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Summary Tropical montane rain forests are subject to both natural and anthropogenic
disturbances, such as shallow landslides and forest-to-pasture conversion. Vegetation
regrowth is rapid upon attaining hillslope stability and pasture abandonment, respec-
tively, and apt to affect soil hydrology via changes in soil structure, a sensitive indicator
of which is soil saturated hydraulic conductivity (Ks). Our objective was to quantify the
influence of these regionally widespread and important disturbances on Ks and the subse-
quent recovery of Ks, and to describe the resulting spatial patterns.

In a 2 km2 large research area in southern Ecuador, we used a mixed design- and model-
based sampling strategy for measuring Ks in situ at soil depths of 12.5, 20, and 50 cm
(n = 30–150/depth) under landslides of different ages (2 and 8 years), under actively
grazed pasture, fallows following pasture abandonment (2–25 years of age), and under
natural forest, and for elucidating its spatial patterns.

Global means of soil permeability generally decrease with increasing soil depth. Ks does
not differ among landslides and in comparison to the natural forest, which suggests a mar-
ginal effect of the regional landslide activity on soil hydrology. In contrast, results from
the human-induced disturbance regime show a permeability decrease of two orders of
magnitude after forest conversion to pasture at shallow soil depths, and a slow regener-
ation after pasture abandonment that requires a recovery time of at least one decade.

Disturbances affect the Ks spatial structure, in particular the correlation length, in the
topsoil. The largest differences in the covariance parameters, however, are found for the
subsoil Ks, where the spatial structure is independent of land cover.

This case study suggests a rather disparate soil hydraulic response to regionally impor-
tant disturbances. Cattle grazing strongly affects the spatial mean of Ks, whereas land-
slides do not, and both the processes affect the spatial structure of Ks in the topsoil.
ª 2008 Elsevier B.V. All rights reserved.
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Figure 1 Conceptual framework of the study.
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Introduction

Disturbances are part of natural ecosystems dynamics. In
forested regions, ecosystem-inherent disturbances include
treefall, outbreak of herbivores, fires, floods, and mass
movements, which take place over a wide range of spatial
and temporal scales. Some disturbances do merely destroy
the vegetation itself, whereas others potentially impact abi-
otic components of the ecosystem. Landslides belong to the
latter as they are initiated in the soil body and in return af-
fect soil properties.

In humid tropical environments characterized by steep
slopes, high rainfall, and frequent catastrophic events such
as hurricanes or earthquakes, landslides are a common phe-
nomenon (Terlien, 1997; Larsen et al., 1999; Vieira and Fer-
nandes, 2004). In montane rainforests of the south
Ecuadorian Andes, they are an intrinsic part of the natural
disturbance regime. Because of their potentially devastat-
ing consequences for human life and local economies, the
management of landslide risks and the prediction of land-
slide hazards have received considerable attention (e.g.
Terlien, 1997; Zaitchik et al., 2003; Brenning, 2005). The
few studies that dealt with the impact of landslide distur-
bance and recovery on soil properties in pristine ecosystems
focused on soil fertility and soil organic matter (e.g. Walker
et al., 1996; Singh et al., 2001; Wilcke et al., 2003). Larsen
et al. (1999) and Hou et al. (2005) studied erosion processes
and soil fauna, respectively, under undisturbed forest and
on recent landslide scars. Regarding soil hydrology, Vieira
and Fernandes (2004) investigated the saturated hydraulic
conductivity on and next to landslide scars near Rio de Ja-
neiro. To our knowledge, however, no study has yet at-
tempted to quantify the soil hydraulic response to land-
sliding in tropical montane rainforests, though landslides
figure prominently in this environment.

In addition to this ecosystem-inherent disturbance, for-
est conversion for pasture establishment has become a
cause of disturbance in this region over the past 60 years.
This development is a cause of concern, because tropical
montane rainforests are the most endangered of tropical
forest ecosystems, with an annual rate of deforestation of
about 1.1% for 1981–1990, which is greater than the overall
rate of deforestation in the tropics (Bruijnzeel, 2001). In the
montane rainforest of south Ecuador, deforestation initiates
a ‘vicious circle’ (Hartig and Beck, 2003).

After repeated burning of the natural forest, pasture
grasses or short-term crops (beans and maize), which may
precede pasture establishment, and bracken (Pteridium
arachnoideum) develop simultaneously. Due to the wide-
spread practice of frequently burning bracken-invaded pas-
tures, the cycle of the concurrent bracken and pasture
development is repeated several times. The increasing den-
sity of fern rhizomes, combined with an ongoing weakening
of the grass tussocks, reduces the period of improved grass
growth with every fire. After less than 10 years on average,
bracken takes over completely and pastures are abandoned.
The final succession stage consists of patches of bracken sep-
arated by 2–3 m – high bushes. The high potential of bushes
and bracken to propagate from seeds and rhizomes, respec-
tively, appears to ensure a high stability of this vegetative
type and a long-lasting serial stage. Natural forest recovery
is unlikely mainly because of restricted seed dispersal.
These human and natural disturbance characteristics of
our montane rainforest study site are summarized in Fig. 1.

Soil degradation processes may also influence the natural
succession (Guenter et al., 2006). Little is yet known, how-
ever, about the influence of land use and subsequent recov-
ery on soil hydraulic properties in tropical mountainous
regions. An exception is Ziegler et al. (2004), who studied
changes in the soil hydrological behavior due to land use
in a tropical mountainous rainforest region in Vietnam.
The influence of pasture establishment and subsequent fal-
lows on soil hydrology is still poorly known despite the broad
extension of those land covers in tropical montane rainfor-
est environments.

To our knowledge, no study of saturated hydraulic con-
ductivity yet exists that attempted to estimate the spatial
covariance parameters as a function of land use or distur-
bance. In the humid tropics, Sobieraj et al. (2004) investi-
gated the Ks spatial structure in soils under primary
rainforest; a number of studies dealt with Ks spatial variabil-
ity of agricultural soils in the temperate regions (e.g. Moh-
anty et al., 1991; Reynolds and Zebchuk, 1996; Bosch and
West, 1998; Mohanty and Mousli, 2000; Shukla et al., 2004).

