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[1] Severely degraded hillslopes in the Lesser Himalaya challenge local communities as a
result of the frequent occurrence of overland flow and erosion during the rainy season and
water shortages during the dry season. Reforestation is often perceived as an effective way
of restoring predisturbance hydrological conditions but heavy usage of reforested land in the
region has been shown to hamper full recovery of soil hydraulic properties. This paper
investigates the effect of reforestation and forest usage on field-saturated soil hydraulic
conductivities (Kfs) near Dhulikhel, Central Nepal, by comparing degraded pasture, a
footpath within the pasture, a 25 year old pine reforestation, and little disturbed natural
forest. The hillslope hydrological implications of changes in Kfs with land-cover change
were assessed via comparisons with measured rainfall intensities over different durations.
High surface and near-surface Kfs in natural forest (82–232mmh�1) rule out overland flow
occurrence and favor vertical percolation. Conversely, corresponding Kfs for degraded
pasture (18–39mmh�1) and footpath (12–26mmh�1) were conducive to overland flow
generation during medium- to high-intensity storms and thus to local flash flooding.
Pertinently, surface and near-surface Kfs in the heavily used pine forest remained similar to
those for degraded pasture. Estimated monsoonal overland flow totals for degraded pasture,
pine forest, and natural forest were 21.3%, 15.5%, and 2.5% of incident rainfall,
respectively, reflecting the relative ranking of surface Kfs. Along with high water use by the
pines, this lack of recovery of soil hydraulic properties under pine reforestation is shown to
be a critical factor in the regionally observed decline in base flows following large-scale
planting of pines and has important implications for regional forest management.
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1. Introduction

[2] The forests of the Himalaya provide a number of vital
environmental functions, both to the people living in the area
itself and those in the neighboring alluvial plains [Ives and
Messerli, 1989; Singh, 2007; Joshi and Negi, 2011]. In the
past, environmental scientists expressed serious concern

about the rapid deterioration of the Himalayan environment.
Until comparatively recently, it was widely assumed that
deforestation and overgrazing in the Himalaya were primar-
ily responsible for the large-scale flooding and sedimentation
experienced in the plains of northern India and Bangladesh
[e.g., Eckholm, 1976; Nautiyal and Babor, 1985; Myers,
1986]. While this view is no longer tenable in the light of
subsequent scientific evidence demonstrating the compara-
tively limited influence of land use on these large-scale
hydrological phenomena [Bruijnzeel and Bremmer, 1989;
Ives and Messerli, 1989; Hofer, 1993; cf. Gardner and
Gerrard, 2003; Hofer and Messerli, 2006], the local adverse
hydrological effects of advanced land degradation, such as ac-
celerated erosion, enhanced peak discharges, and reduced dry
season flows [Bartarya, 1989; Bruijnzeel and Bremmer,
1989] required remedial action [Tiwari, 1995; Negi et al.,
1998]. At the same time, the continued provision of various
goods traditionally supplied by forests to rural communities
as part of their subsistence economy—such as timber and
fuelwood, fodder, litter for animal bedding and composting,
as well as a host of other minor products [Mahat et al., 1987;
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Singh and Singh, 1992; Singh and Sundriyal, 2009; Joshi
and Negi, 2011]—had to be taken into account as well
[Campbell and Mahat, 1975]. Thus, as part of a major effort
to reforest severely degraded pastures and shrublands in the
Middle Mountains of Central Nepal [Shepherd and Griffin,
1984], some 23,000 ha were planted to fast-growing conif-
erous species (mainly Pinus roxburghii and P. patula at an
initial planting density of ~1600 trees ha�1) between 1980
and 2000 (District Forest Offices, Kabhre and Sindhupalchok,
Nepal, unpublished data, 2010). In addition, on-farm tree plant-
ing and natural regrowth on abandoned fields increased during
this period as well [Gilmour and Nurse, 1991; Paudel et al.,
2012] such that a recent survey reported a marked increase in
both forest area and quality across Nepal’s Middle Mountains
over the last two decades [HURDEC Nepal and Hobley,
2012]. Nevertheless, and as also reported for other parts of
the world [Trimble et al., 1987; Waterloo et al., 2000;
Jackson et al., 2005; Scott et al., 2005], local farmers in
Central Nepal have expressed concerns about diminishing
streamflow volumes following the large-scale planting of the
pines [República, 2012]. Consequently, understanding the role
of reforestation in regulating the flows of water in this complex
and fragile environment is critical, even more so in view of the
area’s strongly seasonal climate (approximately 80% of the an-
nual rainfall is received between June and September) [Merz,
2004;Ghimire et al., 2012]. The pressure on the area’s water re-
sources is immense [Merz et al., 2003; Schreier et al., 2006] and
is expected to increase markedly in the future due to a combina-
tion of climate change and socioeconomic developments
[Mishra and Herath, 2011; Bandhyopadhyay, 2013].
[3] Hillslope soil hydraulic conductivity, in combination

