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Post-fire Soil Water Repellency: Persistence and Soil Moisture Thresholds

Lee H. MacDonald* and Edward L. Huffman

ABSTRACT

Fire-induced soil water repellency is a key control on post-fire
runoff and erosion rates, but there are few data on the persistence
of soil water repellency and the soil moisture threshold at which water
repellent soils become hydrophilic. This study used repeated sampling
to quantify changes in soil water repellency over time and identify
soil moisture thresholds for the loss of soil water repellency. The
study area was a wildfire in the northern Colorado Front Range that
burned 43 km? of ponderosa and lodgepole pine forests in June 2000.
Soil water repellency and soil moisture were measured periodically
from June 2000 through June 2001 at 36 sites stratified by burn severity
and nine unburned sites. Water repellency was assessed in the field
at depths of 0 to 18 cm using the critical surface tension (CST) test. Soil
water repellency was strongest in sites burned at high and moderate
severity, decreased with increasing depth, and was spatially highly
variable. The fire-induced soil water repellency progressively weak-
ened and became statistically nondetectable by 1 yr after burning. The
effect of time since burning on soil water repellency was increasingly
significant with increasing burn severity and progressively less impor-
tant with increasing soil depth. The soil moisture thresholds at which
water repellent soils become hydrophilic apparently increase with
increasing burn severity. The data suggest soil moisture thresholds of
approximately 10% for unburned sites, 13% for sites burned at low
severity, and no less than 26% for sites burned at moderate and
high severity.

FIRE-INDUCED SOIL WATER REPELLENCY is often cited as
a key factor controlling post-fire runoff and erosion
rates (e.g., Morris and Moses, 1987; Imeson et al., 1992;
Shakesby et al., 2000; Letey, 2001). The strength and
persistence of fire-induced water repellency is of partic-
ular concern in the Colorado Front Range, as recent
forest fires have been followed by severe flooding, ero-
sion, and sedimentation (e.g., Moody and Martin, 2001;
Graham, 2003). Millions of dollars are being spent on
emergency treatments in burned areas to reduce post-
fire increases in runoff and erosion and the associated
threats to property, aquatic resources, and domestic wa-
ter supplies (Robichaud et al., 2000). The assessment
of post-fire erosion risks and design of rehabilitation
treatments require an understanding of how soil water
repellency changes over time and under different envi-
ronmental conditions.

Studies in other areas have shown that several factors
affect the strength and persistence of post-fire soil water
repellency, including burn severity, vegetation type, soil
texture, soil moisture, and time since burning (DeBano,
1981; de Jonge et al., 1999; DeBano, 2000a, 2000b; Doerr
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and Thomas, 2000). A study of soil water repellency after
five different fires in the Colorado Front Range found
that burn severity, percentage of sand, and soil moisture
were the primary controlling variables (Huffman et al.,
2001). Time since burning was not a significant control
on soil water repellency because of the large variability
in soil water repellency values between fires. The strong-
est soil water repellency was observed in prescribed
fires 4 and 7 mo after burning, and significant water
repellency was still present 22 mo after burning in the
case of the Crosier Mountain fire (Huffman et al., 2001).
Given the variability between fires, repeated measure-
ments from one fire are needed to more accurately
determine the persistence of fire-induced soil water re-
pellency.

The generalized linear model developed in Huffman
et al. (2001) showed that soil water repellency signifi-
cantly decreased with increasing surface soil moisture.
Other studies have suggested a soil moisture threshold
or transition zone at which soils cease to be water repel-
lent, as soils eventually wet up due to the strong hydrau-
lic gradient and movement of water vapor (DeBano,
1981). Once wet, soils are no longer water repellent
until they again dry out (Doerr and Thomas, 2000). For
unburned soils, reported soil moisture thresholds range
from 2 to 5% for a dune sand (Dekker et al., 2001) to
5 to 12% for naturally hydrophobic soils in Denmark
(de Jonge et al., 1999), and 34 to 38% for clayey peat
soils (Dekker and Ritsema, 1996).