Our long-termobjective is to quantify the influence of nat-
ural and man-made disturbances and the subsequent recov-
ery on a key property of the hydrologic cycle – the soil
saturated hydraulic conductivity– and to describe the result-
ing spatial–temporal pattern. We selected the saturated
hydraulic conductivity (Ks from here on) because it has shown
to be a sensitive indicator of soil disturbances (Ziegler et al.,
2004; Zimmermann et al., 2006). The objective of this case
study was to address these research questions:

(1) Do the prevalent natural and man-made disturbances
in the montane rainforest cause an apparent displace-
ment of the less permeable soil layer towards the sur-
face, either due to a loss of the permeable surface
soil after land-sliding, or as a consequence of the sur-
face soil compaction under cattle pastures?

(2) Does ‘recovery’ from disturbance, either because of
landslide re-vegetation or because of secondary suc-
cession after pasture abandonment, involve an appar-
ent displacement of the less permeable layer back
towards the original depth?
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(3) Do disturbances cause a simplification of the Ks spatial
structure, and does the subsequent recovery entail
the re-establishment of the original structure?

Materials and methods

Study area

Embedded in the Eastern Cordillera of the Andes of southern
Ecuador, our study area (Fig. 2) is located in the Reserva
Biósfera de San Francisco around the Estación Cientı́fica
San Francisco (ECSF) (3�58 01800 S, 79�4 04500 W, 1860 m
a.s.l.). Steep slopes (30–50�) covered by ‘‘Lower Montane
Rain Forest’’, which gradually changes to ‘‘Lower Montane
Cloud Forest’’ on higher ground (Bruijnzeel and Hamilton,
2000), characterize the north-facing valley side of the Rio
San Francisco, where recent human intervention is virtually
absent. By contrast, the south-facing valley side has been
subject to human influence for decades. Shallow transla-
tional landslides are frequent throughout the study region,
where 3.7% of an 1117-ha forested study area was covered
by visible landslides in 1998 (Wilcke et al., 2003). We ob-
served minor recent slip activity at pastures and on fallows
potentially due to the absence of forest biomass, which is
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Figure 2 Map and aerial view of the research a
assumed to be of major importance for landslide initiation
in this area.

Mean annual precipitation (1998–2005) amounted to
2273 mm (Rollenbeck et al., 2007) and mean annual
(1999–2002) air temperature was 15.5 �C (Motzer et al.,
2005). A drier period is between November and January &
May and June are the wettest months (Motzer et al., 2005).

The bedrock consists mainly of weakly metamorphosed
Palaeozoic schists and sandstones with some quartz veins
(Wilcke et al., 2003), which belong to the Chiguinda unit
(Mapa geológico del Ecuador; Instituto Geográfico de Militar
y Ministerio de Energı́a y Minas). Soils are classified as Incep-
tisols and Histosols (Soil Survey Staff, 1999; Schrumpf et al.,
2001) with a high percentage of silt.

Site selection

We selected four plots that represent the human distur-
bance and recovery sequence, and two landslides of
increasing age. All plots are free of micro-topographic pecu-
liarities such as big hollows, rills or gullies; slopes amounted
to 30� till 40�, and aspects were similar. Both chronose-
quences have their old-growth forest reference since they
are located on the two opposite valley sides (Fig. 2). Hence,
initial conditions may differ due to their distinct landscape
Forest
Young fallow
Regeneration time: 2 years

Pasture

tation
 time: 25 years

Natural forest

Young landslide
Regeneration time: 2 years

andslide
eration time: 7-8 years

rea. Plot locations are indicated by asterisks.
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history associated with e.g. higher frequencies of fires and
the rareness of landslides in the areas influenced by human
activities.

The reference site for the natural disturbance cycle is
covered by ‘‘Lower Montane Rain Forest’’ (Bruijnzeel and
Hamilton, 2000), underlain by a Humic Dystrudept (Goller
et al., 2005) with a silt content of about 60% in all horizons
(Schrumpf et al., 2001).

The young landslide (YS) occurred two years before our
measurement campaign about 200 m to the northwest of
the reference site. This slide consists of clearly distinguish-
able zones: below the scar is the slip zone, the zone of
interest for the purposes of this study. This is followed
downwards by a very steep and narrow depletion zone. At
this position, a recently formed gully extends down to the
accumulation zone at the foot of the landslide. Any succes-
sional vegetation is restricted to the accumulation zone.

An older landslide (OS) is located in an adjacent catch-
ment and was active about 7–8 years ago. Successional
plants include mosses, grasses, bracken, and small shrubs,
but also bigger shrubs and small trees that occur on ‘‘accu-
mulation islands’’; only the former slip zone is still bare of
vegetation. This landslide is part of the landslide chronose-
quence, whose soil properties were studied by Wilcke et al.
(2003).

The reference forest (FO) on the south-facing valley side
for the human disturbance cycle shows signs of interfer-
ence, such as logs of cut trees and charcoal in the upper
soil. Two soil profiles illustrated the high variability over
very short distances: one showed an initial stage of soil
development with an A-horizon overlying the parent mate-
rial, whereas the other a well-defined B-horizon had already
developed. At some measurement locations, a buried organ-
ic layer in about half a meter soil depth indicates former
slide activities.

Our pasture plot (PA) has been grazed for about 20 years.
Numerous narrow cattle trails are distributed along the con-
tour lines. The dominant grass species are Setaria sphacela-
ta on less inclined slope portions and Melinis minutiflora on
steeper slopes. The low palatability of Setaria and the low
biomass production of Melinis explain the low carrying
capacity in the study region (Hartig and Beck, 2003).

The young fallow (YF) was abandoned from pasture use
only two years before our measurements, which accounts
for the rather unusual dominance of Setaria instead of
bracken.

After a recovery of at least 10 years, succession vegeta-
tion covers the old fallow (OF), but bracken is still frequent.
Table 1 Selected site properties

Land cover type Abbreviation Altitude (m a.s.l.) Average slop

Young landslide YS 2000 35
Old landslide OS 1900 35
Natural forest NF 2000 35
Pasture PA 2000 35
Young fallow YF 2100 35
Old fallow OF 2100 30
Pine plantation PI 1900 35
Forest FO 2200 35
Among the most abundant families are Orchidaceae, Aster-
aceae, Ericaceae, Melastomataceae, Poaceae, Rosaceae,
Gleicheniaceae, Lycopodiaceae, Bromeliaceae, and Myrsin-
aceae, which are the same pioneers as on the landslides.

The pine plantation (PI) represents a special type of a
secondary forest; pines (Pinus patula) were planted imme-
diately after pasture abandonment 25 years ago. The space
between the sparsely standing trees is almost completely
covered by bracken, which in places grows taller than 2 m.

Table 1 provides a summary of all plot descriptions and
abbreviations of the plot names, which will be used in the
text from here on.