with prevailing rainfall intensities, has been shown to affect
volumes of storm runoff generation, rates of surface erosion,
and dry season flows in many tropical and subtropical up-
lands, including the Himalayas [e.g., Gilmour et al., 1987;
Bruijnzeel and Bremmer, 1989; Gardner and Gerrard,
2002, 2003; Ziegler et al., 2004a, 2004b; Zimmermann and
Elsenbeer, 2009; Bonell et al., 2010; Krishnaswamy et al.,
2012; Ghimire et al., 2013; Krishnaswamy et al., 2013].
Therefore, restoring diminished soil hydraulic conductivities
to help recover the replenishment of soil moisture and
groundwater reserves and concurrently curtailing the high
volumes of infiltration-excess overland flow (IOF) typically
associated with advanced land degradation [e.g., Gilmour
et al., 1987; Chandler and Walter, 1998; Zhou et al., 2002;
Gerrard and Gardner, 2002; Cuo et al., 2008; Ghimire et al.,
2013] are perceived by many in the Himalayan region to be
the most effective path toward boosting diminished dry season
flows and reducing flood-related hazards [cf. Bartarya, 1989;
Negi et al., 1998; Tambe et al., 2012]. However, there is a
dearth of quantitative information about the extent to which,
and under what circumstances, reforestation in the heavily pop-
ulated Middle Mountains [cf. Singh et al., 1984; Hrabovsky
and Miyan, 1987] can indeed restore diminished soil hydraulic
conductivities given the continued pressure on the forests (both
remaining natural forests and newly planted stands) [Singh and
Sundriyal, 2009; Joshi and Negi, 2011]. Gilmour et al. [1987]
were among the first to present field-saturated soil hydraulic
conductivity (Kfs) data for top- and subsoils under various
land-cover types in the Chautara area of Central Nepal. They
observed a trend of increasing surface Kfs with age for 5 to
12 year old pine plantations compared to a very degraded

pasture, although values were still much lower than the Kfs

associated with largely undisturbed natural forest. However,
subsequent remeasurement at the same sites after more than
25 years [Ghimire et al., 2013] showed dramatic reductions
in surface Kfs in both the planted and natural forests in com-
parison to those of Gilmour et al. [1987]. A reduction in soil
biological activity and macropore formation due to over-
intensive usage of the forests was identified as the chief causal
factor for this finding [Ghimire et al., 2013]. Unfortunately,
there is reason to believe that despite the optimistic notion re-
garding the overall improved quality of the Lesser Himalayan
forests expressed by HURDEC and Hobley [2012], the
situation of over-intensive usage of forests and correspondingly
poor soil hydrological functioning as described by Ghimire
et al. [2013] is not limited to the Chautara area. For example,
Gardner and Gerrard [2002] reported very high overland
flow occurrence in degraded (broad-leaved) forests in the
Likhu Khola catchment north of Kathmandu, whereas
Tiwari et al. [2009] and Wester [2013] recently presented
similar evidence for community-managed forests farther
west in Nepal.
[4] As part of a larger venture investigating the “trade-off”