For burned areas there are almost no data on the
soil moisture threshold for the elimination of soil water
repellency. Doerr and Thomas (2000) noted an absence
of soil water repellency in a coarse-textured forest soil
in Portugal once the soil moisture content exceeded 28%.
A visual examination of the data from Huffman et al.
(2001) suggests that the soil moisture threshold in the
Colorado Front Range may range from about 12% in
unburned areas to a minimum of 25% in severely burned
areas, but a more rigorous analysis was hampered by
the limited amount of soil water repellency data at high
soil moisture contents.

The objectives of this study were to determine: (i) the
persistence of post-fire soil water repellency by repeated
measurements within a single fire; (i) if there is a soil
moisture threshold for the loss of post-fire soil water
repellency; and (iii) if the soil moisture threshold varies
with fire severity. These results are needed to design
post-fire rehabilitation treatments, identify the neces-
sary design life for those treatments, and indicate when
post-fire flooding and erosion risks may be substan-
tially reduced.

Abbreviations: CST, critical surface tension.
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MATERIALS AND METHODS

All measurements were made in or immediately adjacent
to areas burned by the Bobcat fire in June 2000. This fire
burned nearly 43 km? of predominantly ponderosa and lodgepole
pine forests (Pinus ponderosa and P. contorta, respectively)
approximately 25 km southwest of Fort Collins, CO. Dominant
soil subgroups are Lithic Haplustepts, Lithic Haplustalfs,
Typic Haplustepts, and Typic Haplustolls, with parent materi-
als of slope alluvium and colluvium over residuum derived
from gneiss, schist, and micaceous granite (USDA Forest Ser-
vice, 2000).

Water repellency was assessed in the field using the CST
test (Letey, 1969) and followed the procedure described in
Huffman et al. (2001). A total of 45 sites were identified in
June and July 2000. There were 12 sites each in areas burned
at high, moderate, and low severity, and nine sites in adjacent
unburned areas. Burn severity was classified from the condi-
tion of surface litter, ash, and soil following standard criteria
(USDA Forest Service, 1995; Huffman et al., 2001).

At each site two pits 30 cm apart were sampled under the
drip line of the tree canopy. Any litter, duff, or ash was swept
aside, and soil water repellency was assessed at the mineral
soil surface and depths of 3, 6, 9, 12, 15, and 18 cm. At each
depth the CST was determined by applying at least five drops
of deionized water mixed with increasing concentrations of
pure ethanol. If all of the drops were not absorbed into the
soil within 5 s, progressively higher ethanol concentrations
were tested. The CST is the surface tension associated with
the lowest concentration of ethanol that was readily absorbed
by the soil, and this is a quantitative index of the strength of
soil water repellency (Letey, 1969). We prepared solutions
with 0, 1, 3, 5,9, 14, 19, 24, 34, 48, and 60% concentrations
of ethanol by volume, but never needed a solution with more
than 34% ethanol. The CST values from the two pits were
averaged to yield one value for each site. The CST values are
reported in N m~! X 10° (dynes cm™).

At each pit one sample was taken from 0 to 3 cm (surface)
and another from 9 to 12 cm (subsurface). These samples were
used to determine gravimetric soil moisture (Gardner, 1986),
and the values from each pit were averaged to yield a value
for each site for each sampling time. The dried samples from
June and July 2000 were used to determine the surface and
subsurface particle-size distributions for each site (Huffman
et al., 2001).

Critical surface tension and soil moisture measurements
were first made in June and July 2000 and repeated at each
site 3 and 12 mo after burning (Fall 2000 and Summer 2001,
respectively). For the repeated sampling new pits were dug
immediately adjacent to the pits used previously. Critical sur-
face tension and soil moisture measurements also were made
in April and May 2001 at six sites burned at high severity and
five sites burned at moderate severity. The combination of
spring rains and snowmelt caused the soils to be much wetter
at this time than the three other sampling periods.

Plots of CST values by time since burning and burn severity
class use median CST values because the median is less sensi-
tive to extreme values, and less affected by the upper limit
on CST values of 72.7 N m~!' X 10° (the surface tension of
pure water at 20°C). The mean CST values were used for the
statistical comparisons between sampling dates by depth and
burn severity class, and the comparisons between burn severity
classes by depth and sampling date. These comparisons used
the Ryan, Einot, Gabriel, Welsch (REGWQ) test (Gabriel,
1978) and controlled for maximum experiment-wise error at
a = 0.05. Since all of the data were from the same sites on
the Bobcat fire, more sensitive pairwise ¢ tests were used to

test for differences in the mean CST values between sampling
dates by depth and burn severity class. Pairwise comparisons
between burn severity classes by depth and sampling date were
not appropriate because the burn severity classes represented
different sites.

