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definition of soil resistance (Knapen et al., 2007). Soil moisture is one 
such exogenous environment property that has been known to impact 
soil’s resistance to erosion (Allen et al., 1999; Fell et al., 2017). 

An obvious and a widely studied effect of soil moisture on sediment 
yield is through runoff generation. Drier soils tend to generate less runoff 
(Chen et al., 2015) thus have less sediment transport capacity than a wet 
soil where more runoff is generated and more soil will be eroded (Fla
nagan et al., 1988; Wei et al., 2007). The influence of moisture content 
on soil erosion resistance and consequently on sediment yield, although 
relatively understudied, can also be significant (Luk and Hamilton, 
1986; Knapen et al., 2007; Shainberg et al., 1996). For example, studies 
have discussed the importance of moisture on the development of 
cohesion forces in soil (e.g. Kemper et al., 1985; Panabokke and Quirk, 
1957; Shainberg et al., 1996), and have reported a differential erosional 
response based on differences in antecedent moisture state owing to the 
resistance the soil develops against erosion (e.g. Govers and Loch, 1993; 
Parker et al., 1995; Poesen et al., 1999). Not only the spatial variation in 
soil moisture, but also the temporal variation in soil moisture at the 
beginning, during, and between individual rain events is vital for 
determining erosion resistance of soil. Despite its importance, a clear 
elucidation of the relationship between moisture and soil’s resistance to 
erosion for a range of soils has not yet emerged. Not surprisingly, this has 
resulted in non-consideration of the explicit role of antecedent moisture 
on soil’s resistance to erosion in most sediment models. 

In this paper, we synthesize the existing state of knowledge on the 
role of moisture on erosion resistance of soil, and highlight the oppor
tunities and challenges associated with incorporating such a relation in 
sediment yield assessment models. The focus here is on the fluctuation in 
soil resistance to erosion at as short as event time scale, as soil moisture 
dynamics may vary considerably at these scales (Katul et al., 2007; 
Rosenbaum et al., 2012). To this end, we, (i) review the literature on the 
influence of soil moisture content on erosion resistance and the pro
cesses and mechanisms associated with it, (ii) highlight the need to 
include the moisture-erosion resistance relationship in sediment models, 
(iii) detail the candidate variables that may be used to quantitatively 
represent the soil’s resistance to erosion and its relation to moisture, (iv) 
underscore the challenges and opportunities in incorporating the effect 
of soil moisture content on erosion resistance in modeling frameworks 
and (v) discuss future research directions. 

2. Influence of soil moisture content on erosion resistance: 
Contrasting variations and diverse physical controls 

Soil moisture affects resistance of soils to erosion through several 
mechanisms. Below we highlight the reported disparate relations be
tween soil moisture and soil erosion resistance, and discuss varied 
mechanisms responsible for them. 

2.1. Increasing soil erosion resistance with increasing moisture content 

A large number of the studies agree that a completely dry soil has low 
resistance to erosion, and the resistance generally increases with 
increasing moisture (e.g. Cernuda et al., 1954; Govers, 1991; Grissinger, 
1966; Kemper and Rosenau, 1984; Le Bissonnais and Singer, 1992; Lyles 
et al., 1974; Nachtergaele and Poesen, 2002; Shainberg et al., 1996). 
Below, we review studies that report an increasing (a decreasing) trend 
in soil’s resistance with moistness (dryness), and organize them based on 
the disparate mechanisms explaining the trend. Table 1 provides a 
summarization of the assumptions and key findings of many of these 
studies. 

2.1.1. Slaking 
Slaking is often defined as the aggregate breakdown by increase in 

the pressure exerted by the escaping entrapped air during the rapid 
wetting process (Bastos, 2002; Kemper et al., 1985). Although slaking 
itself is not erosion, it breaks down soil aggregates and makes the soil 