Field measurements of saturated hydraulic
conductivity

We measured the saturated hydraulic conductivity in situ in
the mineral soil at the depths of 12.5, 20 and 50 cm with an
Amoozemeter (Ksat Inc., Raleigh; Amoozegar, 1989a,b;
Amoozegar, 1993), a compact, constant-head permeame-
ter. The procedure involved augering a cylindrical hole with
radius r to the desired depth, establishing a constant head H
such that H/r P 5, and monitoring the outflow from the
device until a steady-state flow rate is attained; at which
point Ks can be calculated via the Glover solution (Amooze-
gar, 1989b). This model deals only with one equation, based
on gravitational flow and gravitational potential (Amooze-
gar, 1993). For a comparison of calculated Ks by the Glover
equation with the calculated Ks using different Alpha
parameter values (Elrick and Reynolds, 1992), the Glover
equation gave results that were comparable to the results
obtained by the fixed Alpha value approach (Amoozegar,
personal communication).

For all land covers except the young landslide, the pine
plantation, and the forest at the land-use site, we used a
combined design- and model-based sampling approach to
satisfy the preconditions both for inter-site comparisons
and for the intra-site spatial analysis. First, we chose the
location of the measurement plot such that its x-axis corre-
sponded to a contour line of the investigated hillslope
(Fig. 3); in the case of the old landslide, feature and plot
overlapped completely. We then superimposed a grid con-
sisting of grid cells of a size of 2 m2; a total of 30 grid cells
was then included in our sample using a random selection
algorithm. Within each selected cell we placed five fixed
measuring points (Fig. 3). The spacing among those points
was based upon experience from a former study in the Bra-
zilian Amazon, where spatial patterns of Ks emerged only at
e (�) Aspect Sampled area/plot (ha) Recovery time (years)

W – (Slip zone) 2
S 0.06 (Entire slide) 7–8
NW 0.4 –
SW 0.5 0
SW 0.4 2
SE 0.35 �10
S 0.1 �25
SW 0.1 –
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a high sampling resolution, i.e. short lag distances (Sobieraj
et al., 2004). Hence, we emphasized small separation dis-
tances, starting with the smallest possible point distance
of 0.25 m (Fig. 3). This distance emerged from field trials
which showed that yet smaller distances would cause prior
measurements to interfere with subsequent ones.

The described procedure resulted in an irregular sam-
pling scheme with a sample size of 150 per soil depth for
the spatial analysis, which corresponds to the recommended
sample size to estimate method-of-moments variograms
(Webster and Oliver, 1992), and somewhat less at 50 cm
depth, where augering was not possible in all places due
to a large percentage of stones. Since only the selection
of the squares was design-based, we used only their first
point for the inter-site comparisons, which resulted in a
sample size of 30 per land cover and soil depth.

For the pine plantation and the forest we took 30 sam-
pling points via simple random sampling. At the young land-
slide, we measured Ks exclusively in the slip zone at 30
randomly selected locations. Measurements in the depletion
zone were impossible because of its steepness, and we as-
sume Ks under the accumulation zone to remain unchanged
compared to the original state. Hence, the natural distur-
bance sequence exclusively compares Ks between the soils
of a natural forest and an older landslide, and Ks among
the forest soil and the slip zones of two landslides of differ-
ent recovery times.

Statistical and geostatistical analyses

For all data analysis we used the language and environment
of R, version 2.2.1 (R Development Core Team, 2004); many
of the geostatistical methods were implemented in the li-
braries geoR (Ribeiro and Diggle, 2001) and gstat (Pebesma,
2004).

Initial conditions
A prerequisite for inter-site comparisons is the equality of
initial conditions to ensure that the measured effects are so-
lely a consequence of the ‘‘treatment’’. Since Ks is a func-
tion of the soil’s macro-porosity (Carman, 1956; Ahuja
et al., 1984), it is subject to all influences that change the
macro-porosity. Apart from disturbance effects, macro-
porosity may vary depending on soil texture, and, particu-
larly in the topsoil, on soil structure. Soil texture of
human-disturbed plots is comparable, i.e. the soils have a
high silt content, between 20% and 35% sand, and a low clay
content (Fig. 4). Within the forested part of our study area,
particle size distributions of the loamy soils are heteroge-
neous at a small scale due to the prevalent gravitational
mass movements. For example, for 36 profiles in a
2500 m2 plot in the forest catchment where our natural for-
est plot is located (Muñoz, 2005), the coefficient of variation
amounts to 25% for all particle sizes; this is in the same
range as the particle size variations between the intermedi-
ate slide and another one far away from the former (data
from Wilcke et al., 2003). Hence, particle size distributions
are more scattered for the naturally disturbed plots (Fig. 4).
The soil of the intermediate slide has a sand content of more
than 50% in contrast to the natural forest, where sand
amounts to less than 20% of the fine-earth fraction.

Macrostructure is subangular to angular in soil profiles at
both the valley sides. Regarding microstructure, the ab-
sence of swelling clays and of crystalline oxides, especially
in the topsoils (Schrumpf et al., 2001), do not promote a
strong influence of structural pore space (Ringrose-Voase,
1991) on the saturated hydraulic conductivity. Non-struc-
tural porosity, i.e. biopores, depends on extrinsic factors;
hence, variation in soil structure can be attributed to vege-
tation and the corresponding edaphon. The same applies to
carbon contents (Makeschin et al., 2008).

Within a given land cover, Ks may depend on topography
(Huwe et al., 2008); therefore, we based our plot selection
on similar slopes and slope positions (Table 1).

To avoid spatial pseudoreplication, we chose the great-
est possible plot size, which ranged from 0.35 to 0.5 ha
for the plots with 150 measuring points, and which covered
0.1 ha for the less intensively investigated land covers
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(Table 1). Sampling of more than one plot per land cover
was impossible due to the overall restricted accessibility
and the precondition of similar slopes.

Exploratory data analysis
Since diagnostic plots indicated non-Gaussian behavior of
the Ks distributions, we used Box–Cox Transformation
(Box and Cox, 1964) to find the most appropriate transfor-
mation. We then checked the univariate distribution of
the (transformed) data, both for the global comparison
datasets and for the spatial datasets. The latter were also
checked for bivariate Gaussian distributions and outliers
by means of h-scattergrams (Webster and Oliver, 2001),
which are scatterplots of point pairs separated by a fixed
distance. We computed the Spearman rank correlation coef-
ficient for the point pairs to get a first idea of the strength
and the range of the spatial autocorrelations.