The effect of soil moisture was analyzed by plotting surface
soil moisture content against the CST values from 0 and 3 cm
for the unburned sites and each of the three burn severity
classes. The CST data from 0 and 3 cm were used because
these depths exhibited the strongest water repellency and were
more accurately characterized by the 0- to 3-cm samples used
to determine soil moisture. Visual examination of these scatter
plots was used to determine the highest soil moisture content
associated with evidence of soil water repellency (i.e., CST
values <65 N m™! X 10°). The highest moisture content with
evidence of soil water repellency was assumed to represent
the soil moisture threshold for that burn severity class.

RESULTS
Soil Texture and Water Contents

At the soil surface particles >2 mm accounted for
nearly 11% of the mass. On average, the fine fraction
consisted of 64% sand, 29% silt, and 7% clay. Thirty-
five of the 45 sites were classified as a sandy loam, five
sites as a loamy sand, four sites as a loam, and one site
as a sand.

The mean surface soil water content for the samples
taken immediately after burning was 6.2%. At three
months after burning the mean soil water content was
slightly greater at 7.7%, and at 12 mo the mean soil water
content was 5.0%. There was considerable variability
among sites, as the coefficient of variation for each sam-
pling period was approximately 100%. There were no
significant differences in soil water contents between
these three sampling times for either the surface or
subsurface samples. In Spring 2001 the mean water con-
tent for the surface samples was 12.6% and the coeffi-
cient of variation was 62%.

Soil Water Repellency by Burn Severity,
Depth, and Time since Burning

Immediately after burning, the median CST values
at 0, 3, and 6 cm were lower for all three burn severity
classes than the corresponding CST values for the un-
burned sites (Fig. 1a; Table 1). Soil water repellency
was strongest in the areas burned at high and moderate
severity, and generally weakened with increasing depth.
The median values for the unburned sites indicate that
only the soil surface was consistently water repellent.

Comparisons among the mean CST values showed that
the soil surface in all three burn severity classes was
significantly more water repellent immediately after
burning than the surface of the unburned sites (Table 1).
The high variability in CST values between sites meant
that there were no significant differences in soil water
repellency at the soil surface between the burn severity
classes. At both 3 and 6 cm there were no significant
differences in the CST values between burn severity
classes or between burned and unburned sites. Since
there was little evidence of natural or fire-induced water
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repellency at depths of 9 to 18 cm (Fig. 1a), subsequent
analyses focus only on the data from 0, 3, and 6 cm.

At three months after burning both the mean and
median CST values were higher than immediately after
burning for nearly all depths and burn severities, sug-
gesting a weakening of the post-fire soil water repellency
(Fig. 1a,b; Table 1). The soil surface in sites burned at
high and moderate severity was significantly more water
repellent than soil surface in the unburned sites, but
there were no other significant differences between burn
severity classes at any depth (Table 1).

At 12 mo after burning the median CST values suggest
continuing water repellency at the soil surface in the areas
that burned at high and moderate severity (Fig. 1c). How-
ever, the mean CST values in Table 1 indicate some
water repellency at the soil surface for all three burn
severity classes, and at 3 cm for areas burned at moder-
ate severity. The difference between the mean and me-
dian values can be attributed to the greater effect of
occasional low CST values on the mean relative to the
median. At 6 cm, the mean CST values for each burn
severity class are close to the value for hydrophilic con-
ditions, but the high standard deviation for sites burned
at moderate severity indicates that some sites were still
strongly water repellent (Table 1). At 12 mo after burn-
ing the comparison of mean CST values yielded no sig-
nificant differences between burned and unburned sites
or among the burn severity classes.