more erodible during intense rainfall or runoff events when the soil is 
wetted rapidly. It has been identified as a prominent cause for high 
erosion rates in dry soil (Auerswald, 1993; Lim, 2006; Shainberg et al., 
1996). Panabokke and Quirk (1957) and Le Bissonnais et al. (1995) 
noted that in certain conditions, slaking can be more efficient at 
breaking down dry soils and increasing detachment capacity compared 
to raindrop impact. In clay soils, slaking caused by differential swelling 
was identified as responsible for the breakdown of aggregates (Kemper 
and Rosenau, 1984; Panabokke and Quirk, 1957). Le Bissonnais and 
Singer (1992) attributed the increased aggregate stability of pre-wetted 
soil, as opposed to an air-dry soil, to a decrease in slaking. Diminished 
slaking decreases aggregate breakdown and the generation of smaller 
easily movable particles, thus also reducing crust formation. Le Bis
sonnais and Singer (1992) showed (Fig. 1a) that pre-wetted soils with 
high initial moisture content experienced low erosion rates compared to 
air-dried soils in successive rainfall events, 24 h and 7 days apart. For the 
pre-wetted soil, the amount of splashed material that remained was little 
throughout the three consecutive rainfall events, although runoff 
increased 10-fold. In Cernuda et al. (1954), for all fifteen soil types 
tested, slaking and ease of destruction with water drops decreased with 
increasing initial moisture content. Lyles et al. (1974) also supported the 
claim that much less soil was detached from field-moist soil than from 
air-dried clods by raindrops when other variables were kept constant 
(Fig. 1b). By measuring water absorption and expansion of clods, it was 
discovered that due to their initial larger water saturation, field-moist 
aggregates absorbed extra water slowly and hence resisted erosion 
(Kemper and Rosenau, 1984). Slower rates of wetting due to high soil 
moisture contents prevents entrapment of air and lowers differences in 
swelling, allowing a greater portion of the particles to remain cohered in 
the aggregates. Lim (2006) showed that the intensity of slaking (slaking 
slope), measured by the slaking test, increased 3 to 5 orders of magni
tude for a 30% reduction in the degree of saturation (Fig. 1c). Therefore, 
the rate of water absorption upon wetting has been suggested to be a 
good measure of soil erodibility, as it indicates the intensity of the 
disruption occurring due to wetting (Govers and Loch, 1993; Knapen 
et al., 2007). A few studies suggest that slaking maybe sufficient to 
breakdown even the highly cohesive clay soil (Kemper and Rosenau, 
1984), and this effect is predominant over any softening or solution 
effect of water on aggregate breakdown (Cernuda et al., 1954). Overall, 
slaking causes more sediment to be broken down and become available 
for transport by runoff, while moist soils prevent slaking and limit the 
ability of the soil to be disaggregated (Legates et al., 2011). 

2.1.2. Microfissuration 
Another mechanism for the lower erosion resistance in dry soils has 

been attributed to the microfissuration occurring during the rapid wet
ting of initially dry soil (Govers and Loch, 1993; Govers et al., 1990; Le 
Bissonnais et al., 1989; Poesen et al., 1999). Larionov et al. (2018) 
experimentally found that drying of soil samples increase their erod
ibility due to soil cracking that decreases the amount and strength of 
inter-aggregate bonds (see Fig. 1 of Larionov et al., 2018). Poesen et al. 
(1999) reported that concentrated flow erosion rates were 20–65% less 
on initially wet topsoils compared to initially air-dry topsoils. Although 
air-dry soil had high infiltration rates and lower sediment concentra
tions in the initial phase of their flume experiment, high detachability 
due to slaking and microcracking of dry aggregates in the intermediate 
and final phases contributed to high erosion rates compared to initially 
wet soil. 

2.1.3. Cohesion from surface tension 
Lower erosion from moist soil has also been attributed to surface 

tension forces created by the water films that increase soil cohesion 
(Cernuda et al., 1954; Haines, 1925; Kemper and Rosenau, 1984; 
Kemper et al., 1985; Panabokke and Quirk, 1957). This cohesion pro
vides a resistance against both the raindrop impact and shearing action 
of the flowing water. Govers and Loch (1993) conducted a field rill 
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2.2.1. Near-saturation effects 
Cernuda et al. (1954) reported that soil aggregates are easily eroded 

when soil was completely saturated. The effect of hydraulic and surface 
tension forces created by water films on the stability of soil aggregates is 
lacking in completely saturated soils (Bastos, 2002; Christensen and Das, 
1973; Hanson and Robinson, 1993). After soil disturbance, when the 
aggregates were close to saturation, inter-particle bonds did not rein
force with time (Kemper et al., 1985). Kemper and Rosenau (1984) 
mentioned that in order for moisture to cause cohesion in soils, air 
pressure should remain greater than the pressure of the soil water. 
Govers (1991), using their flume experiment with a loamy soil (17% 
sand, 69% silt and 14% clay), presented a parabolic equation to calcu
late runoff erosion resistance vis-à-vis initial moisture content for soils 
with 2–20% initial moisture contents. For moisture contents exceeding 
20%, the erosion resistance was not dependent on moisture. Several 
other studies also imply that the increase in erosion resistance with 
antecedent moisture content is more important when the soil is drier, 
but when the moisture contents are closer to saturation, cohesion be
tween aggregates and particles diminish and aggregate strength de
creases resulting in high erosion rates (Bryan, 2000). 

Luk and Hamilton (1986) and Coote et al. (1988) are two of the few 
studies that claimed that soil loss increased and aggregate stability 
decreased with soil moisture. Coote et al. (1988) reported that aggregate 
stability was negatively correlated with soil moisture content from 16.5 
to 47.5%. However, Luk and Hamilton (1986) acknowledged that this 
observation may be true only for the data in the wetter range of the 
moisture scale. In the drier range, antecedent moisture may lead to an 
increase in soil strength and thus soil loss may decline until the moisture 
content corresponding to the plastic limit is reached. The plastic limit 
represents the soil moisture content at which the soil becomes malleable 
and clay begins to crack, and this reduces the shear strength of the 
material which increases its susceptibility to detachment (Allen et al., 
1999; Holz et al., 2015). Data in Luk and Hamilton (1986) did not cover 
the entire moisture range to be able to investigate this effect. Atterberg 
consistency limits, which empirically define soil behavior as a function 
of changing soil moisture content, could provide some guidance to 
determine the optimum soil moisture content that results in greatest 
erosion resistance (Bryan, 2000; Lyle and Smerdon, 1965), however, the 
utility of this measure alone for soil erodibility prediction has been 
questioned (Grabowski et al., 2011; Partheniades, 2007). 

