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Abstract

The aim of this study is to improve our knowledge of the temporal and spatial variations of soil water repellency following wildfire, in
particular for the eucalypt stands that now dominate the landscape of north-central Portugal.

Topsoil water repellency was monitored on 21 occasions over a 10-month period, starting in September 2005, six weeks after a moderately
severe wildfire. This was done, on mostly alternating dates, in two neighbouring commercial eucalypt plantations, one with an undisturbed and
one with a ploughed soil profile, in the foothills of the Gralheira Massif in north-central Portugal. Water repellency severity was measured in situ
at soil depths of 2–3 and 7–8 cm using the ‘Molarity of an Ethanol Droplet’ (MED) test, and accompanied by soil moisture measurements using a
ThetaProbe™ or, at a few occasions, sample analysis in the laboratory for gravimetric content.

The results show a broadly seasonal pattern of overall very high water repellency in dry periods and reduced or no repellency following prolonged
rainfall. This was more pronounced at the undisturbed compared to the ploughed site, as the latter exhibited strong to extreme water repellency at
almost all sampling dates. Significant changes in repellency severity, including major increases, occurred within periods as short as 6–7 days,
suggesting that the sampling intervals used here may have not captured the full dynamics of topsoil repellency. Repellency severity was consistently
lower at greater soil depth, in particular when considering the whole study period. Soil moisture was found to relate to the temporal variations in
repellency. As found in previous studies, however, soil moisture alone was not sufficient to predict the temporal variations in water repellency.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The present study was carried out in the framework of a larger
project (EROSFIRE; Keizer et al., 2006, 2007), which aimed at
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modelling soil erosion at the slope scale in recently burnt euca-
lypt stands in north-central Portugal. Fire-induced soil water
repellency has been identified in the 1960s as a key factor in
enhanced soil erosion in southern California chaparral following
wildfires (see DeBano, 2000). Fire-induced or -enhanced soil
water repellency is widely regarded as an important factor in
enhanced runoff response and accelerated soil erosion on re-
cently burnt hillslopes (see e.g. DeBano, 2000; Shakesby and
Doerr, 2006). Its relative importance in post-fire catchment
responses, compared to other factors such as litter and vegetation
destruction, however, has remained uncertain (Shakesby and
Doerr, 2006), and its inclusion in soil erosion modelling is still in
its infancy (Miller et al., 2003; Larsen and MacDonald, 2005;
Robichaud et al. 2007).
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It is generally accepted that soil water repellency and its
hydrological and erosional impacts tend to be transient, with
repellency often varying between wet and dry seasons and,
where affected by fire, with time since burning (e.g. Doerr et al.,
2000; Shakesby et al., 2000). Determining the patterns of tem-
poral variation in water repellency, however, has been the focus
of relatively few studies. One of the better studied environments
in this context is eucalypt forests. For example, in Australia
Fig. 1. Location of the study area and of the nearest meteorological and rainfall stati
temperature (°C) and rainfall (mm) values. Also shown are the monthly rainfall am
Crockford et al. (1991) have provided some insight into the soil
water repellency fluctuations between wet and dry periods, and
Doerr et al. (2006a) have determined inter-annual changes
following burning. In north-central Portugal, Keizer et al.
(2005b,c) and Leighton-Boyce et al. (2005) have monitored
repellency at regular intervals over extended periods. In the
latter study, repellency levels and soil water content were
measured concurrently on the basis that water content is one of
on (Estarreja and Albergaria-a-Velha, respectively), with their average monthly
ounts (mm) recorded at the study sites during the study period.



Table 1
General characteristics of the unploughed (Açores1) and ploughed (Açores2)
study sites

Variable Açores1 Açores2

Physiognomy
Slope section length (m) 20–25 30–40
Slope angle (degrees) 20 15
Aspect SE NE

Fire severity indicators
Crown damage Partial Partial
Height of tree scorching (m) ≤9 ≤12
Combustion of litter/herbs layer Total Total
Combustion shrub layer Partial Partial
Ash colour Black Black
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the key variables relating to short-term (days to weeks)
temporal fluctuations in water repellency (Doerr and Thomas,
2000; Dekker et al., 2001).

In the context of fire-affected environments, eucalypt stands
appear to constitute a somewhat unusual case in that very high
water repellency levels have commonly been reported also for
(long-)unburned stands under summer dry conditions in
Australia (Doerr et al. 2006a), South Africa (Scott, 2000) and
Portugal (Doerr et al., 1998). In the latter study, long unburned
stands showed similar repellency levels to recently burned
stands. Thus, for wildfire-affected sites of this type, a major
difficulty lies in attributing the observed post-fire water repel-
lency patterns to a fire-related and/or a fire-independent (i.e.
pre-fire) component. A further complication in these eucalypt
stands is that monitoring temporal repellency patterns is often
limited by the typically rapid post-fire intervention (harvesting,
ploughing). Irrespective of any fire-effects on water repellency
in these eucalypt forests, it is clear that the greatest impact of
water repellency on soil hydrological and erosional response is
in the post-fire period until some protective ground cover is re-
established (Shakesby et al., 2000).

The main aim of the present work was therefore to determine
the variations in soil water repellency in eucalypt stands in
north-central Portugal at two different depths following a
wildfire from shortly after burning to the onset of dry conditions
in the following summer, ten months later. Special consideration
is given to common, but contrasting forest planting practices in
the region by including a ploughed and an unploughed site. Soil
moisture content and antecedent rainfall are explored as poten-
tial factors in explaining the observed variations in repellency.