The mean CST values show a progressive weakening
of soil water repellency with increasing depth at each
sampling time for each burn severity class and the un-
burned sites (Table 1). Mean soil water repellency de-
creases with time since burning at each depth for each
burn severity class and the unburned sites. However, the
high spatial variability meant that the only statistically
significant decreases in soil water repellency with time
since burning was at the soil surface in the areas burned
at high and moderate severity, respectively (Table 1).
For the high severity sites, there was significantly less
soil water repellency at the soil surface in Summer 2001
than in either Summer or Fall 2000. Similarly, in sites
burned at moderate severity there was significantly less
water repellency in Summer 2001 than immediately
after burning, while the mean CST value from Fall 2000
was intermediate (Table 1).

The more sensitive pairwise comparisons yielded
more statistically significant declines in soil water re-
pellency with increasing time since burning (Table 2).
In sites burned at high severity, the soil water repellency
at 0 and 3 cm was significantly weaker (higher CST
values) at 12 mo after burning than at zero and three
months after burning. The soil water repellency at 6 cm
was significantly weaker at three months than immedi-
ately after burning. Sites burned at moderate severity
showed a significant weakening of soil water repellency
at the soil surface within the first three months after
burning, but there were no other significant differences.
In the sites burned at low severity, the soil water re-
pellency at 12 mo after burning was significantly weaker
at 0, 3, and 6 cm than immediately after burning
(Table 2). At three months after burning, the soil water
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Fig. 1. Median critical surface tension (CST) values for unburned
sites and sites burned at high, moderate, and low severity: (a)
immediately after burning, (b) three months after burning, and (c)
12 mo after burning. Each symbol represents the median of 12
site values for each burn severity class and nine site values for
unburned sites.

repellency values were intermediate, indicating a pro-
gressive weakening of soil water repellency over time.

Soil Moisture Thresholds

Scatterplots of the CST data from 0 and 3 cm generally
show an absence of soil water repellency beyond a cer-
tain soil moisture threshold. The apparent threshold is
approximately 10% for unburned sites (Fig. 2d), 13%
for low severity sites (Fig. 2¢), and 28% for moderate
severity sites (Fig. 2b). Some sites burned at high sever-
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Table 1. Mean critical surface tension (CST) values in N m~! X 10° (dynes cm™') for each time since burning and burn severity class
at the mineral soil surface and depths of 3 and 6 cm.

Time since burning

High severity

Moderate severity

Low severity

Unburned

Mineral soil surface

46.7 (11.4) b X, Y
548 (12.6) a X

3 cm below the soil surface
50.8 (11.3) a X

529 (15.2) a X
59.3 (13.9) a X

6 cm below the soil surface

643 (9.6) aX
65.0 (13.1) a X

mo

0 417 (6.1) b Y% 38926 bY
3 473 (104) b Y

12 62.6 (13.0) a X

0 515 (11.5) a X

3 558 (14.4) a X

12 645 (9.0) aX

0 631 (98) aX

3 69.9 (68) aX

12 714 47 aX

68.0 (11.6) a X

478 1099 b X
52.9 (11.9) ab X
578 13.0) a X

616 (9.8) a
67.6 (11.3) a
68.3 (8.2) a

P A

679 (7.5) a X
70.6 (5.5) a X
727(0) a X

592 (139) a X
624 (13.2) a X
652 (9.6) aX

63.2 (14.7) a X
65.7 (13.4) a X
68.6 9.7) aX

68.6 (9.7) aX
7270) aX
7270) aX

F The horizontal comparisons are between burn severity classes for each time since burning, and these are designated by the letters a, b, and c. The
vertical comparisons are between times since burning for each burn severity class, and these are designated by the letters X, Y, and Z. Values with the

same letter are not significantly different at p < 0.05. Standard deviations are shown in parentheses.

ity were strongly water repellent at soil moisture con-
tents of up to 26% (Fig. 2a), but the lack of CST data
at higher soil moisture contents precludes the identifica-
tion of a soil moisture threshold for sites burned at high
severity. A comparison of Fig. 2a through 2d shows
that the soil moisture threshold for the change from
hydrophobic to hydrophilic conditions increases with
increasing burn severity.