We used diagnostic plots (dividing the data into quintiles;
plots of the data versus the coordinates) to explore the spa-
tial data for non-stationarity that may be caused by local
trends following the relation:

zðxÞ ¼ lðxÞ þ eðxÞ; ð1Þ

where z(x) is the observed variable at location x, l(x) is a
measure of central tendency, i.e. a deterministic drift of
the variable at location x, and e(x) is the random component
at location x that should be normally distributed with zero
mean and that satisfies the second-order stationarity re-
quired for spatial analysis. Hence, we calculated the resid-
ual values e(x) at every location x and used the F-test
(Fisher, 1972) to explore if l(x) is significantly different
from 0. In case of a significant deterministic trend, we esti-
mated the trend coefficients as fixed effects by restricted
maximum likelihood (see below).
Global comparisons
We used the median as a resistant estimator of location with
its 95% (a = 0.05) confidence interval calculated as follows:

M� tn�1 � dF=ð1:075 � n
1
2Þ; ð2Þ

where t is the t-statistic at the 95% confidence level for a
given sample size, n and dF is the fourth spread (Iglewicz,
1983). Based on the confidence intervals, we evaluated
the differences between the land covers within the human
and the natural disturbance sequence, respectively. In addi-
tion, we visually classified the different zones of the older
landslide as the former slip and the non-active zone, and
compared their soil permeability. To allow comparability
between the young and the old landslide, we used only Ks
measurements of the old landslide’s slip zone for the global
comparison (n = 28 for the soil depths of 12.5 and 20 cm and
n = 14 for the 50 cm soil depth).

Spatial analysis
As the first step in the variogram analysis, we calculated
experimental variograms using the variogram estimator
according to Matheron (1962):

2ĉðhÞ ¼ 1

NðhÞ
XNðhÞ
i¼1
fzðxiÞ � zðxi þ hÞg2; ð3Þ

where z(xi) is the observed value at location xi, N(h) are the
pairs of observations that are separated by lag h.

We next decided if we need robust estimation tech-
niques. For this purpose, we fitted three standard theoreti-
cal variogram models (exponential, Gaussian, spherical) by
ordinary least squares to the experimental variograms; the
‘‘best’’ model was chosen by the minimum sum of squares
from the fit. We then adopted the approach of Lark
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(2000), who compared the variograms derived from the
Matheron estimator and three robust estimators by cross-
validation or with a validation subset using a statistics h(x)
defined as

hðxÞ ¼ fzðxÞ � ZðxÞg2

r2
K;x

; ð4Þ

where z(x) is the observed variable at location x, Z(x) is the
kriged estimate and r2

K;x is the kriging variance. Lark (2000)
showed that E(median h(x)) is 0.455 when a correct vario-
gram is used to interpolate intrinsic data. In order to com-
pute confidence limits for the median of h(x), Lark (2000)
quoted standard texts for the distribution of the sample
median of a large sample of 2n + 1 data, which are random
variables of median ~y and probability density function f ~yð Þ;
hence, ~y is a normally distributed variable drawn from a
population with variance r2

~y, where

r2
~y ¼

1

8n � fð~yÞ2
: ð5Þ

In the framework of the statistic h(x), fð~yÞ is the pdf of the
v2 distribution with 1 df, the median of which is 0.455.

At this point, the confidence limits can be computed by

0:455� 1:96 �
ffiffiffiffiffi
r2

~y

q
: ð6Þ

If the median of h(x) indicates that Matheron’s estimator is
significantly influenced by outliers, robust estimation tech-
niques should be used.

We also checked our data for anisotropy by calculating
the experimental variograms in four different directions,
one representing the contour line, one the slope and the
other two are in between those two extremes.

If the median of h(x) ruled out the presence of influential
extreme values we estimated the covariance parameters
nugget, sill, and range by restricted maximum likelihood
as proposed by Lark et al. (2006). The principle of maximum
likelihood estimation of variogram parameters is as follows:
n observed data are assumed to be from a multivariate
Gaussian distribution with a mean vector m of length n
and a covariance matrix R; the joint probability density of
the data is

gðzÞ ¼ ð2pÞ�n=2jRj�1=2 exp � 1

2
ðz�mÞTR�1ðz�mÞ

� �
: ð7Þ

The vector z contains the n data and the vector p contains
the parameter of the covariance matrix R. If the mean m
and the covariance R are unknown and depend on parame-
ter vectors m and p, respectively, one can regard z as fixed
and g(z) as a function of m and p, which is called the like-
lihood function L(m, p). Maximizing the likelihood, or mini-
mizing the negative log-likelihood �logL(m, p) yields the
parameter estimates. If a trend is apparent, the joint deter-
mination of the trend and the covariance parameters are
prone to bias. The solution to this problem is to use re-
stricted maximum likelihood (REML) to estimate the vari-
ance parameters, because it removes the dependence of
the estimates on the nuisance parameter m. Next, a mixed
modeling procedure is used to estimate the fixed effects
(e.g. the coefficients of a trend model), the random effects
(the spatially dependent random variation), and the random
error (nugget variation). For a detailed mathematical
description of the method we refer to Lark et al. (2006).
We again used the three standard model types, because
we could not fit the more flexible Matérn model (Whittle,
1954; Matérn, 1960) for a number of datasets. This impossi-
bility was due to flat likelihood functions, when we esti-
mated the additional smoothness parameter of the Matérn
function.

Estimation by REML requires a multivariate Gaussian dis-
tribution, which cannot be verified (Pardo-Igúzquiza, 1998),
which is why we scrutinized the h-scattergrams to at least
check for bivariate Gaussian distributions. To rule out dis-
tortion of the REML-estimated covariance parameters due
to skewness, we compared them with those of the least-
squares models of the Matheron experimental variogram.

In order to compare the covariance parameters between
the land covers, we calculated the effective range to allow
for comparability of the correlation lengths independent of
the model type. The effective range for the spherical model
coincides with the model range; for the exponential model,
the effective range is approximately the model range times
3, and for the Gaussian model it is estimated by the model
range times the square root of 3 (Webster and Oliver,
2001).