between the higher water use of tree plantations (relative to
pasture) on the one hand and possibly improved infiltration
opportunities through organic matter buildup during planta-
tion maturation on the other hand [cf. Bruijnzeel, 1989;
Krishnaswamy et al., 2012; Krishnaswamy et al., 2013], this
study aims to extend the work of Gilmour et al. [1987] and
Ghimire et al. [2013] at a new location (the Jikhu Khola
Catchment near Dhulikhel). Apart from presenting extensive
new Kfs data for heavily degraded pasture, little disturbed
broad-leaved forest and an intensively used pine plantation,
and extending the range of measurements to the hillslope
scale, this paper includes the first measurements of Kfs for a
heavily frequented rural footpath in the Himalaya. With the
aid of statistical analysis, Kfs values for the respective land-
cover types are compared and combined with locally measured
rainfall intensities of various temporal resolutions to infer the
associated changes in the dominant hillslope stormflow
pathways (as defined in Chappell et al. [2007]). The latter,
in turn, are compared against measured overland flow totals
generated on the pasture and in the two contrasting forest
types to verify the inferred processes of stormflow genera-
tion. In doing so, particular attention is paid to an evaluation
of the impacts of reforesting the former degraded pasture
and the sustained intensive use of the pine stand. Finally,
the implications of the present findings on overland flow
generation and infiltration for the evolution of regional dry
season flows are discussed in terms of the trade-off hypothesis
referred to above. To this end, the new overland flow data are
combined with recent information on forest and pasture water
use in the area [Baral, 2012].

2. Study Area

[5] The field measurements were conducted between 1500
and 1620m above mean sea level (a.m.s.l.) in the Jikhu
Khola Catchment (JKC) (27°35′–27°41′N; 85°32′–85°41′E)
close to Dhulikhel (the District Headquarters of Kabhre district)
in the Middle Mountains of Central Nepal (Figure 1). The
region has a complex geology that has resulted in equally
complex spatial patterns of topography, soils, and vegetation.
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The geology includes phyllites, schists, and quartzites on
which Cambisols and Luvisols of silty to clay loam textures
have developed [Maharjan, 1991]. The climate of the JKC is
largely humid subtropical, grading to warm temperate above
2000m a.m.s.l. Mean (±SD) annual rainfall, as measured at
mid-elevation (1560m a.m.s.l.) for the period 1993–1998,
was 1487 (± 157)mm [Merz, 2004]. Similar amounts were
recorded at 1580m a.m.s.l. between October 2010 and
September 2011 by Ghimire et al. [2012]. Annual reference
evaporation [following Allen et al., 1998] for the period
1993–2000 was 1170mm [Merz, 2004]. The main seasons
are, respectively, the monsoon (June to September), the post
monsoon period (October to November), winter (December
to February), and the premonsoon period (March to May).
The rainy season brings about 80% of the total annual precip-
itation. In general, July is the wettest month with about 27%
of the annual rainfall. The driest months are November to
February, each accounting for about 1% of the annual rainfall
[Merz, 2004]. The vegetation at elevations between 1000 and
2000m a.m.s.l. consists of a largely evergreen mixed broad-
leaved forest dominated by Schima wallichii and various
chestnuts and oaks (Castanopsis spp., Quercus spp.), with ad-
mixtures of Rhododendron arboreum above 1500m a.m.s.l.
Due to the prevailing population pressure, much of the original
species-rich forest has disappeared, with most of the
remaining forest either occurring on slopes that are too steep
for agricultural activity or being in various stages of degrada-
tion because of continued disturbance [Dobremez, 1976].

Vegetation cover in the catchment consists of 30% forest (both
natural and planted), 7% shrubland, and 6% grassland, with
the remaining 57% largely under agriculture [Merz, 2004].
Parts of the catchment were deforested more than a century
ago [Mahat et al., 1986]. The JKC was subjected to active re-
forestation with various pines (notably P. roxburghii and P.
patula) until 2004 as part of the Nepal-Australia Forestry
Project. According to local farmers, several springs have dried
up completely and the yields of others have been declining
since the reforestation [República, 2012].
[6] The respective measuring sites were selected so as to rep-

resent the various stages of anthropogenic pressure, ranging
from a heavily compacted footpath through degraded pasture
and an intensively used pine reforestation, to little disturbed
natural broad-leaved forest. All sites were located within
the headwater area of the JKC on slopes ranging from 20°
to 25°. The land use at the respective research sites can be
characterized as follows:
[7] 1. Degraded pasture: This site (southeast exposure,

overall slope angle 18°) has been heavily grazed for more
than 150 years (based on various personal communications).
Numerous patches of compacted or bare soil surface are evi-
dent (Figure 2a). The dominant grass and herb species are
Imperata cylindrica, Saccharum spontaneum, and Ajuga
macrosperma. Little or no grass cover remains at the peak
of the dry season (March–May). The numerous heavily
compacted footpaths distributed along and across the hill-
slope have been in use for more than a century. In summary,