DISCUSSION

Persistence of Fire-Induced Soil
Water Repellency

Previous comparisons of CST values from fires of
different ages suggested that time since burning was not
a significant control on soil water repellency (Huffman
et al., 2001). However, successive CST measurements
from the Bobcat fire show a significant decline in fire-
induced soil water repellency over time. The apparent
discrepancy between our earlier study and this work
can be attributed to the additional variability associated
with comparing data from fires with varying ages, soils,
and site conditions. Repeated sampling of sites from a
single fire provides a much more sensitive assessment
of the persistence of fire-induced soil water repellency.

In the case of the Bobcat fire, time since burning was
an increasingly important control on CST values with
increasing burn severity, and was progressively less im-
portant with increasing depth. These trends have not
been clearly documented in the literature, but they are

Table 2. Results of pairwise comparisons between the sampling
times at 0, 3, and 12 mo after burning by burn severity class
and depth.

Severity Depth CST differences (p = 0.05)F
cm
High 0 0 mo. = 3 mo. < 12 mo
3 0 mo. = 3 mo. < 12 mo
6 0 mo. < 3 mo. = 12 mo
Moderate 0 0 mo. < 3 mo. = 12 mo
3 0 mo. = 3 mo. = 12 mo
6 0 mo. = 3 mo. = 12 mo
Low 0 0 mo. < 12 mo.
3 0 mo. < 12 mo.
6 0 mo. < 12 mo.

FCritical surface tension.

not surprising. The decreasing effect of time since burn-
ing with decreasing burn severity is probably because
areas burned at higher severities initially were more
water repellent. Given the high spatial variability in soil
water repellency in this and other studies (e.g., Robi-
chaud, 2000; Dekker et al., 2001), changes over time
are difficult to detect when sites are only weakly water
repellent at the beginning of a study, and easier to detect
when sites are initially more strongly water repellent
and can exhibit larger changes over time. Similarly, time
since burning tended to be less important with increas-
ing depth because the initial soil water repellency de-
creased with increasing depth (Fig. 1; Table 1).

The limited literature suggests considerable variabil-
ity with respect to the persistence of post-fire soil water
repellency. The persistence of 1 yr or less for most sites
in the Bobcat fire is similar to the results of studies in
Montana (DeByle, 1973) and Michigan (Reeder and
Jurgensen, 1979), but much shorter than the 6-yr recov-
ery period for severely burned lodgepole pine forests
in Oregon (Dyrness, 1976). Data from our other sites
in the northern Colorado Front Range suggest that the
decline in soil water repellency following the Bobcat
fire was relatively rapid. At the nearby Crosier Moun-
tain fire, soil water repellency was still relatively strong
at the soil surface 22 mo after burning (Huffman et al.,
2001). Limited sampling in Summer 2002 indicated some
soil water repellency more than 2 yr after the Lower
Flowers and Dadd Bennett prescribed fires, and con-
firmed the absence of soil water repellency for most
sites in the Bobcat Fire (S. Cochran, Colorado State
University, personal communication, 2002).

The persistence of post-fire soil water repellency de-
pends on the strength and extent of hydrophobic chemi-
cals after burning, and the many physical and biological
factors that affect the breakdown of these chemicals (De-
Bano, 1981; Doerr and Moody, 2004). The variation in
these factors means that the persistence of fire-induced
soil hydrophobicity is highly site-specific (Doerr et al.,
2000), and the high spatial variability in the breakdown
of soil water repellency may partially explain the high
variability in our CST values at 3 and 12 mo after burn-
ing. In the case of the Bobcat fire, the rapid breakdown
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Fig. 2. Critical surface tension (CST) values at the soil surface and 3 cm versus surface soil moisture content for: (a) sites burned at high severity
(n = 84); (b) sites burned at moderate severity (n = 82); (c) sites burned at low severity (n = 74); and (d) unburned sites (n = 54). Vertical
dashed lines in (b) through (d) indicate the proposed soil moisture thresholds for the change from water repellent to hydrophilic. The question
mark in (a) indicates that the soil moisture threshold for areas burned at high severity is at least 26% but is uncertain because of the lack

of CST data at higher soil moisture values.

of soil water repellency may be due to both the lower
fuel loadings and less soil heating due to the very rapid
spread of this wildfire relative to nearby prescribed fires.
The implication is that the results from the Bobcat fire
may not be directly applied to other fires, either wild
or prescribed, in the Colorado Front Range.