2. Materials and methods

2.1. Study area and sampling sites

The work was carried out in two adjacent commercial tree
plantations in the foothills of the Gralheira Massif in north-
central Portugal (Fig. 1). The two study sites are located at
approximately 40° 42′ North, 8° 29′ West at an elevation of
60–70 m a.s.l., and are within the Açores locality of the
Albergaria-a-Velha municipality. The sites' slope length, angle
and aspect are presented in Table 1.

The study sites were burnt by a wildfire that occurred in early
July 2005 and affected an area of about 16 km2. The complete
consumption of the litter and herb cover, in conjunction with the
only partial consumption of the shrub layer, suggests that the
fire had been of moderate severity (Shakesby and Doerr, 2006;
see Table 1 for more details). At the time of the fire, the two sites
were – like most of the burnt area – covered with eucalypt trees
(Eucalyptus globulus Ait.) and, judging by the remaining tree
stumps, had experienced at least two prior harvesting and
regrowth cycles. Eucalypt plantations have been introduced
widely in Portugal since the mid 1950s, stimulated by the
demand from cellulose and paper industries (Daveau, 1998;
Radich and Alves, 2000), and now dominate the hills and
mountains of central Portugal. The two sites were selected for
their different land management practices typical for this region.
At Açores1, trees had been planted without heavy mechanical
ground operations, resulting in a relatively undisturbed soil
profile. At Açores2, a clear pattern of ridges and furrows (up to
20 cm high) running down the slope is present. Rip-ploughing
in preparation for planting is a common practice in this region
and, judging by the stand age, would have taken place around
5 years prior to the fire.

The study area is situated at the transition of the region's two
major physiographic units, the Littoral Platform dominated by
Ceno-Mesozoic deposits and the Hesperic Massif dominated by
pre-Ordovician schists and greywackes and Hercynian granites
(Ferreira, 1978; Pereira and FitzPatrick, 1995). The soils of
the area are mapped – at a scale of 1:1.000.000 – as a complex
of Humic Cambisols and, to a lesser extent, Dystric Litosols
(Cardoso et al., 1971, 1973). At both study sites, two soil
profiles were excavated in the middle and at the bottom of the
study slopes. The sites’ soils correspond to Umbric or Dystric
Leptosols (FAO, 1988), depending on the depth of the A
horizon. They are developed over schists and have sandy loam
textures and high organic matter contents (8.8–10.4%) (Lucena,
2006).

The climate of the study area can be characterised as humid
meso-thermal, with a prolonged dry and warm summer
(Köppen Csb) (DRA-Centro, 1998). Mean annual temperature
at the nearest meteorological station, located at circa 17.5 km
from the study sites (Estarreja: 40° 47′ N., 8° 35′W., 26 m a.s.
l.; 1956–1977) is 13.9 °C, with monthly means ranging from
8.8 °C in December to 19.1 °C in July (DRA-Centro, 1998).
The nearest rainfall station, located at circa 4 km distance from
the study sites (Albergaria-a-Velha: 40° 42′North, 8° 29′West,
131 m a.s.l.; 1941–1991) has an average annual rainfall of
1229 mm and yearly values varying between 750 and 2022 mm
(DRA-Centro, 1998). The rainfall data used for the study period
were obtained with a tipping-bucket rainfall gauge (Pronamic
Professional Rain Gauge) linked to an ONSET Hobo Event
Logger that was installed at the foot of the Açores1 study site on
September 24 2005. The data prior to this date were obtained
with the same instrumentation at a site at less than 1 km
distance. The locations of the study sites and of the climate and
rainfall station are given in Fig. 1. Monthly rainfall over the
study period, which shows the pronounced seasonal variation,
is also depicted in Fig. 1. Rainfall from November 2005 to



Table 2
Volumetric ethanol percentage concentrations used in the ‘Molarity of an
Ethanol Droplet’ (MED) tests, and corresponding ethanol classes, MED and
surface tension values as well as water repellency severity rating (based on King,
1981; Doerr, 1998)

Ethanol concentration
(vol.%)

Ethanol
class

Molarity
(MED)

Surface tension
(mN m−1)

Repellency
severity rating

0 0 0 72.1 None
1 1 0.17 66.9 None
3 2 0.51 60.9 None
5 3 0.85 56.6 Slight
8.5 4 1.45 51.2 Moderate
13 5 2.22 46.3 Strong
18 6 3.07 42.3 Very strong
24 7 4.09 38.6 Very strong
≥36 8 6.14 33.1 Extreme
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January 2006 at the study sites was roughly half of the long-
term average of the nearby Albergaria-a-Velha station (i.e. 280
vs. 520 mm).

2.2. Field sampling and data analysis

Over a period of 10 months, starting September 20 2005 and
ending July 24 2006, a total of 1125 field soil water repellency
measurements and 861 accompanying soil moisture readings/
samples were taken, divided more or less equally between the
two study sites. The lower number of soil moisture values arose
from initial soil moisture sensor malfunctioning and the occa-
sional presence of stones, which impeded the insertion of the
sensor into the soil. At both sites, sampling was carried out at 21
occasions separated by intervals of typically two weeks, and
occasionally one, three or four weeks. For logistic reasons, the
two sites could not be sampled on the same dates but had to be
sampled on alternating dates, except on six occasions more
towards the end of this study.

On both sites, sampling was carried out within an area
roughly 30 m wide. This area corresponds to one of the three
slope parts in which the study sites were divided to carry out the
various tasks of the EROSFIRE project (Keizer et al., 2006,
2007). The central slope part was reserved for the installation of
eight erosion plots, whilst the two lateral parts were selected
randomly for either rainfall simulation experiments or the pre-
sent work. On each sampling occasion, a transect was laid out
across the full length of the slope section (see Table 1), starting
at one corner of the area and shifting its location at subsequent
sampling dates by fixed distances of roughly 1 m across the
width of the slope. Along each transect, five sampling points
were selected, except at the last four sampling occasions in June
and July 2006, when only three points were sampled. Thus, the
transects were divided in five (and later three) sections of the
same length, each of which with the sampling point in the
middle.