We also wanted to compare the strength of spatial auto-
correlations. Cambardella et al. (1994) suggested using the
ratio of the nugget-to-sill-variance for this purpose, and this
approach has been widely adopted. If this ratio is 625%,
then the variable is considered to be strongly spatially
dependent; a ratio of 25–75% indicates moderate depen-
dence, and one of 75% and more suggests weak spatial auto-
correlations. In an earlier study (Zimmermann et al., 2008),
we proposed to fix the nugget to the semivariance at the
smallest lag since estimating the nugget variance has to
be done by model extrapolation, which may obscure the in-
ter-site comparison of the autocorrelation strength. We
therefore regarded the nugget variance as fixed, i.e. it cor-
responds to the semivariance calculated with the above-
mentioned formula of Matheron (1962) at our smallest
possible lag distance of 0.25 m; for the 50 cm depth we
averaged the semivariance over the first meter due to insuf-
ficient point pairs at the first lag.

In addition to the variogram analysis, we adopted an ap-
proach proposed by Bjørnstad and Falck (2001) that uses a
non-parametric estimator (i.e. no a priori assumption of a
functional form, e.g. Gaussian, exponential) of the covari-
ance function, the spline correlogram, which is a general-
ization of the spatial correlogram. Bjørnstad and Falck
(2001) applied the Fourier filter method (Hall et al.,
1994) to ensure positive semidefiniteness. The assumptions
which have been satisfied when using spline correlograms
are the same that we checked in the course of our analy-
sis, i.e. second-order stationarity, isotropy, and a Gaussian
data distribution. The advantage of this method is the pos-
sibility to generate a confidence envelope for the covari-
ance function by means of a bootstrap procedure. The
correlation length is defined as the distance at which the
covariance is not significantly different from 0; non-ran-
dom local structures are indicated if the spatial autocorre-
lation at a separation distance of 0 (the y-intercept) is
significantly positive.



Table 3 Distribution of the transformed spatial Ks data

Cover type Soil
depth (cm)

Skewness p-Valuea

(Shapiro)

Pasture 12.5 0.35 0.22
20.0 0.75 0.0001
50.0 0.59 0.0001

Young fallow 12.5 0.74 0.0005
20.0 0.52 0.0003
50.0 0.04 0.51

Old fallow 12.5 0.09 0.58
20.0 0.21 0.21
50.0 0.73 0.001

Old landslide 12.5 �0.04 0.02
20.0 0.08 0.13
50.0 0.45 0.12

Natural forest 12.5 �0.39 0.005
20.0 �0.14 0.42
50.0 0.05 0.89

a p-Value of the Shapiro–Wilk normality test (Shapiro and Wilk,
1965).
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Results

Exploratory data analysis

Box–Cox transformation of the global comparison datasets
showed that taking logarithms would be the most appropri-
ate transformation in the majority of the cases. There were,
however, some exceptions, where the ladder of powers
indicated square root transformation (pine plantation and
forest at 12.5 cm depth), or transformation by the recipro-
cal of the square root (young fallow at 12.5 and 20 cm
depth), respectively. Since it is impossible to compare dif-
ferently transformed data, we used the untransformed data
for the global comparisons, which reveal a high coefficient
of skew in their univariate distribution (Table 2).

The spatial datasets had to be log-transformed except
for the young fallow at 12.5 and 20 cm depth, where we
used the reciprocal of the square root for transformation.
A Gaussian distribution could be achieved for half of the
datasets, whereas for the others the distributions were still
somewhat skewed (Table 3).

At 12.5 cm depth, bivariate distributions as indicated
by the h-scattergrams appear approximately Gaussian; i.e.
the point cloud is not distorted; outlying values are also
Table 2 Summary statistics of the Ks-data used for the global comparisons

Cover Depth (cm) Mean (mm/h) LCLa (mm/h) Median (mm/h) UCLb (mm/h) Skewness

Natural forest 12.5 135 �32 25 81 2.17
20 92 5 22 39 2.48
50 11 0 3 5 4.19

Young landslide 12.5 53 �7 12 30 3.35
20 80 �5 23 50 1.96
50 11 5 7 10 4.20

Old landslide (slip zone) 12.5 58 10 28 46 2.80
20 73 �1 29 59 3.42
50 20 �8 8 24 0.98

Pasture 12.5 14 �2 3 9 3.04
20 17 1 2 4 3.55
50 130 �11 11 32 2.21

Young fallow 12.5 7 1 1 2 5.04
20 10 0 1 2 3.38
50 10 0 1 2 5.23

Old fallow 12.5 82 0 7 15 3.00
20 29 0 6 11 3.20
50 12 0 2 5 5.22

Pine plantation 12.5 514 217 429 641 0.62
20 125 6 50 94 2.38
50 12 1 3 5 4.24

Forest 12.5 738 169 479 789 1.53
20 130 �1 55 110 2.08
50 178 �36 7 51 3.02

a Lower confidence limit of the median.
b Upper confidence limit of the median.
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not highlighted (Fig. 5). The same applies to the 20 and
50 cm depth, except that the pasture has some extreme val-
ues (Figs. 6 and 7).

Significant linear trends characterize the log-trans-
formed spatial data of the old fallow and the natural forest
at all investigated soil depths (not shown). These local
trends may partly be explained by the topography of those
plots, e.g. the left side of the old fallow plot sloped toward
a small stream, whereas its right side comprised a ridge.
They may also be the consequence of too small an extent
(Skøien and Bloeschl, 2006). Transformed Ks of the young
Figure 5 Bivariate distributions of the data or the residuals fo
coefficient.
fallow at 12.5 cm depth also shows a slight but significant
linear trend. In any case, the location dependence of Ks
may compromise the inter-site comparisons, and they have
to be interpreted with caution.

Global comparisons

Depth gradient
Ks decreases with increasing depth under forest and on the
old landslide (Table 2 and Fig. 8). On the young landslide, Ks
is somewhat higher at 20 cm compared to 12.5 cm soil
r the 12.5 cm soil depth; c is the Spearman rank correlation



Figure 6 Bivariate distributions of the data or the residuals for the 20 cm soil depth; c is the Spearman rank correlation
coefficient.
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depth, but also lowest at 50 cm depth (Table 2). In all cases,
the decreasing trend is, however, not significant.

At the human-influenced valley side, the drop of Ks with
depth similarly occurs with the exception of pasture; here,
Ks is highest at 50 cm soil depth (Table 2). Permeability un-
der the young fallow decreases only very slightly between
the topsoil and 50 cm depth. A somewhat more pronounced,
but still insignificant drop characterizes Ks under the old fal-
low. In contrast, permeability of the soils under the pine
plantation and the forest shows a significant depth gradient
as it decreases by two orders of magnitude between the
topsoil and 50 cm soil depth.
Inter-site comparison
The inter-site comparison for the natural disturbance se-
quence (Table 2) does not reveal significant changes of Ks
along the pathway of recovery at any depth. Likewise the
two different zones of a landslide slip zone and non-active
zone do not differ significantly with respect to Ks at any
depth (Fig. 8).