2.2.2. Crust formation 
Kemper and Rosenau (1984) reported faster rate of wetting in drier 

soil resulted in more disruption of aggregates leading to interlocking of 
particles to make a structure that has greater cohesion. Breakdown of 
aggregates from rapid wetting allows the resulting micro-aggregates and 
primary particles to later settle into tightly packed and well inter-leaved 
configurations, which would develop a greater soil strength when dry
ing. This is also known as the surface sealing effect or crust formation. 
While soil crust formation could also be driven by several other bio
physical and chemical mechanisms (Park et al., 2017; Williams et al., 
2018), research has shown that aggregate break down and seal forma
tion due to rapid wetting is faster in soils with <30% moisture than soils 
with >30% moisture (Holz et al., 2015; Le Bissonnais et al., 1989). 
Therefore, dry soil has a higher predisposition for surface sealing and 
once the crust is formed, dried crusted soil is more resistant to erosion. 

2.2.3. Entrapped air preventing water entry in dry soils 
Panabokke and Quirk (1957) reported that soils drier than pF 5.5 had 

higher aggregation due to entrapped air preventing water from entering 
pore spaces. 

2.2.4. Limited volume of fine pores 
In coarse textured soil with limited volume of fine pores required for 

slaking, low moisture conditions may not cause disruptive slaking dur
ing rapid wetting, thus does not cause higher erosion rates when soil is 

dry (Cernuda et al., 1954). 

2.2.5. Mineralogical influence upstaging moisture control 
Allen et al. (1999) did not find a significant relationship between 

moisture content and erodibility in loamy or clay soils. They suggested 
that when the clay content is greater than 10% in a soil, natural cohesive 
properties of clay becomes dominant and hinder the effect of moisture 
on soil cohesion. Higher soil resistance for drier soils (Billings clay soil 
from Colorado) was reported by Kemper and Rosenau (1984), who 
attributed this to the difference in the bonding mechanism of the tested 
clay soil that facilitates clay-to-clay bonding during drying. An increase 
in erodibility with increasing antecedent water was also reported for 
unoriented coarse kaolinitic-Greneda mixture (Grissinger, 1966). A 
negligible influence of soil moisture on erosion resistance was reported 
for dispersive soils (Lim, 2006), and loamy loess (Shainberg et al., 1996). 

2.3. Moisture-erosion resistance relation shows contrasting trend beyond 
the optimum moisture content at which erosion resistance reaches a 
maximum 

The two previous sections indicate that there could be an optimum 
moisture content beyond which the increasing trend in soil resistance 
with antecedent moisture may start decreasing (or at least do not show 
an increasing variation). Several studies have noted the existence of such 
an optimum moisture content (Grissinger, 1966; Larionov et al., 2014; 
Shainberg et al., 1996). In an experiment to test the effect of moisture 
content on the cohesion and erodibility of Chernozem soil samples, 
Larionov et al. (2014) found that the heavy loamy Chernozem samples 
(loess like loams) containing 22–24% water had the lowest erosion rate, 
and thus lowest erodibility (Fig. 3). The erosion rate increased with both 
increasing and decreasing antecedent water content. In Grissinger 
(1966), erosion rates of different types of clay soils were evaluated by 
subjecting molded samples of various soil mixtures to a uniform erosive 
force in a small flume. Erodibility decreased with increased antecedent 
water for the Grenada silt loam, illitic-Greneda mixture, 
montmorillonitic-Greneda mixture, and oriented coarse kaolinitic- 
Greneda mixture samples up to approximately 25% antecedent water 
content. After this point, erodibility increased with further increasing 
antecedent water (see Figs. 2 to 7 of Grissinger, 1966). 

Varied reasons for the existence of optimum moisture content have 
been noted. Grissinger (1966), Larionov et al. (2014), and Shainberg 
et al. (1996) attributed it to nonlinear variations in cohesion. Develop
ment of cohesive forces is absent in air-dry soils. Also, when the soil 
water content is close to saturation, the rate of cohesive force develop
ment is slow and the soils are also more susceptible to erosion. Between 
these, there is an optimum water content that yield the highest erosion 
resistance. Studies also noted that a minimum moisture content is 
needed for the development of interparticle forces, which are strong 
enough to resist rill erodibility (Shainberg et al., 1996; Luk and Ham
ilton, 1986). In the loamy loess soil that Shainberg et al. (1996) used, the 
low-water-content treatment (246 g/kg) after 15 min of curing provided 
adequate water to support fast development of cohesive forces between 
soil particles that lead to low rill erodibility (see Fig. 2 of Shainberg 
et al., 1996). In contrast, the low-water-content treatment in the clayey 
grumusol (322 g/kg) was lower than the critical water content required 
for the fast formation of cohesion forces. Consequently, the rill erod
ibility was still relatively high after 15 min in the grumusol. 