At each transect point, a grid of 50 cm wide by 60 cm long
and divided in cells of 5 by 5 cm was laid out and soil water
repellency was measured at three fixed points within this grid:
the middle cell and the third cell left and right of it. Where rock
outcrops or tree stumps coincided with these points, measure-
ments were made as close as possible to these points. At each
grid cell, soil water repellency was determined in situ at depths
of 2–3 and 7–8 cm in order to provide direct comparability with
soil moisture values obtained for these depths (see below).
Water repellency severity was measured using the ‘Molarity of
an Ethanol Droplet’ (MED) test (e.g. King, 1981; Doerr, 1998).
This involved applying three droplets of increasing ethanol
concentration to fresh parts of the soil surface until infiltration
of at least two of three droplets of the same concentration
occurred within 5 s. Test results are given as median ethanol
concentrations (vol.%) and associated median concentration
classes. These are given in Table 2, together with corresponding
molarity of ethanol and surface tension (γ) values, which are
included as a look-up table for comparison of the present results
with those of studies presenting molarity or surface tension
values. Repellency measurements were normally followed
by in situ volumetric soil moisture determinations using an
ML2 ThetaProbe™ connected to a HH2 ThetaMeter (Delta T-
Devices Ltd.), except where the presence of stones did not allow
insertion of the probe. The probe was inserted horizontally into
the soil at 0–5 cm and 5–10 cm depth, using the hole dug for the
purpose of the repellency measurements. 5 cm is the minimum
soil depth required to acquire moisture data given the spacing of
the probe’s prongs. For the first three (Açores1) or four
(Açores2) sampling occasions, due to technical problems with
the probe, three samples were taken for determining soil mois-
ture content gravimetrically by drying at 105 °C for 24 h and
converting this to volumetric estimates based on Saxton et al.
(1986) for saturated soil moisture content and Costa (1999) for
specific density.

Statistical analyses were carried out using STATISTICA for
Windows Release 5.5, by StatSoft Inc., except for the “runs test
above and below the median” which was computed manually
following Sokal and Rohlf (1981) and Rohlf and Sokal (1981).
Since the ethanol concentrations utilised in the MED test do not
correspond to an ordinal scale with a constant measurement
unit, rank-based descriptive statistics and non-parametric sta-
tistical tests using the ethanol classes were used. Comparison-
wise type I errors α were computed for the multiple, unplanned
comparisons between water repellency measurements of sub-
sequent sampling dates (Table 4), and of median ethanol classes
and median soil moisture contents with antecedent rainfall
amounts (Table 7). This was done following the Dunn–Šidák
method (Sokal and Rohlf, 1981).

The independence of the soil water repellency and soil
moisture values obtained for a certain sampling depth and date
was tested using the “runs test above and below the median”
(see Sokal and Rohlf, 1981). The three measurements at the
three to five transect points were arrayed in their natural order of
increasing numbering of transect and grid point numbers.
Whenever a series of values differed significantly from a ran-
dom sequence, only the median values of three to five transect
points were retained for further analysis and, thus, considered to
constitute the individual measurements. A lack of independence
was detected more frequently in the case of the moisture
measurements than the repellency measurements, i.e. in 17 and
11 instances out of 84, respectively. The latter can be identified
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in Table 4 on the basis of the number of measurements (i.e.
N=3 or 5).

3. Results and discussion

3.1. Temporal variations in water repellency

Overall water repellency levels of the near-surface samples
are dominated throughout the 10-month measurement period by
very strong to extreme severity (ethanol classes 6 to 8; Fig. 2).
High levels of soil water repellency under Eucalyptus spp.
stands have previously been reported: (i) in the region for fire-
affected soils of similar texture (Shakesby et al, 1993; Coelho
et al., 2005) and for unburned eucalypt stands on coastal dune
sand (Keizer et al., 2005a, c); (ii) from their native Australia
(e.g. Burch et al., 1989; Crockford et al., 1991); and (iii) other
areas such as northern and southern Africa (e.g. Scott, 1993;
Coelho et al., 2005) and north-western Spain (e.g. Varela et al.,
2005; Rodríguez-Alleres et al., 2007b).

At both sampling depths, overall repellency levels are higher
for the ploughed (Açores2) than the unploughed (Açores1) site
(ethanol classes 8 and 7 vs. 6 and 5). According to Shakesby
et al. (1993), deep-ploughing can render previously hydro-
phobic soils hydrophilic. The higher repellency levels at the
ploughed site suggest that the effect of ploughing in lowering
water repellency does not last for more than the 4 to 5 years that
Fig. 2. Temporal variation in median ethanol classes at 2–3 a
have passed since the ploughing of this site. Broadly in line with
the present results, Doerr et al. (1996) found similar repellency
values for air-dried surface samples from an undisturbed euca-
lypt site and from one that had been ploughed six years before.
In a later study, Doerr et al. (1998) found that the effect of
ploughing could be as short-lived as two years, in particular
locally around young eucalypt trees. In a more detailed study in
the same region, Leighton-Boyce et al. (2005) suggested that a
period as short as six months could be sufficient for the wide-
spread development of water repellency from the soil surface up
to a depth of 20 cm.

