However, as the water content increased beyond CWC and the WR 
diminished with time, the runoff generation time could become com-
parable (Pierson et al., 2008). However, at the catchment scale, the 
overall impact of SWR on runoff, erosion and sedimentation is influ-
enced by the spatial connectivity of the overland flow (runoff) sources 
areas, as well as the temporary and spatial variability of SWR. This 
complexity makes it challenging to establish direct links between SWR 
and erosion (Shakesby et al., 2000). Therefore, a better understanding of 
the temporal and spatial dynamics of SWR and its interactions with 
catchment-scale hydrological process is needed to better predict the 
impacts of SWR on runoff, erosion, and sedimentation. 

Q4: Strong water-repellent surface layer reduced infiltration and 
hydraulic conductivity 

Our observed hydraulic conductivity (Kobs) values (6–131 cm h− 1) 

Fig. 5. The relationship between Contact Angle (CA) and critical slope for 
runoff to start for two different water droplet diameters. 

Fig. 6. The initial (fmax) and quasi-steady state infiltration rates (fmin) esti-
mated from the Horton equation. 
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were within the range of sandy soils observed by García-Gutiérrez et al. 
(2018). Related to WR, our results showed that adding a 5–10 cm layer 
of hydrophobic material on the soil surface decreased Kobs from 69 to 
94% (K ratio of 0.31 – 0.06) compared to the Kref. Hydrophobic mate-
rials reduce the relative equivalent porosity for the water transmission 
process in the soil profile (Fig. 9b). 

We expected that the effect of WR on Kobs reduction would be limited 
to the early phase of the measurement when the water-repellent surface 
layer was relatively dry. Once the water content of the layer exceeded 
the CWC, we anticipated that the WR effect would disappear. However, 
we found that the WR effect on Kobs persisted throughout the mea-
surement, rather than being a transient phenomenon in early wetting, as 

Fig. 7. The infiltration rate as a function of the 
square root of (SQRT) time (a and c) and cu-
mulative infiltration relative (RelCumInf) to 
total porosity (b and d). Two upper figures (a 
and b) were observed data, while two lower 
figures (c and d) were fitted data using Horton 
equations. Columns of control soil had 0, 5 or 
10 cm of volcanic ash (VA) mixed with 
different organic matter sources on top. Vol-
canic ash (VA), VA + organic matter (Mx =
mixed quality, C = C. canephora, D =

D. zibethinus, P = P. merkusii).   

Fig. 8. The observed hydraulic conductivity presented as log Kobs (mean ± SE) of two water repellence layers thickness (5 and 10 cm), and six treatments of control/ 
untreated soil (Control), volcanic ash (VA), VA + organic matter (C = C. canephora, D = D. zibethinus, P = P. merkusii, Mx = mixed quality). The different letters 
indicate statistical differences between treatments (p ≤ 0.05). 

D.D. Saputra et al.                                                                                                                                                                                                                              



Geoderma 436 (2023) 116535

12

suggested by the effects of soil water content on WDPT. 
To interpret these patterns, we propose that air entrapment in soil 

pores (Faybishenko, 1995) plays a role in hindering the passage of 
water. It should be noted that the hydraulic conductivity measurements 
started with the water repellent materials in oven-dried conditions and 
apparently only partially saturated throughout the measurement. 
Entrapped air reduces the pore effectiveness to transmit water as it 
blocks the already limited water pathways (macropores) available in 
water-repellent material. This effect becomes more pronounced with 
time as the air bubbles that previously distributed in smaller pores then 
concentrate in larger pores where water movement mainly occurs, 
resulting in a sharp decline in infiltration rate in Fig. 7, specifically on 
the tail section of the infiltration data, and therefore the estimated Kobs. 
At the end, the infiltration rate often slightly increases, but not at the 
level where it could significantly change Ksat, as the air bubbles release 
to the atmosphere (Concialdi et al., 2019). However, we doubt that we 
reached this state during this measurement, as we did not observe this 
pattern from the transient infiltration data (except for the control 
treatment) in Fig. 7. It is likely because the measurement time was not 
sufficient for the air bubbles to be fully released. 

To quantify the impact of air entrapment on soil infiltration and 
hydraulic conductivity, Dohnal et al. (2013) used x-ray computed to-
mography and magnetic resonance imaging combined with three 
dimensional numerical modelling. Their study indicated that the change 
of the water flow rate resulted by the air entrapment. Many authors 
reported that entrapped air could reduce the Kobs by 2–20 times 
compared to air-draining conditions (Faybishenko, 1995; Sakaguchi 
et al., 2005; Marinas et al., 2013), but this fluctuates depending on the 
air outflow (Wang et al., 1998). This incomplete saturation of the water- 
repellent surface layer in the falling head experiments as a plausible 
reason for decreasing hydraulic conductivity with increasing WR was 
also previously reported by Shillito et al. (2020). Entrapped air affect the 
Kobs simultaneously with other factors such as soil particle rearrange-
ment and blockage of soil porosity (self-filtration) as reported by Diki-
nya et al. (2008) that simultaneously. Self-filtration might occur as a 
consequence of vertical migration of the fine-size water repellent litter, 
as well as soil particles, during the measurement, and thus naturally 
lowered the water transmission and hydraulic conductivity. However, 
we did not find visual evidence of the ash and litter transported to the 
original soil column after we vertically sliced the soil sample after the 
measurement. Therefore, further investigation is necessary. 