Figure 1. Location of the study sites in the Jikhu Khola Catchment in the Middle Mountains of Central
Nepal.
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the measurements at this site are considered to represent the
combined effect of more than 150 years of continuous cattle
grazing in addition to human trampling pressure.
[8] 2. Footpath: A heavily compacted footpath running

along the slope within the degraded pasture that had been
in use for more than 150 years. No vegetation existed on
the heavily trampled surface (Figure 2b). Local people are
using the footpath for two purposes mainly: (a) to access a
pine forest close to the degraded pasture, and (b) to reach a
small viewing tower located just above the degraded pasture
which is a point of attraction for locals and tourists alike. On
average, about 30 people pass this footpath twice a day.
[9] 3. Pine forest: This former degraded pasture located

approximately 400m from the studied degraded pasture on a
20° slope of southwest exposure (Figure 1) was planted with
P. roxburghii in 1986. At the time of the Kfs measurements
(2011), the trees were 25 years old. An understory was largely
absent as grazing by cattle is common (Figure 2c). In addition,
litter is collected for animal bedding while the grassy herb layer
is regularly harvested (Figure 2e). Pruning of trees for fuel-
wood and felling for timber are also common. Combined, these
activities have opened up the canopy and compacted the soil
surface of the pine forest considerably.
[10] 4. Natural forest: This is a better protected site which

consists of dense, largely evergreen forest facing little an-
thropogenic pressure (Figure 2d). It is located ~2700m from
the degraded pasture on a 24° slope of northwest exposure
(Figure 1). The tree stratum of the NF consists largely of a
mixture ofCastanopsis tribuloides and Schima wallichiiwith
a few other minor species [cf. Ghimire et al., 2012]. The soil
surface is well covered with a broad-leaved understory as
well as a litter layer. Grazing animals and litter collection

are excluded, but local people collect mushrooms during
the rainy season.

3. Methods

3.1. Field Measurement of Kfs

[11] A disc permeameter [Perroux and White, 1988;
McKenzie et al., 2002] was used for the measurement of
surface Kfs in the field. Although little is known about the
effects of slope on measurements taken by the ponded version
of the disc permeameter used here [Casanova, 1998; Joel and
Messing, 2000; Bodhinayake et al., 2004], simulations under-
taken elsewhere have shown that the effect of slope angles
up to 20° have only a marginal effect on the volume flux
and thus on Kfs estimates (K. R. J. Smettem, personal com-
munication, 2012). A steel ring was adapted for use on
nonlevel land (slopes> 1°). To obtain a uniform emplace-
ment depth while maintaining an adequate water supply
head across the soil surface within the ring (0.27m diame-
ter), the lower ring’s circumference was cut such that the
ring wall was shallower on the upslope side than on the
downslope side (i.e., 3 cm versus 7 cm height). For the nat-
ural forest site where the slope was greater than 20°, the sur-
face Kfs measurements were confined to somewhat flatter
microtopographic areas embedded within the overall slope.
It is acknowledged that the resulting Kfs estimates may differ
from estimates for the steeper slope (>20°). However, given
the previously noted fact that slope angles up to 20° have only
a marginal effect on Kfs, any such differences were considered
to be minimal. Prior to measurement, any straw and stubble
present were removed from the surface, with the least amount
of surface disturbance. To improve the contact between the

Figure 2. (a) Cattle grazing at the degraded pasture site, (b) infiltration-excess overland flow on footpath
during a medium-intensity rainfall event, (c) cattle grazing at the pine forest site, (d) little disturbed natural
forest site, and (e) local women with litter material collected from the pine forest site.
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permeameter disc and the soil surface, a 5mm thick layer of
fine sand (size< 2mm) was placed on the soil surface inside
the ring after which the apparatus was placed on the ring.
The rates of water discharge through the disc, as inferred
from changes in the water levels in the storage tower of the ap-
paratus, were recorded until steady state flow rates were
reached. In addition, two soil cores—one before the infiltration
measurement commenced and the other after measurement was
finished—were taken and weighed in the field. The cores were

subsequently transported to the laboratory for the measurement
of volumetric soil moisture content (based on gravimetric soil
moisture content and dry bulk density). Kfs (mmh�1) was then
calculated using the method outlined by McKenzie et al.
[2002]:

Kfs ¼ I � 4bS20
πr θ0 � θnð Þ (1)

where θn (m3m�3) and θo (m3m�3) are the in situ volumetric
soil moisture contents before and after infiltration, respectively;
b is a constant (0.55); So (mmh�1/2), the sorptivity obtained by
plotting cumulative infiltration volume versus the square root
of time since the start of infiltration; r, the radius of the disc
permeameter base (127.5mm); and I (mmh�1), the steady state
infiltration rate, calculated as:

I ¼ q

πr2
(2)

where q (mm3 h�1) is the slope of the plot of cumulative
infiltration versus time after reaching steady state conditions,
with r as defined previously.
[12] For the measurement of Kfs in deeper soil layers,

a constant-head well permeameter (CHWP) was used [Talsma
and Hallam, 1980]. The use of the CHWP was restricted to
the dry season to minimize errors from smearing of the auger
hole walls [Chappell and Lancaster, 2007]. The experimental
procedure involved augering a cylindrical hole (with radius
a = 4 cm) to the desired depth. Any sealing of pores in the
column walls due to the augering was minimized by
brushing the walls with a small metal brush. The hole was
prewetted for 20min before taking the measurement to
achieve perimeter saturation as described by Talsma and
Hallam [1980]. The CHWP was then inserted to the required
depth and the flow measured until a steady state flow rate
was reached. Kfs (mmh�1) values were calculated from the
measurements using equation (11) of Reynolds et al. [1983]:

Kfs ¼ CQt

2πH2 1þ C
2

a
H

� �2h i (3)

Where Qt (mm3 h�1) is steady state flow rate; H (mm), the
constant height of ponded water in the well; a (mm), the ra-
dius of the well; and C, a dimensionless shape factor calcu-
lated as:

C ¼ sinh�1 H

a

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a

H

� �2 þ 1

� �s
þ a

H
(4)

3.2. Experimental Design

[13] Field-saturated hydraulic conductivity (Kfs) was mea-
sured at the hillslope scale, both at the surface and at depths
of 0.05–0.15m, 0.15–0.25m, 0.25–0.50m, and 0.5–1.0m.
Except in the case of the footpath measurements, the loca-
tions of the measurement plots along the respective hillslopes
were selected such that the plot’s x axis represented the
contour line and the y axis the slope (Figure 3). Plot size varied
from 30m × 50m (natural forest) through 40m × 65m (pine
forest) to 40m × 115m (degraded pasture) depending on local
slope configuration. Next, several lines of different lengths

Figure 3. Field-saturated soil hydraulic conductivity sam-
pling grid used at (a) the degraded pasture site, (b) the pine
reforestation site, and (c) the natural forest site in the head-
waters of the Jikhu Khola catchment, Central Nepal.
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along and perpendicular to the hillslope were superimposed
(Figure 3) to avoid clustering of sampling points in any
direction [cf. Ghimire et al., 2013]. Further, at three sites
(degraded pasture, pine forest, and natural forest), the sub-
surface Kfs was measured at 2.5m intervals. An exception
was made in the upper part of the degraded pasture site
where the few measurements were made at 5m intervals
due to the obstruction caused by the presence of an auto-
matic weather station (see Figure 3). In case of the 70m
long and 0.4m wide footpath, Kfs was measured at 3m
intervals. For the measurement of surface Kfs, 6–17 replica-
tions were taken per site via random sampling using a disc
permeameter (Table 2). The number of surface Kfs measure-
ments was much less than for the other depths (cf. Table 2)
because of the practical limitations of using a disc permeameter
on steeply sloping land discussed earlier.