Notwithstanding the overall predominance of very strong to
extreme median repellency levels, non-repellent median condi-
tions occur on six (Açores1) and three (Açores2) occasions
(Fig. 2), corroborating the transient nature of topsoil water
repellency reported from burnt and unburned eucalypt stands
(e.g. Crockford et al., 1991; Doerr and Thomas, 2000; Coelho
et al., 2005; Keizer et al., 2005a). The most straightforward
temporal pattern of water repellency (median ethanol class
values) is evident for the upper sampling depth of the un-
ploughed (Açores1) site. Its median repellency levels are very
strong to extreme before January 2006 and after April 2006, and
non-repellent from February to April 2006. This pattern agrees
reasonably well with the broadly seasonal cycle of low re-
pellency frequency during wet winter conditions and greatest
repellency frequency in late summer that Leighton-Boyce et al.
nd 7–8 cm below the soil surface on the two study sites.



Table 3
“Runs test above and below the median” for the median and inter-quartile
ethanol classes at 2–3 and 7–8 cm depth on 21 sampling dates between
September 2005 and July 2006

Site Açores1
(unploughed)

Açores2
(ploughed)

Soil depth (cm) 2–3 7–8 2–3 7–8

Median ethanol classes
n_above-median 10 9 0 5
n_equal-to-median 5 2 11 10
n_below-median 6 10 10 6
nr runs 4 7 – 2

Inter-quartile ethanol classes
n_above-median 5 9 10 11
n_equal-to-median 8 2 2 0
n_below-median 8 10 9 10
nr runs 4 9 7 10

Underlined numbers of runs are significant at α=0.05.
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(2005) reported for burnt and unburned eucalypt stands, despite
the below average rainfall received during the study period (see
Section 2). Similar rainfall-related seasonal patterns in soil
water repellency have also been suggested for other vegetation
types (see review by Doerr et al., 2000). The ploughed
(Açores2) site presents a somewhat contrasting situation, with
non-repellent median conditions being restricted to only two
sampling dates (March 20 and May 2 2006). A similar brief
intermission of mostly wettable soil has also been reported for
an unburned eucalypt stand but its brevity was considered
somewhat atypical and due to unusually low rainfall (Keizer
et al., 2005c).
Fig. 3. Visualisation of the “runs test above and below the median” for median ethano
0=equal to the median; −1=below the median.
The present results, supported by findings in Keizer et al.
(2005c) in which similar sampling intervals were used, reveal
that major changes in repellency levels can occur within a
period of a few weeks. Changes of five or more ethanol classes
are common, occurring between three and five times at each of
the two sampling depths at both sites and occurring mostly
simultaneously at the two depths of each site. These simul-
taneous major changes occur on three subsequent occasions, i.e.
between December 19 2005 and February 6 2006 in the case of
unploughed (Açores1) site, and between March 20 and May 8
2006 in the case of the ploughed (Açores2) site. The statistical
significance of these and other changes is addressed in Section
3.2. Relatively rapid increases in water repellency under euca-
lypts have previously been reported by Keizer et al. (2005b: 3–
4 weeks) and Leighton-Boyce et al. (2005: 22 days) and
Crockford et al. (1991: 6–9 days). In the latter study, however,
initial repellency levels had not been quantified. The fact that
changes from non-repellent to extreme repellent conditions
occur over such short time intervals implies that an adequate
description of the temporal dynamics of water repellency under
field conditions requires frequent sampling, especially during
soil wetting and drying phases. This would be best achieved
by a non-destructive measurement technique, which, ideally,
would also be applicable during rainfall events as also advo-
cated by Leighton-Boyce et al. (2005). Such a technique is
currently not available and frequent field visits using destructive
sampling techniques thus remain the best available option. With
respect to the results of the current study, the dramatic changes
between subsequent sampling dates imply that caution is re-
quired in comparing the data from the two sites as their sam-
pling dates were not identical.
l classes at 2–3 and 7–8 cm depth on the two study sites. 1=above the median;



Table 4
Mann-Whitney U-Test (Us) between ethanol classes, at 2–3 and 7–8 cm depth, of subsequent sampling dates

Açores1 (unploughed) Açores2 (ploughed)

Date first
period (i)

2–3 cm depth 7–8 cm depth Date first period (i) 2–3 cm depth 7–8 cm depth

U N(i) U N(i) U N(i) U N(i)

26-Sep-05 12.0 15 97.5 15 20-Sep-05 62.0 15 18.0 15
10-Oct-05 26.0 5 62.0 15 03-Oct-05 39.0 15 12.0 5
24-Oct-05 84.0 15 100.0 15 17-Oct-05 84.0 15 12.0 5
07-Nov-05 98.0 15 106.5 15 01-Nov-05 87.0 15 34.0 5
21-Nov-05 87.5 15 21.5 15 14-Nov-05 90.0 15 67.5 15
05-Dec-05 99.0 14 28.5 5 28-Nov-05 105.0 15 82.5 15
19-Dec-05 2.0 15 37.5 15 12-Dec-05 84.0 15 75.0 15
09-Jan-06 12.5 15 37.5 15 03-Jan-06 102.0 15 32.0 15
23-Jan-06 12.0 5 55.5 15 16-Jan-06 84.0 15 20.0 5
06-Feb-06 26.0 5 93.0 15 30-Jan-06 105.0 15 105.0 15
20-Feb-06 110.0 15 99.0 15 13-Feb-06 25.5 15 25.0 15
13-Mar-06 90.0 15 111.0 15 06-Mar-06 21.0 5 33.0 5
03-Apr-06 110.0 15 90.0 15 20-Mar-06 42.5 15 52.0 15
18-Apr-06 9.0 15 15.0 15 03-Apr-06 42.0 9 37.5 9
08-May-06 13.0 9 20.0 9 02-May-06 12.0 15 13.5 15
15-May-06 67.0 15 25.0 5 08-May-06 30.0 9 57.0 9
29-May-06 57.5 15 62.0 15 22-May-06 58.0 15 47.0 15
12-Jun-06 35.5 9 25.0 9 12-Jun-06 26.5 9 24.0 9
19-Jun-06 37.5 9 34.0 9 19-Jun-06 20.0 9 36.0 9
10-Jul-06 22.5 9 27.5 9 10-Jul-06 24.0 9 24.0 9

H0: MED classes on date i=MED classes date i+1, with Us significant at α′=0.025 (following the Dunn–Šidák method for 2 comparisons at α=0.05) being
underlined. N(i)=N of date i.