Overall, preceding studies highlight the existence of optimum 
moisture content at which soil’s resistance to erosion (soil erodibility) is 
maximum (minimum), with resistance decreasing with both increase or 
decrease in antecedent moisture. Notably, the optimum moisture con
tent appears to be different for different soils. Larionov et al. (2014) and 
Grissinger (1966) both suggested that the influence of antecedent water 
content on erodibility varied among soils, depending upon the clay 
minerals in the mixture, clay particle orientation, bulk density of the 
sample, and particle size. In addition, aggregation characteristics such as 
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Table 1 
Summary of studies that found an increase in soil resistance to erosion with increasing moisture.  

Reference Indicator of erosion 
resistance 

Test method Soil type Assumptions/conditions/ 
dependencies 

Key findings 

Allen et al. 
(1999) 

Erodibility coefficient 
K 

Submerged jet test Alluvial soil with <10% clay  For soils tested with <10% clay, 
antecedent moisture content is 
important in determining soil 
erodibility and erodibility increases 
with decreasing moisture content. 

Auerswald 
(1993) 

Soil loss Filed erosion 
experiment using a 
rainfall simulator 
with plot size 1.8 m 
by 4.7 m. 

Loessial Dystric Eutrochrept top 
horizon (24% clay 61% silt, 4% 
very fine sand and 15% sand) 

Rainfall over a period of 10 days, 
1 h first run, and a 0.5 h second 
run after a break of 0.5 h. 
Average rain intensity 55 mm/h 
with a kinetic energy of 19 J/(m2 

mm) 

81% of the variation in soil loss 
explained by only moisture and 
time since tillage. Increased 
stabilization of soil against erosion 
with increasing moisture between 
10 and 31%, owing to reduced 
aggregate breakdown due to 
reduced slaking, and the 
development of a water mulch that 
reduced splash. 

Bastos (2002) Erodibility by 
Inderbitzen test, shear 
stress represented by 
cohesion 

Inderbitzen test, 
conventional and 
suction-controlled 
direct shear tests 

B (lateritic) and C (saprolitic) 
horizons of four residual soils 
found in Southern Brazil  

Soils where total cohesion 
decreased significantly with rapid 
moisture increase (due to the action 
of superficial flow) were those more 
susceptible to erosion. Rapid 
wetting causes a significant 
decrease in soil shear strength 
related to pore pressure, the 
destruction of bonding between soil 
particles/aggregates triggered by 
the force of erosion flow, and 
slaking. 

Cernuda et al. 
(1954) 

Aggregate stability Slaking and 
resistance to falling 
water drops 

15 types of soils from Puerto 
Rico  

Low tensions created by capillary 
water films can increase the 
stability of soil aggregates. Slaking 
and the ease of destruction was 
greatest for dry soil. 

Govers and 
Loch (1993) 

Sediment 
concentration 

Field erosion 
experiment 

Irving clay soil (66% clay 18% 
silt and 12% fine sand) and 
Moola clay soil (44% clay 18% 
silt 32% fine sand and 6% coarse 
sand) of Queensland 

Sites with wet soils were kept for 
4–5 days after wetting 
Discharges of 0.15, 0.4, and 1.2 
L/s. 

Erosion resistance was greater for 
soils with initially high water 
content than air dried soil due to the 
development of inter-aggregate 
bonds and disruption of the soil 
aggregates by slaking and 
microfissuration during rapid 
wetting of initially dry soil. 

Govers et al. 
(1990) 

Sediment 
concentration and soil 
loss. 

Flume study on a 20 
m long flume with a 
0.07 slope using a 
rainfall simulator 

Caen silt loam with 8.5% sand, 
76.2% silt and 15.3% clay. 

For wet runs, moisture was 
regulated for at least 24 h before 
the experiment. Experiment 
duration was 1 h 30 m and 
rainfall intensity was 100 mm/h. 

Runoff erosion by high- intensity 
events of medium duration may 
lead to more erosion and sediment 
when the soil is initially dry, 
regardless of their higher 
infiltration capacity. Micro- 
cracking caused by differential 
expansion of the swelling clay 
components of soil contribute to soil 
shear strength reduction. 

Govers (1991) Sediment 
concentration 

Flume experiment Loamy soil (17% sand, 69% silt 
and 14% clay)  

Variations in the initial soil 
moisture content is an important 
factor in explaining spatial and 
temporal variations in sediment 
yield. The relationship between 
moisture and soil resistance can be 
expressed by a simple parabolic 
equation. Erosion resistance 
increases with increasing initial 
moisture content. 

Grissinger 
(1966) 

Rate of erosion Flume test Grenada silt loam mixtures with 
various clay minerals 

Erosion resistance-moisture 
relationship depends on the type 
and amount of clay minerals in 
the mixture, clay mineral 
orientation, bulk density, aging 
time after pre-wetting, water 
temperature, particle size. 

Erodibility decreased with 
increased antecedent water up to 
25% antecedent water content. 