The high spatial variability indicates that extensive
sampling is needed to adequately characterize post-fire
soil water repellency. The high spatial variability also
implies that infiltration and runoff generation will be
very patchy (Doerr and Moody, 2004).

Effect of Soil Moisture on Post-Fire
Soil Water Repellency

The soil moisture threshold for the change from hy-
drophobic to hydrophilic conditions is increasingly well
documented for unburned soils. Reported values for this
threshold range from 2 to 5% for a dune sand (Dekker
et al., 2001) to as much as 38% for clayey peat soils
(Dekker and Ritsema, 1996).

In contrast, there are almost no data on the soil mois-
ture threshold for burned areas, despite the common
recognition that post-fire soil water repellency is elimi-
nated after a soil wets up and reappears once the soil
dries out. For example, Ferreira et al. (2000) observed
much less water repellency and overland flow in the
winter wet season from burned Eucalyptus globulus for-
ests. The soil moisture thresholds suggested in Fig. 2
are consistent with the soil water repellency data at

higher soil moisture contents from other fires in the
Colorado Front Range (Huffman et al., 2001), and are
consistent with the threshold of 28 % for coarse-textured
burned and unburned forest soils in Portugal (Doerr
and Thomas, 2000).

The tendency for the soil moisture threshold to in-
crease with increasing burn severity is consistent with
the overall behavior of water repellent soils, but the
precise physical mechanism is not clear. Stronger water
repellency means an increasing contact angle, greater
difficulty for water to flow as films or to fill smaller
pores, and a resulting tendency for water to first fill the
larger pores during the wetting phase (Bauters et al.,
2000). As water repellency increases soil particles should
have more and possibly thicker hydrophobic surfaces,
and more pores will be resistant to filling. It follows
that a more strongly water repellent soil will have to be
wetter before water repellency is eliminated. We were
not able to identify a soil moisture threshold for the
sites burned at high severity, as none of these sites had
more than 26% soil moisture. In contrast, six sites
burned at moderate severity had at least 27% soil mois-
ture, and these data allowed us to identify a soil moisture
threshold of approximately 28% for sites burned at
moderate severity.

Further testing of recently burned sites is needed to
identify a threshold or transition zone for sites burned
at high severity, confirm the soil moisture thresholds
for sites burned at moderate and low severity, and evalu-
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ate the possible variation in these thresholds with both
soil texture and the strength of soil water repellency
under dry conditions. From a practical point of view,
the identification of soil moisture thresholds for the
loss of water repellency can lead to a more accurate
assessment of post-fire flooding and erosion risks under
different antecedent conditions.

CONCLUSIONS

Fire-induced soil water repellency was strongest at
the soil surface in areas burned at high and moderate
severity, and declined in strength with decreasing burn
severity and increasing depth. There was an apparent
weakening of this water repellency within three months.
By 12 mo after burning there were no statistically signifi-
cant differences in soil water repellency between burned
and unburned areas for any depth or between burn sever-
ity classes. Time since burning was a significant control
on the strength of soil water repellency at the soil surface
for all three burn severity classes. Time since burning
was progressively less important with increasing depth
and decreasing burn severity. The breakdown of the
fire-induced, water-repellent layer in the Bobcat fire
appears to be faster than for some other wild and pre-
scribed fires in the northern Colorado Front Range, and
this may be partly due to a low fuel loading before
burning and less soil heating due to the high speed of
the Bobcat fire.

The soil water repellency observed in the study area
is eliminated at higher soil moisture contents. The soil
moisture threshold for the shift from hydrophobic to
hydrophilic is approximately 10% for unburned sites,
13% for sites burned at low severity, and 28% for sites
burned at moderate severity. The apparent increase in
this threshold with increasing burn severity has not been
documented previously, but is consistent with our un-
derstanding of how increased soil water repellency is
likely to inhibit infiltration and soil wetting. Successive
testing within individual fires is needed to confirm the
rate at which soil water repellency declines after burn-
ing, and the variation in soil moisture thresholds with
burn severity, soil texture, and the initial strength of
soil water repellency.
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