Table 5
Wilcoxon's Signed-Ranks Tests (Zs) between ethanol class measurements at 2–3
and 7–8 cm depth on 21 sampling dates

Açores1 (unploughed) Açores2 (ploughed)

Date Non-ties (N) Z Date Non-ties (N) Z

26-Sep-05 7 (15) 1.51 20-Sep-05 7 (15) 0.00
10-Oct-05 3 (5) 0.00 03-Oct-05 1 (5) –
24-Oct-05 7 (15) 0.00 17-Oct-05 2 (5) 0.70
07-Nov-05 5 (15) 1.78 01-Nov-05 2 (5) 0.70
21-Nov-05 7 (15) 2.26 14-Nov-05 5 (15) 1.78
05-Dec-05 3 (5) 1.15 28-Nov-05 0 (15) –
19-Dec-05 10 (15) 2.21 12-Dec-05 4 (15) 0.50
09-Jan-06 4 (15) 1.50 03-Jan-06 8 (15) 1.76
23-Jan-06 2 (5) -0.70 16-Jan-06 3 (5) 1.15
06-Feb-06 4 (5) 1.50 30-Jan-06 3 (15) 0.00
20-Feb-06 4 (15) 1.50 13-Feb-06 1 (15) –
13-Mar-06 4 (15) 1.50 06-Mar-06 3 (5) 0.00
03-Apr-06 1 (15) – 20-Mar-06 7 (15) 0.00
18-Apr-06 4 (15) 1.50 03-Apr-06 2 (9) 0.70
08-May-06 6 (9) 2.04 02-May-06 7 (15) 1.51
15-May-06 4 (5) 0.50 08-May-06 6 (9) 2.04
29-May-06 11 (15) 0.60 22-May-06 10 (15) 1.58
12-Jun-06 6 (9) 1.22 12-Jun-06 3 (9) 0.00
19-Jun-06 7 (9) 1.51 19-Jun-06 6 (9) 2.04
10-Jul-06 5 (9) 0.89 10-Jul-06 8 (9) 1.06
24-Jul-06 6 (9) 2.04 24-Jul-06 5 (9) 0.00

H0: MED classes at 2–3 cm=MED classes at 7–8, with Zs significant at
α=0.05 being shown underlined.
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Two of the four temporal patterns in Fig. 2 correspond to time
series that differ significantly from random sequences (Table 3).
They are that of the upper sampling depth of the unploughed
(Açores1) site and that of the lower sampling depth of the
ploughed (Açores2) site. Fig. 3 clearly shows that the two non-
random patterns are rather distinct. That of the unploughed site
reveals two periods with “equal and above median” values
(before January 2006 and after April 2006), whereas that of the
ploughed site reveals just a single period with “equal and above
median” values (before March 2006). In other words, the test
results seem to imply that water repellency breaks down earlier
and, thus, more readily to “below-median” levels at the un-
ploughed than ploughed site (January vs. March 2006). Re-
pellency also restores earlier and, thus, more readily to prior
“above-median” levels at the unploughed than ploughed site
(May vs. after July 2006). This earlier recovery, however, does
not coincide with noticeably higher median repellency values at
the ploughed than unploughed site fromMay 2006 onwards. The
earlier fall in median repellency levels at the unploughed site
constitutes the most conspicuous difference with the ploughed
site. This difference could be related to greater water losses at the
ploughed site through: (i) enhanced overland flow, channelled
downslope through the furrows, as found by Ferreira et al.
(2000); and/or (ii) accelerated preferential infiltration, through
cracks resulting from the destruction of the soil profile, as sug-
gested by e.g. Scott (2000).

Although the temporal pattern of the upper sampling depth at
Açores2 (Fig. 2) appears quite similar to that of the site’s lower
depth, it is not significantly different from a random series
(Table 3). This is due to the fact that none of the individual
values is “above the overall median value (Fig. 3), thereby
hampering the respective runs test. The number of individual
values that is equal to the overall median value (and, thus, does
not contribute to the runs) is also high in three of the other runs
tests in Table 3. This, together with the large number of ties in
other statistical tests (Tables 4 and 5), suggests the need for a
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more extended repellency measurement scale for studies in
eucalypt stands. Indeed a higher concentration (50%) has
already been introduced in the recent study by Leighton-Boyce
et al. (2005). This, however, has to be balanced against the
increased demand in terms of the additional effort and sampling
space required.

3.2. Temporal patterns of spatial variability

The spatial variation in repellency at the different sampling
dates, expressed here by the inter-quartile ranges of the indi-
vidual ethanol class values, is shown in Fig. 4 for both study
sites and both sampling depths. In all four cases, spatial vari-
ability varies substantially throughout the sampling period, with
inter-quartile ranges covering the entire or almost entire span of
ethanol class values from zero to eight.