Kemper and 
Rosenau 
(1984) 

Cohesion measured by 
aggregate stability 
and moduli of rupture 

Wet sieving 
(aggregate stability) 
and soil cylinders 
(moduli of rupture) 

Portneuf silty loam from Idaho 
(wind deposited over 60% silt 
and < 20% clay) and Billings 
clay soil from Colorado (alluvial)  

The rate of cohesion increase after 
disruption was slower in an air-dry 
soil than a moist soil. Slower 
wetting allows more particles to 
remain coherent in the aggregates, 
due to reduced slaking. A 

(continued on next page) 
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Table 1 (continued ) 

Reference Indicator of erosion 
resistance 

Test method Soil type Assumptions/conditions/ 
dependencies 

Key findings 

substantial portion of the cohesion 
in Portneuf soil is created by water 
phase tension and surface tension 
related to the air-water interface. 

Larionov et al. 
(2014) 

Erodibility calculated 
as 

k =
W

ρ0u3 

Where k is soil 
erodibility, W is 
erosion rate, ρ0 is the 
water density, u is jet 
velocity. 

Vertical jet test Heavy loamy Chernozem soil 
samples 

Soil samples of density 1.4 g/ 
cm3, at a constant jet velocity of 
1.42–1.43 m/s. After wetting, 
the samples were exposed in 
weighing cups for 10–12 h. 

Maximum erosion stability was 
achieved at 22% initial water 
content, due to gaining the 
maximum cohesion between 
aggregates. The erosion rate 
increases with both increasing and 
decreasing initial water content. 
Water acts as a lubricant that causes 
uniform distribution of aggregates 
in soil, promoting cohesion between 
aggregates 

Larionov et al. 
(2018) 

Erosion rate and 
erodibility calculated 
as Larionov et al. 
(2014) 

Flume experiment Light-clay leached chernozem 
(Luvic Cherno- zem (Pachic)) 

Water temperature of 18–20 ◦C, 
a mean flow velocity of 
0.98–1.03 m/s, and a flow depth 
of 1 cm. 

Minimum erodibility detected at a 
moisture content of 30%. Under 
drying, the soil begins to crack, 
inter-aggregate bonds diminish, and 
the erodibility increases for soil 
water content from 30 to 9%. 

Le Bissonnais 
and Singer 
(1992) 

Sediment production 
rate 

Plot experiment with 
simulated rainfall 

Capay silty clay loam (fine, 
montmorillonitic, thermic Typic 
Chromoxerert) and Solano silt 
loam (fine-loamy, mixed, 
thermic Typic Natrixeralf) 

Soil was packed to a depth of 10 
cm over a 10 cm layer of sand at 
a bulk density of 1.2 mg/m3 

Slope 9% rainfall rate 40 mm/h. 

Higher initial soil water content 
decreases aggregate breakdown and 
crust formation, thereby reducing 
erosion due to decreased runoff and 
detachment. Erosion remained 
considerably lower in all the three 
rainfall events in pre-wetted soil 
than air dried soil. 

Le Bissonnais 
et al. (1989) 

Aggregate breakdown Plot experiment with 
simulated rainfall 

Orthic luvisol (a cultivated silty 
soil) from France (19.6 clay, 72.6 
silt, 7.8 sand). 

Aggregates were pre-wetted 
under vacuum, so no air- 
trapping (and hence slaking) in 
pre-wetted aggregates. 

Aggregate breakdown is determined 
by the way of wetting and initial soil 
water content. Air-dry aggregates 
experience micro-cracking during 
wetting, whereas pre-wetted 
aggregates do not and hence 
aggregate breakdown is very slow. 

Lim (2006) Shear stress (critical 
and threshold), 
Erosion rate, 
Slaking intesity 
(slaking slope)/ 
slaking rate 

Rotating cylinder 
test, the hole erosion 
test, and the slaking 
test 

Non-dispersive soils consisting 
of 4 natural clays and 3 
commercial clay mixtures (30%, 
50% and 70% kaolin mixed with 
fine sand)  

The degree of saturation is 
important determining the erosion 
behavior of non-dispersive 
unsaturated soils. The intensity of 
slaking increased 3 to 5 times for a 
30% reduction in saturation. Lower 
erodibility with increasing 
saturation. A little change in the 
erosion rate for clay soils of >90% 
saturation. 

Lyles et al. 
(1974) 

Soil detachment by 
weight 

Raintower wind 
tunnel 

Silty clay loam (sand 8.8%, silt 
60%, clay 31.2%) 

Bulk density of 1.45 g/cm3, test 
clods 12.7 to 38.0 mm in 
diameter, mulch-covered soil 
clods exposed for 45 min to 
wind-driven rainfall with an 
intensity of 1.76 in/h. 

Substantially less soil was removed 
from field-moist clods than from air- 
dry clods by raindrops due to slower 
absorption of additional water 
owing to the initial degree of 
saturation. Field-moist aggregates 
lose their resistance to breakdown 
well in advance to becoming air- 
dry. 

Nachtergaele 
and Poesen 
(2002) 

Soil detachment rate Flume experiment Loess-derived soils in Belgium  Spatial and temporal variability in 
soil erosion is affected by soil 
moisture. From the range of 
gravimetric soil moisture contents, 
spatial and temporal variations in 
detachability over an area can be 
estimated using the relationships 
developed. Erodibility decreases 
with increasing soil moisture. 