Human disturbance affects Ks quite differently. The two
forest types do not differ significantly at any depth, but their
Ks exceeds that of the pasture and the recovery stages by
two orders of magnitude at the depths of 12.5 and 20 cm,
respectively (Table 2). That is to say, 10 years of non-grazing



Figure 7 Bivariate distributions of the data or the residuals for the 50 cm soil depth; c is the Spearman rank correlation
coefficient.
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and secondary succession have yet to produce a significant
increase in Ks at the depths most affected by grazing. Perme-
ability at 50 cm depth does not differ among land covers.

Spatial variability

Robust estimation requirements and anisotropic
variation
Although the univariate distribution is Gaussian for only half
of the spatial datasets, the median of the h statistics re-
mains always within its confidence limits. These amount
to 0.286 and 0.624, respectively, for a sample size of 150,
and are somewhat wider for the partly smaller sample sizes
at the 50 cm soil depth. Thus, we do not need robust
estimation.

There were only negligible differences in the sill variance
between the least-squares models fitted to the experimen-
tal variogram and the restricted maximum likelihood esti-
mates. We found partly greater differences between the
models regarding the range, which is a result of the depen-
dence of the least-squares model on the lag classes used for
the experimental variogram (Zimmermann et al., 2008).
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In summary, we decided to use REML for the estimation
of the covariance parameters for all land covers and soil
depths based on the h-scattergrams and the h statistics.

Plots of the experimental variograms in four different
directions of the transformed data or the residuals of the
regression, respectively, did not indicate anisotropic
variation.

Depth gradient of spatial patterns
An increase of both the strength of the autocorrelation and
the correlation length characterizes a number of land cov-
ers. Under pasture, the effective range increases by one or-
der of magnitude between 12.5 and 20 and 50 cm depth,
respectively (Table 4). This trend is confirmed by the spline
correlograms (Fig. 9), which in addition indicate non-signif-
icant autocorrelation of the pasture topsoil permeability.
The strength of the correlation similarly increases with
depth under this land cover by about 20% (Table 4). A similar
pattern characterizes the spatial depth gradient for the old
fallow, though the effective range is shorter at 50 than at
20 cm soil depth (Table 4); it is the only land cover with sig-
nificant autocorrelations at all soil depths (Fig. 9). Ks under
the young fallow exhibits only a weak spatial dependence in
the topsoil, and complete spatial randomness in the subsoil.

The old landslide also shows a depth-related pattern with
a longer Ks correlation length in the subsoil (Table 4 and
Fig. 9). Spatial correlations for Ks under the natural forest
are only significant in the topsoil (Fig. 9), but apart from this
no clear depth-dependent pattern emerges (Table 4).

In summary, more or less pronounced and disparate spa-
tial depth gradients characterize the permeability of all
land covers.

Spatial structure as a function of land use
In the topsoil, h-scattergrams (Fig. 5) suggest similar weak
spatial autocorrelations under pasture and the young fallow
with a somewhat longer correlation length for the latter
cover, whereas a stronger Ks spatial dependence is indi-
cated for the old fallow. Ks of the natural forest topsoil
shows both stronger and further-reaching autocorrelations
compared to the landslide. The spline correlograms consis-
tently indicate that only the old fallow and the natural for-
est exhibit significant Ks spatial autocorrelations, i.e. no
spatial randomness (Fig. 9). This coincides with the longer
effective ranges of those land covers (Table 4). The nug-
get-to-sill ratios indicate, however, only moderate spatial
dependence regardless of land cover.

At the 20 cm depth, permeability under pasture is stron-
ger auto-correlated at the smallest separation distance than
under either fallow, but the old fallow has again the longest
correlation length (Fig. 6). The Ks autocorrelation strength
is similar for the forest and the landslide soil (Fig. 6). The
spline correlograms (Fig. 9) indicate significant autocorrela-
tion for pasture and the old fallow, but not for the other
land covers. Although the longest effective range is associ-
ated with the young fallow (Table 4), this land cover has
only a weak spatial structure compared to the other land
covers, which at least show a moderate spatial dependence.

At 50 cm soil depth, complete spatial randomness char-
acterizes the young fallow’s permeability as indicated by
both the spline correlograms and the variogram model. As
at 20 cm depth, the spline correlograms (Fig. 9) suggest sig-
nificant autocorrelations only for pasture and the old fal-
low; pasture Ks has the longest effective range of all land
covers. The forest-landslide comparison reveals a longer
effective range of the landslide Ks (Table 4), but spatial
autocorrelations of both the covers are not significant as
indicated by the spline correlograms (Fig. 9).
Discussion

Global comparisons

The trend of decreasing Ks with increasing depth docu-
mented for all land covers except pasture resembles that



Table 4 Summary of the REML models

Cover type Soil depth
(cm)

Modela Nugget Partial
sillb

Sill Range
(m)

Effective
range (m)c

Nugget/sill Median of h(x)d Mean of
h(x)e

Trend coefficients

b0 b1 b2

Pasture 12.5 Gau 0.35 0.21 0.56 0.44 0.76 0.62 0.327 0.970
Young fallow Gau 0.15 0.05 0.20 0.88 1.53 0.73 0.468 1.026 1.1343 �0.0063 �0.0035
Old fallow Exp 0.39 0.22 0.61 1.15 3.46 0.64 0.437 0.929 2.4396 �0.042 �0.0021
Old landslide Sph 0.40 0.21 0.61 4.95 4.95 0.66 0.509 0.994
Natural forest Sph 0.55 0.38 0.93 7.79 7.79 0.59 0.321 1.006 1.1854 �0.0067 0.0155

Pasture 20 Gau 0.42 0.17 0.59 2.38 4.12 0.71 0.215f 0.972
Young fallow Gau 0.19 0.04 0.23 8.77 15.18 0.82 0.456 1.032
Old fallow Gau 0.50 0.28 0.78 4.88 8.45 0.64 0.443 0.882 2.3733 �0.0411 �0.0104
Old landslide Sph 0.48 0.16 0.64 5.40 5.40 0.75 0.399 0.975
Natural forest Exp 0.59 0.21 0.80 3.39 10.18 0.74 0.557 1.086 1.1789 �0.0085 0.0088