The temporal patterns in inter-quartile ranges (Fig. 4) are
more complex than those in median levels (Fig. 2). The upper
sampling depth of the unploughed site (Açores1) is an excep-
tion, with spatial variability being low (≤1) before mid January
2006 (except on December 5 2005) and, again, after April 2006.
According to the “runs test above and below the median”,
however, none of the four temporal patterns differs significantly
from a random series (Table 3). The relationship between spatial
variability and median levels of repellency is also not straight-
Fig. 4. Temporal variation in inter-quartile ethanol class ra
forward. The Spearman rank correlation coefficients (rho=
−0.09, 0.25, −0.40 and −0.20 for the upper and lower sampling
depths of Açores1 and Açores2, respectively) do not differ
significantly from zero (at α=0.05) for any of the two sites and
depths. Furthermore, extreme median severity levels can be
equally associated with high or low spatial variability, and so
can non-repellent median levels. This is particularly well il-
lustrated by the lower sampling depth of the ploughed site and
the upper sampling depth of the unploughed site. In the latter
case, for example, on November 21 and December 5 2005
median ethanol classes are 8 and inter-quartile ranges are 0.5
and 5, whereas on March 13 and April 3 2006 median ethanol
classes are 0 and inter-quartile ranges are 7 and 0.5.

The results obtained here confirm earlier observations in
burnt and unburned eucalypt stands that repellency can be
spatially homogeneous (e.g. Doerr et al. 1998, 2006a; Keizer
et al., 2005c). Even though (largely) uniform conditions –
extremely repellent but also wettable – are not exceptional in
the current study, transitional states between these two extremes
prevail. An adequate descriptor of the various states-of-repel-
lency would ideally combine overall repellency level and de-
gree of spatial variability, in view of their distinct temporal
patterns and poor correlation. Even though such a combined
index would not take into account the spatial organisation of
repellent patches per se, it would also be useful for analysing
nges at 2–3 and 7–8 cm depth on the two study sites.
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repellency’s spatial contiguity and the associated effects in
terms of repellency enhancing overland flow and erosion risk,
as postulated by Shakesby et al. (2000).

The spatial variability explains why only half of the above-
mentioned major changes in median ethanol classes correspond
to statistically significant differences (Table 4). This propor-
tion is higher for the ploughed (Açores1) than unploughed
(Açores2) site, i.e. six out of nine as opposed to two out of seven.
Five of these six differences at the unploughed site coincide with
the above-mentioned three simultaneous major changes at the
two sampling depths, i.e. the drops between December 19 2005
and January 9 2006 and between January 23 and February 6
2006 as well as the intermittent rise. The two significant and
major differences at the ploughed site also occur simultaneously
at the two depths but they concern the rise between May 2 and
May 8 2006 and not the antecedent reductions.

The seasonal fall in water repellency in winter is rather
distinct at the two sites. Not only does it occur later at the
ploughed than unploughed site but it is also less well-defined
statistically. That the winter reduction at the ploughed site is
masked statistically by a more pronounced spatial variability
tallies with non-uniform infiltration and, as mentioned before,
profile disturbance by ploughing. On the other hand, the lower
sampling depth of the unploughed site equally reveals an initial
major fall that is not statistically significant, probably associated
with to the high inter-quartile range on December 5 2005 in
particular.

In contrast to the winter reduction in repellency, the spring
re-establishment to prolonged repellent conditions is remark-
ably similar for the two sites as well as the two sampling depths.
It occurs at roughly the same period (i.e. between April 18 and
May 8 2006) and involves statistically significant changes in all
four cases, even in that of the lower sampling depth of the
unploughed (Açores1) site where the difference amounts to
just three ethanol classes. The spring re-establishment at the
ploughed (Açores2) site is worth further reference for involving
a period as short as six days (May 2 to 8 2006). This agrees well
with the 6–9 days suggested, as referred earlier, by Crockford
et al. (1991). A similarly short period of seven days is involved
in the statistically significant change at the upper sampling
depth of the unploughed (Açores1) site between May 8 and 15
2006 but this concerns a decrease and just a minor one of only
one ethanol class. These three instances of rapid significant
changes further substantiate the earlier observation that even a
comparatively intensive monitoring scheme as applied in this
study may not capture the complete temporal dynamics of water
repellency.

From the 13 statistically significant differences listed in
Table 4, four correspond to particularly minor changes in me-
dian repellency levels of just one ethanol class. All four are
restricted to the upper sampling depths and involve low spatial
variability at both of the sampling dates under comparison.
Also, the differences occur roughly simultaneously at the two
sites and, in each period, have the same sign. Whereas the
decrease at the unploughed site between May 8 and 15 2006
was already mentioned in the previous paragraph, that at the
ploughed site occurs between May 8 and 22 2006 and, thus,
equally after the spring re-establishment to prolonged repellent
conditions. The other two changes occur in the initial phase of
this study, between September 26 and October 10 2005 at the
unploughed site, and between October 3 and 17 2005 at the
ploughed (Açores2) site. They could indicate a gradual
recovery of subsurface repellency following its (partial)
destruction by the wildfire or, alternatively, a gradual increase
in pre-fire repellency following downward translocation of
hydrophobic substances from the burned/heated overlying litter
and topsoil (see e.g. DeBano, 2000). The former hypothesis is
perhaps less likely for the lower than upper sampling depth, also
because of the moderate severity of the wildfire. In eucalypt
stands, the removal of topsoil repellency during burning has
been reported to a depth of 3 cm by Scott (1993) and of 5 cm by
Doerr et al. (2006a), with a well-documented role of fire
severity in the latter case. While Scott (1993) did not find
conclusive evidence for intensification of repellency at greater
soil depths, such evidence was found in the study by Doerr et al.
(2006a) and in studies examining other vegetation types (e.g.
Huffman et al., 2001; Mataix-Solera and Doerr, 2004; Hubbert
and Oriol, 2005).