Panabokke and 
Quirk (1957) 

Water stability of soil 
aggregates 

Wet sieving and 
shaking end-over- 
end in a cylinder of 
water 

Soil from South Australia 
Urrbrae loam (red brown earth) 
A and B horizons – cultivated 
and uncultivated 
Riverina clay (Grey soil of heavy 
texture) 
Black clay (Hydromorphic black 
earth)  

The aggregate stability had a major 
effect from the tension of the soil 
water. A decrease in stability with 
decreasing water content, was 
associated with rapid wetting of the 
aggregates and the diminishing of 
cohesion. In clay soils, slaking 
caused by differential swelling is 
identified as responsible for the 
breakdown of aggregates. 

Flume test 

(continued on next page) 
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intermittency and duration. Much of the work, so far, has been con
ducted under controlled laboratory conditions involving a limited 
number of samples. Transfering small lab-scale experimental results to 
large-scale systems could face challenges associated with representa
tiveness of the samples and tranferrability of derived relations. Field 
research in natural settings and laboratory experiments involving large 
undisturbed soil blocks can be useful in this regard, as it can provide a 
more comprehensive picture for realistic settings and thus potentially 
broaden the applicability of results. 

As noted in this study, soil moisture’s impact on soil’s resistance to 
erosion is generally contradictory to its effects on runoff generation and 
consequent sediment erosion. For example, higher soil moisture gener
ally increases the soil’s erosion resistance, but leads to higher runoff. It is 
important to conduct research to understand how and when these 
countering factors overwhelm the other under different soil, environ
mental, and rainfall conditions. 

One potential strategy to isolate the influence of moisture content on 
soil resistance to erosion is to study the sediment yield variations be
tween events with identical runoff, and then evaluating these relations 
over a range of runoff magnitudes. The derived relations using data from 
training-years may then be used in test-years to assess the improvement 
in explanability of sediment dynamics, when moisture’s influence on 
soil resistance is explicitly accounted for. To limit the challenges posted 
by heterogeneity of soil types, initial explorations may focus on hill
slopes or watersheds with homogeneous soil distribution. Follow-up 
studies may assess the applicability of these relations across different 
soils, and over larger settings with significant soil moisture heteroge
neity arising from spatial variations in topography, soil types, and other 
physiographic attributes (Wilson et al., 2004). 

Although factors such as type and percentage of clay minerals, clay 
particle orientation, curing/aging time, bulk density of the sample, 
organic matter content, soil type, and texture/particle size have been 
identified to have an influence on moisture vs. erosion resistance rela
tion, no clear understanding exists as to how prominent this effect might 
be or how to quantitatively incorporate the influence of these factors. 

Data of sediment yield from diverse sources over the landscape, which 
can be aided by methods such as sediment fingerprinting (Smith and 
Blake, 2014), and from multiple, well-instrumented watersheds such as 
the critical zone networks (Anderson et al., 2008) may serve useful. 
Overall, the aforementioned proposed explorations will likely lead to 
improvement in the understanding and prediction of soil erosion resis
tance dynamics over large spatial and temporal scales, and will espe
cially help capture the impacts of extreme events on sediment yield 
better as the system transition from dry to wet conditions. 

In the long-term, in agreement with Bryan (2000) and Knapen et al. 
(2007), we propose that soil erosion and sediment prediction research 
needs to define a standardized erosion resistance parameter that can 
integrate dynamic controls such as soil moisture. In addition, as dis
cussed in the previous sections of this study, the resistance property 
being measured for quantification of this parameter should be stan
dardized as well. Differences in measurement method and the resistance 
property across applications pose a major challenge for incorporating 
the dynamic influence of moisture on erosion resistance. Future research 
focused on evaluation of this dynamic resistance parameter and its 
ability to capture sediment yield dynamics, over a manifold of soil 
composition, hydroclimatic conditions, and moisture conditions, could 
allow for benchmarking and intercomparison with existing parameter 
representations. 

7. Conclusion 

In this study, we performed a comprehensive review of the influence 
of antecedent soil moisture content on erosion resistance of soils. The 
goals were to assess the influence of soil moisture on soil’s erosion 
resistance, identify the various mechanisms in play, pinpoint the chal
lenges associated with representing the influence of moisture on soil 
erosion resistance in sediment models, and finally to come up with a few 
recommendations towards developing a general parameterization that 
can be used in soil erosion and sediment models. We found that while 
several studies have highlighted a significant role of antecedent 

Table 1 (continued ) 

Reference Indicator of erosion 
resistance 

Test method Soil type Assumptions/conditions/ 
dependencies 

Key findings 

Parker et al. 
(1995) 

Sediment 
concentration 

A silty sand soil composed of 
87% sand, 4% silt, and 9% clay 

Bulk density of 1.52 Mg/m3 flow 
rate of 0.38 m3/(m min), flow 
depth 15 mm, flume slope 0.005 
m/m. 

Erodibility increased with 
decreasing initial water content 
between moisture contents of 0.200 
and 0.125 kg/kg, due to continuity 
of soil air in pore spaces with 
decreasing soil water content 
triggering more erosion. 