Daily rainfall intensity in East Java, Indonesia peaks at 105–164 mm 
day− 1, with a return period of 5–50 years (Faradiba, 2021). Most rainfall 

occurs within 1–4 h (Priambodo et al., 2019). Therefore, it is rather 
likely that water ponding could occur in the field, particularly for the 
soils which have > 10 cm layer of mixed VA + OM originating from 
P. merkusii, C. canephora, and D. zibethinus (with an average Kobs of 63, 
153, and 164 mm h− 1, respectively). With the rainfall intensity 
exceeding infiltration capacity, overland flow could occur in this 
sloping-mountainous area, despite the high soil macroporosity. How-
ever, on days with low rainfall intensity but long duration, entrapped air 
may easily escape to the soil surface, and WR may be overcome when the 
soil rewets. Nevertheless, WR will re-emerge when the soil water content 
is reduced to the transition zone. 

WR dynamics on the volcanic landscape 
In addition to soil water contents, the dynamics of WR may depend 

on two other processes: the mobilization of the hydrophobic substances 
due to soil erosion; and the input (supply) and decomposition rate of 
hydrophobic substances which is controlled by litter types, microbial 
activity, and microclimate. Surface runoff is likely to carry the soil 
materials (including the hydrophobic substances) within the steep slope 
area and might be deposited in the valley or a relatively flat area. 
However, the WR effect in the valley area may not be as apparent as in 
the upper part of the landscape, as the valley area usually has high water 
content (which is likely to exceed the CWC of this particular area). 

Furthermore, it is commonly acknowledged that hydrophobic sub-
stances come from the non-polar aliphatic hydrocarbons and polar 
amphiphilic hydrocarbons groups derived from OM (Doerr et al., 2000). 
Therefore, further decomposition of OM and its hydrophobic substances 
contained therein, which is controlled by the soil organisms’ (decom-
poser) activity, could lead to a decrease in WR. However, as an OM 
decomposer, the presence of fungi and other microorganisms may also 
induce WR (Doerr et al., 2006; Lozano et al., 2013). However, the long- 
term net effect depends on the standing OM content, determined by its 
input and decomposition rate balance. The dynamics of soil organic 
matter are influenced by vegetation types (quality and quantity OM), 
microclimate conditions (temperature and water content), and the ac-
tivity of soil microorganisms (decomposers) (Sari et al., 2022). Post- 
volcanic eruption soil management by farmers in the study area, such 
as adding a significant amount of external organic matter and mixing it 
with volcanic ash and the underlying original soil appears to accelerate 
soil recovery (Ishaq et al., 2020). However, this practice may also have 
an adverse effect by inducing WR of the soil surface. 

WR implications on landscape modification and its ecological functions 
At the plot and landscape scale, the development of WR contributed 

to VA distribution. VA was not only transported to the landscape directly 

Fig. 9. The relationships between contact angle (CA) and (a) K ratio and (b) relative equivalent porosity on two different water repellence layer thicknesses (5 and 
10 cm). 
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during the volcanic eruption via the atmosphere, but also through 
further movement from the runoff and erosion process due to the low 
infiltration. The potential negative impact of WR on the landscape level 
could be costly, for example, when it is associated with river/water 
reservoir sedimentation and water quality. Heavy sedimentation of 
volcanic materials in the water reservoir could disrupt the electricity 
supply, generate eutrophication, and cause irrigation water shortages. 
On the other hand, WR established in volcanic soils could also have 
positive effect on soil moisture conservation against evaporative loss, 
facilitate groundwater recharge, and replenishment of deep moisture 
storage (Lozano et al., 2013; Gupta et al., 2015; Rye and Smettem, 2017; 
Smettem et al., 2021). 

5. Conclusions 

It is concluded that adding various litter sources to volcanic ash at a 
range of soil water contents affects the WR dynamics during a 16-weeks 
incubation period. Stronger WR was partially associated with higher 
lipids content and lower pH, indicating another possible influencing 
factor related to OM composition. The lower WR was directly controlled 
by the water content rather than changes in lipids and pH, particularly at 
water treatments > 7%. Additionally, we found that the minimum 
critical slope for droplets to runoff (before infiltration) was 7◦ and 10◦

for large and small water droplet diameters, respectively. Finally, the 
addition of volcanic ash and litter on the surface of the control soil 
resulted in a five-times lower average hydraulic conductivity due to the 
combined effect of soil WR and entrapped air in the soil column. This 
combination effect led to the effective porosity reduction to transmit 
water, with 10 cm of layer addition showing the largest effect. 

The WR phenomena in relatively young volcanic soils likely 
contribute to shaping volcanic landscapes. Despite the negative short- 
term consequences, volcanic ash might benefit soil moisture conserva-
tion, nutrient addition, and potential carbon sequestration in soils. 
Therefore, further research on optimising the benefit and reducing the 
adverse effects of volcanic ash through land use management is needed. 
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Jiménez-Morillo, N.T., Spangenberg, J.E., Miller, A.Z., Jordán, A., Zavala, L.M., 
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