3.3. Water repellency variation with soil depth

At both study sites, the temporal patterns in median ethanol
classes at the two sampling depths are strongly correlated. The
Spearman rank correlation coefficient is 0.71 and significantly
different from zero at α=0.01 for both sites. However, as evident
in Fig. 2, the median ethanol classes at the upper sampling depth
tend to be systematically higher from those at the lower depth.
According to the Wilcoxon’s Signed-Ranks Test (and notwith-
standing the considerable numbers of ties (9 and 12)), this
tendency is statistically significant (at α=0.05) for both study
sites (Z=2.59 and 2.00 for Açores1 and Açores2, respectively).

The Wilcoxon’s Signed-Ranks Test was also used to
compare the two sampling depths on the individual sampling
dates (Table 5). In agreement with the results mentioned in
the previous paragraph, all six instances of statistically
significant differences involve higher ethanol classes at the
upper than lower sampling depth. They include three of the
four differences in median repellency values that amount to
three or more ethanol classes, i.e. on May 8 and July 24
2006 at the Açores1 and on June 19 2006 at the Açores2. The
fourth of these larger differences (Açores1, December 5 2005)
is by the far largest comprising eight ethanol classes, but it is
exceptional in involving pronounced spatial variability at both
sampling depths. The remaining three depth-related and
statistically significant differences (Açores1, November 21
and December 19 2005; Açores2, May 8 2006) concern
differences in median ethanol classes ranging from two down
to zero. All three cases, however, typically involve an upper
sampling depth with extreme and homogeneous water
repellency conditions.

It is not clear if the observed tendency for less severe
repellency at greater depth can be attributed to the wildfire, in
particular through a decreased influx of hydrophobic
substances with depth or a decreasing degree of heat-induced



201J.J. Keizer et al. / Catena 74 (2008) 192–204
structural alteration of organic compounds already present
(Doerr et al., 2006a). In (long-)unburned soils under
eucalypts, decreasing occurrence and/or severity of repellency
with increasing depth has been reported in a range of studies,
for example, in South Africa (Scott, 2000), Australia (Doerr
et al., 2006a) or Spain (Rodríguez-Alleres et al., 2007a),
whereas little or no differences between depths were found in
Portugal by Leighton-Boyce et al. (2005: 10 vs. 20 cm depth)
Fig. 5. Temporal variation in median volumetric soil moisture contents at 2–3 and 7–8
amounts over the 14-day period prior to sampling.
and Keizer et al. (2005a,b: 2–3 vs. 7–8 cm depth). Evidence
from burnt soils under eucalypts is even scarcer, but equally
inconsistent. In studies in Portugal, Doerr et al. (1996)
reported a lack of consistent patterns and Leighton-Boyce et
al. (2005) observed no substantial differences between 10 and
20 cm depth. In burnt sites in Australia, however, Doerr et al.
(2006a) reported a substantially higher frequency of wettable
samples at 0–2 than 2–5 cm depth.
cm below the soil surface on the two study sites, and corresponding total rainfall



Table 6
Spearman's rank correlation coefficients (rho) between median ethanol classes
and median volumetric soil moisture contents at 2–3 and 7–8 cm depth on 21
sampling dates, as well as between individual measurements of ethanol class and
accompanying volumetric soil moisture content

Site Açores1
(unploughed)

Açores2
(ploughed)

Soil depth (cm) 2–3 7–8 2–3 7–8

Median values −0.46 −0.52 0.11 −0.39
n 21 21 21 21
Individual measurements −0.41 −0.56 −0.36 −0.50
N 141 167 180 157

Underlined rho values are significant at α=0.05.
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3.4. Relationship of soil water repellency with soil moisture
and antecedent rainfall

Fig. 5 depicts the median volumetric soil moisture values
of the individual sampling dates for both sites and sampling
depths. In agreement with the commonly reported inverse rela-
tionship between soil water repellency and soil moisture (see
review by Doerr et al., 2000), overall soil moisture levels
at both sampling depths are higher at the overall less repel-
lent unploughed than ploughed site (5.9 vs. 5.2% and 9.6 vs.
7.1 vol.%). Accordingly, they are lower at the upper than lower
soil depth at both sites (5.9 vs. 9.6 and 5.2 vs. 7.1 vol.%). As for
water repellency, median moisture values at the two sampling
depths are, throughout the study period, strongly correlated
(Spearman's rho=0.80 for Açores1 and 0.81 for Açores2;
psb0.01) as well as systematically different (Wilcoxon's
Signed-Ranks Test Z=3.49 for Açores1 and 3.93 for Açores2;
psb0.01).

At the level of the individual measurements, the above-
mentioned inverse relationship of water repellency with mois-
ture content is statistically significant for both study sites and
both sampling depths (Table 6). At both sites, the correlation is
noticeably stronger for the lower than upper sampling depth but,
at each depth, it differs little between the two sites. The median
values of the sampling dates, however, reveal a significant
monotonic correlation for the two sampling depths at Açores1,
but not at Açores2 (Table 6). Especially for the upper Açores2
Fig. 6. Relationship between median soil moisture contents (in vol.%) and m
depth, the coefficients are rather distinct for the two data sets.
The particularly weak correlation for the median values seems
to correspond to some sampling artefact (involving a strong
skew towards high median ethanol classes in a small sample)
rather than to indicate some location-specific repellency–mois-
ture relationship. Such a specific relationship is neither sug-
gested by the Spearman's rank correlation coefficient for all
84 median values (rho=−0.51; pb0.01), nor is it evident from
Fig. 6.