Poesen et al. 
(1999) 

Sediment 
concentration 

Flume experiment Silt loam from central Belgium 
containing 2% sand, 81% silt, 
17% clay and 1.3% OM  

Concentrated flow erosion rates 
were 20–65% less on initially wet 
topsoils compared to initially air- 
dry topsoils, depending on rock 
fragment cover. Rock fragment 
cover is less efficient in decreasing 
erosion rates when it is air-dry at 
the beginning than when it is moist. 
Dry soils are more detachable due to 
slaking and microcracking. 

Shainberg et al. 
(1996) 

Rill erodibility Small hydraulic 
flume 

Grumusol clay soil (Typic 
Chromoxerert) 

0.5-m-long, 0.046-m-wide, and 
0.12-m- deep flume placed at a 
5% slope, under flow rates of 
0.04, 0.08, 0.12, 0.16, 0.2, 0.24, 
0.28, and 0.32 L/min 

Rill erodibility decreases with 
increasing water content. No 
cohesive force development when 
the soil is air-dry. The rate of 
cohesive force development 
increases with water content above 
a critical water content. The formed 
forces are sufficiently strong to 
resist rill erodibility. The critical 
water content depends on soil type. 
The effect of soil moisture content 
greater than a critical level on rill 
erodibility was less pronounced 
after 24 h of aging.  
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Table 2 
Summary of studies that found a decrease (or no significant change) in soil erosion resistance with increasing moisture.  

Reference Indicator of erosion 
resistance 

Test method Soil type Assumptions/conditions/ 
dependencies 

Key findings 

Allen et al. 
(1999) 

Erodibility 
coefficient K 

Submerged jet test Alluvial soils with >10% clay 
(loamy and clay soils).  

There is no significant 
relationship between moisture 
content and erodibility in loamy 
or clay soils. When clay content is 
>10% in a soil, natural cohesive 
properties of clay becomes 
dominant and hinder the effect of 
moisture on soil cohesion. 

Bastos (2002) Erodibility by 
Inderbitzen test, 
shear stress 
represented by 
cohesion 

Inderbitzen test, 
conventional and 
suction-controlled direct 
shear tests 

B (lateritic) and C (saprolitic) 
horizons of four residual soils 
found in Southern Brazil  

Hydraulic and surface tension 
forces created by water films on 
the stability of soil aggregates is 
lacking in completely saturated 
soils. 

Cernuda et al. 
(1954) 

Aggregate stability Slaking and resistance to 
falling water drops 

15 types of soils from Puerto 
Rico  

Slaking was not completely 
destructive when fine pores were 
limited/absent. Completely 
saturated soil lacks the stability 
associated with hydraulic and 
surface tension forces. 

Christensen 
and Das 
(1973) 

Hydraulic tractive 
force (shear stress) 

Maintaining a steady 
water flow through clay 
linings inside a brass 
tube 

kaolinite and grundite as basic 
clay minerals and Ottawa sand 
as an additive 

Water temperature 13–14 ◦C, Shear 
stress of the flow 0.00496–0.00571 
g/cm2 

A sharp decrease in erosion with 
increasing compaction moisture 
content, with the exception when 
soil is saturated. Moisture 
influences a decrease in surface 
roughness that reduces erosion. 

Coote et al. 
(1988) 

Aggregate stabilty, 
shear strength 

Water-stable aggregates 
by wet sieving, vane 
shear strength using a 
hand-held torvane. 

Guelph Sandy Loam, Colwood 
Silt Loam, Fox Silt Loam, 
Haldimand Silt Clay, Fox Sand 

Seasonal variation and freeze thaw 
conditions 

Aggregate stability and shear 
strength are negatively correlated 
with soil water content from 16.5 
to 47.5%. 

Govers (1991) Sediment 
concentration 

Flume experiment Loamy soil (17% sand, 69% silt 
and 14% clay)  

For soil moisture contents 
exceeding 20%, the erosion 
resistance was not dependent on 
moisture. 

Grissinger 
(1966) 

Rate of erosion Flume test Grenada silt loam mixtures with 
various clay minerals 

Erosion resistance-moisture 
relationship depends on the type 
and amount of clay minerals in the 
mixture, clay mineral orientation, 
bulk density, aging time after pre- 
wetting, water temperature, particle 
size. 

Erodibility increased with 
increased antecedent water for 
unoriented coarse kaolinitic- 
Greneda mixture. 

Hanson and 
Robinson 
(1993) 

Erodibility using a 
jet index 

Submerged jet test  Water supply under a constant head 
of 0.91 m with a nozzle velocity of 
4.2 m/s. 

The erosion resistance increases 
as the compaction moisture 
content increases. Resistance 
decreased for the saturated 
sample. 

Kemper and 
Rosenau 
(1984) 

Cohesion measured 
by aggregate 
stability and 
moduli of rupture 

Wet sieving (aggregate 
stability) and soil 
cylinders (moduli of 
rupture) 

Portneuf silty loam from Idaho 
(wind deposited over 60% silt 
and < 20% clay) and Billings 
clay soil from Colorado 
(alluvial)  

Disintegration of the aggregates 
with rapid wetting allows crust 
formation with greater cohesion, 
when drying. The more cohesive 
Billings soil had higher cohesion 
at low moisture, due to the 
influence of other factors. If air 
pressure is less than the pressure 
of the soil water, moisture does 
not cause cohesion in soils. 