3.3. Rainfall Intensity

[14] The rainfall data that were used to infer the dominant
hillslope hydrological pathways and changes therein as a
function of the level of anthropogenic pressure were recorded
at the degraded pasture site during the respective monsoon
periods (June–September) of 2010 and 2011.
[15] Rainfall was recorded using a tipping-bucket rain gage

(Rain Collector II, Davis Instruments, USA; 0.2mm per tip)
at 5 min intervals. A rainfall event was defined as having at
least 5mm of rain in total [Negishi et al., 2006] and was
separated from a previous event by a dry period of at least
3 h. The maximum 5 min rainfall amounts (I5max, expressed
as equivalent hourly rainfall intensity) were determined by
calculating the maximum precipitation over the correspond-
ing time interval for each event. The maximum 10min
(I10max), 15min (I15max), 30min (I30max), and 60min
(I60max) rainfall intensities (all expressed as equivalent hourly
rainfall intensities) were derived in a similar manner as well.

3.4. Overland Flow

[16] Overland flow at the degraded pasture, pine forest,
and natural forest sites was monitored between 20 June
and 9 September 2011 (i.e., the bulk of the 2011 rainy
season) using a single large (5m × 15m) runoff plot per
land-cover type. Runoff was collected in a gutter system
funneling the water to a first 180 l collector equipped with
a seven-slot divider allowing 1/7th of the spillover into a
second 180 l drum, thereby bringing the total collector

capacity to 1440 l (~ 20mm). The water levels in the two
collectors were measured continuously using a pressure
transducer device (Keller, Germany) placed at the bottom.
Collectors were emptied and cleaned after measuring the
water level manually every day around 8:45A.M. local
time. Event runoff volume was calculated by converting
the water levels to volumes using a calibrated relationship
per drum and summing up to obtain total runoff volume.
Measured overland flow volumes were corrected for direct
rainfall inputs into the runoff collecting system. Overland
flow volumes were divided by projected plot area to give
overland flow in mm per event. Values were also expressed
as the percentage of corresponding rainfall or throughfall
(based on Ghimire et al. [2012]) where appropriate.

3.5. Additional Soil Physical and Chemical Properties

[17] Additional soil physical and chemical properties such
as bulk density, texture, and organic carbon content (SOC)
were determined in order to quantify other factors that might
affect Kfs. Soil bulk density was measured in each plot at
randomly selected points (degraded pasture, n = 37; pine
reforestation, n=18; natural forest, n=21) at 0–0.10m depth
using the core method (196 cm3cores) [Blake and Hartge,
1986]. The chief soil textural components and SOC were
determined at depths of 0.05–0.15m, 0.15–0.25m, 0.25–
0.50m, and 0.50–1.0m using a Fritsch particle analyzer
[Konert and Vandenberghe, 1997] and the Walkley and
Black [1934] procedure, respectively.

3.6. Data Analysis

3.6.1. Inferring the Hydrological Consequences
of Different Levels of Anthropogenic Pressure
[18] When considering hillslope hydrological response to

rainfall, the key parameters controlling dominant stormflow
pathways are the changes in Kfs with depth in combination
with prevailing rainfall intensities [Bonell et al., 1983;
Gilmour et al., 1987; Elsenbeer et al., 1999; Ziegler et al.,
2006; Zimmermann et al., 2006; Bonell et al., 2010]. To
identify a potentially impeding soil layer to different rainfall
intensities at each site, selected percentiles of maximum rain-
fall intensities Imax (e.g., over 5min, I5max) as measured at the
degraded pasture site were compared with the median Kfs

values for each site (i.e., land cover) and depth. The presence
of an impeding layer at the surface or at a certain depth for
the chosen rainfall intensity is indicated if the latter exceeds

Table 1. Basic Physical and Chemical Properties of the Soil at Different Depths Under the Studied Contrasting Land Covers in the
Headwaters of the Jikhu Khola Catchment, Central Nepala

Site Depth (m) Clay (%) Sand (%) Silt (%) SOC (%)

Degraded pasture 0.05–0.15 19.2 (±1.4) 34.0 (±3.14) 46.8 (±1.77) 2.23 (±0.27)
0.15–0.25 16.0 (±1.95) 37.2 (±3.87) 46.8 (±2.46) 0.77 (±0.32)
0.25–0.50 14.7 (±1.12) 38.5 (±1.21) 46.8 (±0.22) 0.66 (±0.11)
0.50–1.0 12.4 (±0.64) 44.1 (±1.94) 43.5 (±1.40) 0.34 (±0.16)