For eucalypt soils, a broad inverse relationship between
water repellency and moisture content, as found here, is
perhaps more commonly accepted than substantiated.
Whereas some datasets are consistent with such relationship
(Walsh et al., 1994; Coelho et al., 2005; Keizer et al., 2005a),
others are not (Crockford et al., 1991; Ferreira et al., 2005;
Rodríguez-Alleres et al., 2007a). The most detailed previous
studies in Portugal (Doerr and Thomas, 2000; Leighton-
Boyce et al., 2005) and elsewhere (Dekker et al. 2001; Doerr
et al, 2006b) reported a general association of wettable soil
conditions with moist soil status and high repellency with dry
soil, but also suggest soil moisture alone is insufficient to
explain temporal fluctuations in water repellency. The current
study supports these findings and demonstrates that this
applies equally to unburned and recently burnt eucalypt
stands. A transition zone, rather than a distinct threshold
demarcating wettable and repellent conditions (Dekker et al.,
2001; Leighton-Boyce et al., 2005), can also be detected in
the data obtained here (Fig. 6), especially at Açores1. For this
site, the transition zone encompasses a narrower soil moisture
range (9–11 vol.%) than in the case of Leighton-Boyce et
al.’s mature eucalypt site (14–27 vol.%).

Fig. 5 also shows the cumulative rainfall amounts over the
14-day periods preceding the sampling dates. This 14-day pe-
riod was chosen over shorter periods for presenting, on overall,
the best correlation with median soil moisture values (Table 7).
It is worth noting, however, that none of the Spearman's rank
correlation coefficients in Table 7 is significantly different from
zero when the multiple-comparison correction following the
Dunn–Šidák method is taken into consideration. Overall, it is
clear that median ethanol class values correspond better to
median soil moisture contents than to antecedent rainfall. This
is to be expected since, in addition to water repellency,
edian ethanol classes at 2–3 and 7–8 cm depth on the two study sites.



Table 7
Spearman's rank correlation coefficients (rho) of median ethanol classes (swr)
and median volumetric soil moisture contents (sm) at 2–3 and 7–8 cm depth
with antecedent rainfall amounts (in mm) recorded at the study sites over
varying periods prior to the 21 sampling occasions

Site Açores1 (unploughed) Açores2 (ploughed)

Soil depth (cm) 2–3 7–8 2–3 7–8

Rainfall swr sm swr sm swr sm swr sm

3 h −0.30 0.37 −0.26 0.33 −0.21 0.07 −0.05 0.01
6 h −0.30 0.37 −0.26 0.33 −0.21 0.07 −0.05 0.01
12 h −0.30 0.37 −0.26 0.33 −0.06 0.02 0.10 0.06
24 h −0.30 0.37 −0.26 0.33 −0.03 0.13 0.08 0.19
2 days 0.03 0.11 −0.23 0.02 −0.05 0.25 0.08 0.27
4 days 0.03 0.11 −0.23 0.02 0.12 0.35 −0.04 0.45
7 days 0.18 0.17 0.01 0.15 0.21 0.33 −0.12 0.51
14 days 0.03 0.49 −0.15 0.40 0.17 0.47 −0.01 0.47

Underlined rho values are significant at α=0.05 but not at α′=0.006, following
the Dunn–Šidák method for 8 comparisons at α=0.05.
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spatial variability in rainfall, interception, evapotranspiration
and preferential flow will determine how much rainfall is
available to ultimately penetrate the soil matrix.

It is therefore not surprising that the existing findings on the
relationship of water repellency with antecedent rainfall for
eucalypt stands show even less consistency than those for the
repellency–soil moisture relationship. Thus, Keizer et al.
(2005b) found a monotonic correlation for repellency at 2–
3 cm below the soil surface, which is comparable (i.e. statis-
tically significant at α=0.05) to that reported here with soil
moisture content, whereas Leighton-Boyce et al. (2005) re-
ported an only very generalised relationship with antecedent
rainfall totals. In the present case, the poor relationship is well
illustrated by Açores1, where four subsequent 2-week periods
of 50–100 mm and a total of 300 mm rainfall do not result in a
significant decrease in repellency, but 65 mm of rain precede the
distinct reduction in repellency in early January. Clearly other
factors such as rainfall intensity, temperature, microbial activity
and other seasonally variable factors may play a role in deter-
mining temporal changes in water repellency.

4. Conclusions

The main conclusions arising from this study concerning the
temporal variation in water repellency as measured for in situ
topsoil of two recently burnt eucalypt stands on steep hillslopes
in north-central Portugal are as follows.

– Overall severity levels of soil water repellency reveal broad-
ly seasonal variations, however, specific temporal patterns in
spatial variability are more irregular and poorly related to
overall levels. Therefore, overall levels alone are not suf-
ficient to assess the likely impact of repellency on soil
hydrological behaviour.

– Statistically significant increases and decreases in repellency
severity were detected over time intervals as short as 6–
7 days, suggesting that a higher sampling frequency than that
used here is required to fully capture the temporal dynamics
of soil water repellency in this environment.
– The ploughed and unploughed sites show perceptible
differences in their overall levels of repellency and its
temporal variations. Although ploughing has been shown to
destroy repellency by mixing repellent and wettable soil, the
site ploughed 4–5 years ago shows overall similar or greater
levels of repellency than the unploughed site examined here.

– It is not clear whether burning had any effect on water
repellency levels at the two soil depths examined in this
study. The decrease of water repellency with depth is similar
to those reported from unburnt forests examined elsewhere.

– Soil moisture content is a better predictor for water repel-
lency levels than antecedent rainfall, however, its value for
predicting repellency occurrence is limited.
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