Le Bissonnais 
and Singer 
(1992) 

Sediment 
production rate 

Plot experiment with 
simulated rainfall 

Capay silty clay loam (fine, 
montmorillonitic, thermic Typic 
Chromoxerert) and Solano silt 
loam (fine-loamy, mixed, 
thermic Typic Natrixeralf) 

Soil packed to a depth of 10 cm over 
a 10 cm layer of sand at a bulk 
density of 1.2 mg/m3 

Slope 9%. Rainfall rate 40 mm/h. 

Soil detachability decreased for 
the initially air-dried soil, during 
the three consecutive rain falls 
due to crust formation. 

Le Bissonnais 
et al. (1989) 

Aggregate 
breakdown 

Plot experiment with 
simulated rainfall 

Orthic luvisol (a cultivated silty 
soil) from France (19.6 clay, 
72.6 silt, 7.8 sand). 

Aggregates were pre-wetted under 
vacuum, so no air-trapping (and 
hence slaking) in pre-wetted 
aggregates. 

Aggregate break down and seal 
formation due to rapid wetting is 
faster in an air-dry soils than 
prewetted soils. 

Lim (2006) Shear stress 
(critical and 
threshold), 
Erosion rate, 
Slaking intesity 
(slaking slope)/ 
slaking rate 

Rotating cylinder test, 
the hole erosion test, and 
the slaking test 

Dispersive clays consisting of 4 
natural clays and 2 commercial 
clay mixtures (30% and 50% 
bentonite mixed with fine sand)  

The variations in saturation had 
negligible influence on the 
erosion behavior of dispersive 
soils. 

Soil loss, 
Soil shear strength 

Field plot experiment 
with artificial rainfall 

Artificial rainfall at 50 mm/h. 
Experimental plots of 7.8 m2 

Soil loss is mainly associated with 
moisture content. If the full range 

(continued on next page) 
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moisture content on soil erosion resistance, reported covariation of the 
two variables were very distinct depending on the antecedent wetness of 
the soil. Dry soils exhibited the lowest resistance to erosion, and thereby 
showed high erodibility, compared to their moist counterparts. This is 
mainly attributed to a range of factors including slaking caused by in
crease in the pressure and expansion of the entrapped air due to rapid 
wetting, microfissuration, lack of cohesional forces provided by soil 
moisture, increased continuity of soil air in pore spaces, restricted soil 
particle reorientation to a position with low energy and high cohesion, 
and lack of armoring provided by the runoff water film. Soil’s resistance 
to erosion generally increases with increasing moisture. However, after 
the moisture content exceeds a threshold, soil resistance was observed to 
decrease with further increasing soil moisture content, and soils become 
more susceptible to erosion. This optimum water content that yields the 
highest erosion resistance is highly dependent on soil type. 

Soil erosion and sediment yield models, especially event-based and 
seasonal, should incorporate the effects of antecedent soil moisture 
content on soil loss prediction via not only runoff generation but also 
soil’s resistance. The use of a single soil resistance value in this regard, 
say in form of a constant erodibility variable, may lead to considerable 
biases in trends and magnitudes of predicted erosion. Consideration of 
dynamic influence of initial soil moisture content will therefore result in 
more robust predictions. However, development of a unifying equation 
to predict erosion resistance based on dynamic sediment properties such 
as soil moisture remains challenging due to (i) disparate definitions of 
soil’s resistance to erosion (e.g. erodibility, cohesion, shear stress, 
aggregate stability, etc.), and the differences in measurement methods, 
(ii) use of a single constant value for soil erosion resistance that does not 
allow to consider spatially and temporally dynamic soil properties and 
environmental conditions, (iii) lack of a comprehensive understanding 
and quantification of the factors on which the moisture-erosion resis
tance relationship depends on e.g. type and percentage of clay minerals, 
clay particle orientation, curing/aging time, bulk density, organic mat
ter content, soil type and texture/particle size, and (iv) lack of under
standing about the behavior of soil in natural undisturbed settings. 
Despite these challenges, synthesis of erstwhile studies point to latent 
opportunities towards developing a moisture-explicit erosion resistance 
relation arising from (i) the coherent trend in the relation between soil 
resistance to erosion vis-a-vis soil moisture reported in literature, (ii) 
equations developed by various studies to quantify the relationship, and 

(iii) observed trends in watershed, continental and global scales that 
show dry, bare soil may lead to greater erosion during intense rainfall 
events, whereas initially moist soil produce less sediment. Data from 
previous studies indicate a quadratic relation between the logarithm of 
normalized soil resistance variable vs. soil saturation. Notably, param
eters for such a relation were observed to be significantly different for 
silt/loam, clay, and sand. Thus a general parameter set for each of these 
soil types may be used. However, robust parametarization of moisture- 
driven soil resistance, still needs to be derived for each soil type/ 
composition. Development of such a relation across soil types could be 
facilitated by standardization of the definition of soil resistance term and 
its measurement methodology. Irrespective of the functional form used 
to capture the moisture-erosion resistance relation, it is high time to start 
considering the influence of moisture on soil erosion resistance in 
sediment models, especially in light of climate change that is anticipated 
to affect soil moisture regimes and hence soil erosion trends. 
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