Pasture 50 Sph 0.61 0.85 1.46 18.11 18.11 0.42 0.384 1.112
Young fallow Nug 0.19 0.00 0.19 0.00 0.00 1.00 0.378 1.000
Old fallow Gau 0.20 0.31 0.51 1.99 3.45 0.39 0.437 0.938 1.0689 �0.0028 �0.0165
Old landslide Sph 0.20 0.13 0.33 13.69 13.69 0.60 0.304 1.041
Natural forest Sph 0.41 0.30 0.71 4.94 4.94 0.58 0.428 1.045 0.262 �0.0067 0.0101
a Correlation function: Sph: spherical; Exp: exponential; Gau: Gaussian; and Nug: pure nugget.
b Sill variance less the nugget variance.
c For exponential model: range * 3; for Gaussian model: range * 3

0.5.
d Median of the h statistic; values outside the confidence limits are in italics.
e Mean of the h statistic.
f Within confidence limits when nugget is not fixed.
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Figure 9 Correlation length estimated by the spline correlo-
grams for the land covers pasture (PA), young fallow (YF), old
fallow (OF), pine plantation (PI), and natural forest (NF). The
square represents the estimate of the distance at which the
similarity of two Ks values is not different of that expected by
chance alone within the sample. The bars span the 95%
confidence intervals, which were estimated using bootstrapping
based on 1000 bootstrap samples.
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found for various soil types in many humid tropical regions
(e.g. Malmer, 1996, Noguchi et al., 2003). Depending on
the precipitation characteristics, the hydraulic discontinu-
ity with depth may be significant for shallow landslide initi-
ation (Sidle and Ochiai, 2006). Vieira and Fernandes (2004),
for instance, found a decrease by two orders of magnitude
between the depths of 0.30 and 0.60 m for a number of pro-
files close to the border and inside landslide scars in Rio de
Janeiro.

The increase of Ks with depth under pasture was an
exceptional case within the disturbance-recovery se-
quences. Several explanations might be proposed for this
soil hydraulic behavior (e.g. high porosity in weathered
sandstones; steeply inclined stone layers); the inter-site
comparison, however, was not influenced in terms of a sig-
nificant difference at the 50 cm soil depth.

The remarkable lower surface soil permeability of pas-
ture and the two fallow systems compared to the pine plan-
tation and forest emphasizes the critical influence of land
cover change on soil hydrology. At the 50 cm depth, the dis-
appearance of land use effects on Ks matches observations
from lowland Amazonia (Zimmermann et al., 2006), where
Ks was independent of land cover at a depth of only 20 cm.

Within the humid tropics, the impact of forest conversion
or disturbance for timber harvesting or agricultural use on
infiltrability has been shown in a number of studies (e.g.
Malmer, 1996; Hanson et al., 2004). Ziegler et al. (2004) de-
scribed the behavior of Ks in a land use sequence including
upland fields, fallows and secondary forests in mountainous
Vietnam, and reported a decline of Ks under the disturbed
land covers compared to a reference forest as well as a
regeneration of soil permeability some years after land
use abandonment. Alegre and Cassel (1996) and Martinez
and Zinck (2004) found a decline of infiltrability after pas-
ture establishment for an Ultisol in Peru and Colombia,
respectively.

Lal (1996), working in western Nigeria, reported a de-
creased permeability under pasture, similar to that re-
ported for Amazonia (Tomasella and Hodnett, 1996;
Zimmermann et al., 2006). In a temperate rainforest region,
McDowell et al. (2003) showed that simulated cattle tread-
ing indeed caused a decrease in surface permeability. Con-
sequently, we also attribute the reduced permeability
under the Ecuadorian pasture to the effect of soil compac-
tion caused by cattle treading.

A recovery of Ks after pasture abandonment was ob-
served in Amazonia (Godsey and Elsenbeer, 2002; Zimmer-
mann et al., 2006). Comparing our results with the above
– mentioned lowland rainforest studies, it turns out that
the decline of near – surface Ks after pasture establishment
occurs in lowland as well as in upland tropical regions. The
recovery process is still insufficiently understood for general
statements; the results from Amazonia and the montane
rainforest in Ecuador, however, suggest that the deteriora-
tion of soil permeability under pasture is reversible after
some time following abandonment.

In Ecuador, we estimate this recovery time of surface Ks
to exceed a decade since permeability under the old fallow
still resembles that of the pasture. After a quarter of a cen-
tury, the former land use signal is likely to vanish, if the
recovery documented for the pine plantation (Table 2) is
any indication.

In order to explain the uniform permeability under the
slides and the forest in the topsoil, we propose that land-
slides in the study region basically remove the biomass
and the organic layer, but only a thin topsoil layer; thus,
their impact on the mineral soil, and hence its Ks, is mar-
ginal. The soil hydraulic similarity of soil removal and accu-
mulation zones of the old landslide and the rareness of
actual landslides in the cleared areas also supports this
hypothesis. Nonetheless, ours shares the limitation of any
case study in that its regional representativeness is difficult,
if not impossible, to assess in any quantitative sense.

Our results accord with Wilcke et al. (2003), who investi-
gated soils under landslides in our study area, including the
old landslide. They concluded that the removal of the or-
ganic layer due to landslides is the most obvious change in
soil properties regarding soil morphology and nutrient con-
centrations. Hou et al. (2005), working in a subtropical low-
land forest, found in a study of litter decomposition by soil
animals under undisturbed forest and recent landslide-dis-
turbed sites that soil fauna recovers in very short periods
of time after landslide disturbance. In our study region, soil
macrofauna is not abundant (Maraun et al., 2008); hence,
only few macropores originate from animal activity. In this
context, we found only very few visible macropores in soil
clods and profile faces in the forest plot. Vieira and Fernan-
des (2004) investigated landslide scars along the Papagaio
basin near Rio de Janeiro, where they measured Ks at four
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slope positions on and next to the scars. At 30 and 60 cm soil
depth, Ks hardly differed among those positions. This simi-
larity of Ks between the upper soil layers of landslides and
undisturbed areas is consistent with our observations.

Spatial variability

The spatial depth gradients highlight some special cases
within the human disturbance-recovery cycle, which were
also evident in the global comparisons. In the case of pas-
ture, the high subsoil Ks coincides with a more pronounced
spatial structure at 50 cm depth compared to the near-sur-
face soil. That is to say, the unknown process which caused
a number of unusual high permeability values is associated
with a spatially dependent random variation. The young fal-
low is also exceptional in that the very low permeability
throughout the investigated depth range is associated with
a very weak or inexistent spatial structure. In summary,
we have to state that there is no generalizable depth-re-
lated spatial pattern: some land covers have a stronger Ks
spatial dependence in the subsoil (pasture, old fallow),
some are rather depth-independent (old landslide, natural
forest), and the young fallow Ks exhibits spatial randomness
in the subsoil. Hence, the evident depth gradient of average
Ks has no analog in its spatial structure; e.g. lower subsoil
permeability might on the one hand coincide with a more
pronounced spatial dependence (e.g. old fallow), and can
on the other hand be associated with a spatial pattern sim-
ilar to the near-surface soil (i.e. natural forest). These vari-
ations in spatial depth gradients are reflected in the
literature about Ks spatial variability of agricultural land.
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Figure 10 Possible effect of soil disturbances on Ks spatial str
alternating zones of high (where texture is coarse) and low (where
dependent random variation in permeability can also be caused by in
of vegetation cover. (B) The same soil column with biogenetic mac
spatially dependent random variation disappears or is very small-sc
greater sill variance than that of A. Other examples of group B inc
same soil column which has undergone a compaction, e.g. by cattle
variograms tend to pure nugget solely comprising the random erro
Tillage operations are likely to have the same effect.
Mallants et al. (1996) reported a decrease of spatial depen-
dence with increasing depth; Mohanty and Mousli (2000)
found a decrease of correlation length, but increase of
the correlation strength between 15 and 30 cm soil depth;
Iqbal et al. (2005) also reported an increase of the correla-
tion length moving from the surface to the deeper soil.

Some similarities characterize the spatial inter-site com-
parisons. First, the nugget-to-sill ratios indicate moderate
spatial dependence in the topsoil; i.e. the partial sill con-
tributes to about 30–40% to the total sill, which is therefore
dominated by the nugget variance (Table 4). The high con-
tribution of the nugget can be caused by high measurement
errors (which we cannot quantify) or by a very small-scale
variability. Since the measurement error should not vary
much among the land covers, the small-scale variability
seems to be of similar quantity for all of them. Some land
use related pattern regarding the strength of the spatial
autocorrelation are indicated by the h-scattergrams for
the topsoil (Fig. 5), as the correlation is stronger for point
pairs of the old fallow and forest Ks separated by small dis-
tances. Those differences, however, are not reflected in the
variogram model one would use for spatial prediction (the
sill variance is certainly somewhat biased due to departures
from the Gaussian distribution for pasture and young fallow,
but the models are adequate for kriging). Hence, from a
practical point of view, the strength of Ks spatial depen-
dence appears to be independent of land cover. In contrast,
the correlation length seems to be a function of disturbance
as the less disturbed soils of the old fallow and the
natural forest have longer effective ranges than their dis-
turbed counterparts. These land cover-related differences
 40
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influence the spatial prediction; that is to say, exercises
which require interpolated permeabilities, e.g. as an input
in hydrological models, have to take into account the
land-use effect.

The greatest variations in both the range and the
strength of spatial autocorrelations are found at the depth
of 50 cm (Table 4). The partial sill contributes between 0%
(young fallow) and 60% (old fallow) to the total sill variance,
and the effective ranges encompasses 0 (young fallow) to
20 m (pasture). As for average Ks values, land use is not
an influential factor in the subsoil. But in contrast to simple
location estimates, which at least do not differ significantly
among the land covers, the covariance parameters are site-
specific. That is to say, spatial interpolation is even more
complicated than for the topsoil, where land use may be a
proxy for the development of a predictable spatial struc-
ture. Hence, spatial interpolation is certainly inaccurate
when taking the covariance parameters of maybe similar
but not identical sites from the literature. This site depen-
dence of the covariance function adds to the fact that in the
present as well as in the bulk of similar studies the local and
not the theoretical variogram is estimated, as the accuracy
of the latter depends on the sample scale triplet relative to
the (mostly unknown) scales of the underlying process
(Bloeschl and Sivapalan, 1995; Skøien and Bloeschl, 2006).

Inter-site comparisons of the Ks spatial structure are
lacking in the literature. There are some indications, how-
ever, that a predictable spatial structure might be associ-
ated with stable soil conditions (Reynolds and Zebchuk,
1996; Mohanty and Mousli, 2000; ?). In contrast, a spatially
independent random variation seems to originate from pro-
cesses that interrupt the spatially-dependent intrinsic vari-
ations as e.g. biogenic macroporosity (Sobieraj et al.,
2004), uneven breaking of soil structure due to freezing
and thawing (Mohanty et al., 1991), or surface tillage in
the upper horizons (Bosch and West, 1998). Our results for
the topsoil spatial structure suggest that the impact of cat-
tle treading and land-sliding might integrate into such pro-
cesses. Fig. 10 provides a conceptual framework, which
proposes that even though the causes of disturbances are
contrary (creation versus damage of macropores) their ef-
fect on the Ks spatial structure is similar, i.e. a loss of a spa-
tially dependent random variation.

Conclusions

We answer the research questions posed in the introduction
as follows:

(1) The soil hydraulic responses to disturbance and recov-
ery are completely different for natural and man-
made disturbance regimes in this tropical montane
forest.The saturated hydraulic conductivity of the
two investigated landslides is undistinguishable from
the reference state. We therefore assume that land-
slides in our study area affect mainly organic hori-
zons, but not the mineral soil. In contrast, forest
conversion to pasture and subsequent grazing are
accompanied by a reduction of surface Ks of two
orders of magnitude, which we attribute to soil com-
paction due to cattle treading.
(2) The reduction of the permeability under cattle pas-
ture is reversible, but the recovery after pasture
abandonment likely requires at least one decade.

(3) Disturbance and recovery effects on Ks spatial struc-
ture are evident in the topsoil of the natural forest
and the old fallow, which exhibit significant autocor-
relations. However, greatest variations in the covari-
ance parameters between the land covers are found
in the subsoil, where the correlation length varies
between 0 and 20 m, and the portion of the nugget
encompasses 30–100% of the total sill variance. These
differences are site-specific and cannot be explained
by disturbance.

In summary, this case study suggests a rather disparate
soil hydraulic response to regionally important disturbances
as cattle grazing strongly affects the spatial mean of Ks,
whereas landslides don’t, and both processes affect the spa-
tial structure of Ks in the topsoil. Consequently, practical
applications requiring Ks input data, e.g. hydrological mod-
els, need to incorporate the land-use effect on average val-
ues. Spatial interpolation can only be done site-specific, and
any spatial mapping would require a high sample size due to
rather short-range autocorrelations.
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