Pine forest 0.05–0.15 19.2 (±1.48) 40.0 (±2.0) 40.8 (±1.08) 1.69 (±0.32)
0.15–0.25 17.1 (±1.48) 40.5 (±0.83) 42.4 (±0.99) 0.99 (±0.21)
0.25–0.50 14.2 (±1.54) 43.0 (±1.3) 42.8 (±0.94) 0.47 (±0.19)
0.50–1.0 11.5 (±1.19) 46.7 (±4.1) 41.8 (±2.99) 0.18 (±0.14)

Natural forest 0.05–0.15 29.5 (±2.13) 24.0 (±1.5) 46.5 (±1.33) 4.1 (±0.25)
0.15–0.25 29.2 (±2.57) 26.3 (±1.8) 44.5 (±1.69) 1.72 (±0.20)
0.25–0.50 28.1 (±3.14) 26.1 (±1.1) 45.8 (±3.0) 1.43 (±0.20)
0.50–1.0 26.0 (±5.81) 25.7 (±2.26) 48.3 (±3.78) 0.72 (±0.13)

aValues listed are the means (±SD) of six samples.
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the median Kfs value under consideration. In turn, dominant
pathways of stormflow can then be inferred. Moreover, the
disposition of rainfall delivered at the soil surface for the
selected maximum rainfall intensity (Imax) was estimated by
comparing that rainfall intensity and Kfs.
[19] It is acknowledged that the Kfs data presented in this

work represent measurements that are biased toward dry sea-
son conditions, and as such, they do not take into account
any seasonal variability in Kfs. Wet season values of surface
Kfs using the disc permeameter in monsoonal southwest
India were shown to be reduced by up to an order of magnitude
compared to dry season measurements taken over the same
locations, possibly due to surface sealing by raindrop impact
and blocking of larger pores by sediment carried by overland
flow [cf. Bonell et al., 2010; McIntyre, 1958a, 1958b]. Thus,
lower Kfs values can be expected during the main monsoon
season, and the presently inferred degree and frequency of
IOF occurrence may therefore be underestimated at such times.
3.6.2. Statistical Analysis
[20] For all statistical analyses, the language and environ-

ment of R, version 2.14.0 [R Development Core Team, 2008]
was used. All data sets were tested for normality using the
Shapiro-WilkW statistic [Shapiro and Wilk, 1965]. In the case
of non-normal distribution of the data, the raw data were
transformed (loge and square root transformations) to achieve
a normal or near-normal distribution. However, since it is not
possible to compare differently transformed data, it was pre-
ferred to use nontransformed data and nonparametric statistical
analysis. Differences in Kfs between sites were initially tested
using the Kruskal and Wallis [1952] test. If the latter indicated
a significant difference betweenmedians, theMann-WhitneyU
test with Bonferroni correction was subsequently applied to
account for multiple comparisons across sites and specific soil
layers. In the case of comparisons between two sites only, dif-
ferences in Kfs were statistically examined using the Mann-
Whitney U test. Differences in Kfs were assumed to be signifi-
cant with p< 0.05 for the Mann-Whitney U test and p< 0.017
for the Kruskal-Wallis test. For a rapid visual comparison
among sites, box plots were computed as well.
3.6.3. Spatial Analysis
[21] To examine the possible effects of spatial correlation

length on the above statistical analyses of Kfs, the spatial

structure of the distribution of this parameter was also ana-
lyzed using geostatistics. Where sample sizes were sufficient,
new mean and median values for Kfs were calculated by
including only every alternate, second or third Kfs value from
the original data set, depending on the spatial correlation
length. The statistical procedures were then repeated and the
results were compared against the full data sets.
[22] The spatial analysis was limited to the degraded pasture,

pine forest, and natural forest sites as the number of pairs in
the footpath was below 30 (a standard geostatistical rule) [cf.
Mohanty and Mousli, 2000]. The sample sizes used in the
geostatistical analysis are listed in Table 2. The semivariance
(γ) was determined according to Matheron [1962]:

γ hð Þ ¼ 1

2N hð Þ ∑
N hð Þ

i¼1
Z xi þ hð Þ � Z xið Þ½ �2

	 

(5)

whereN(h) is the number of pairs separated by the lag distance
h, and Z (xi) is the Kfs measured at a point xi. Experimental
variograms were also estimated using the language and
environment of R. Semivariance was calculated for the
residual of square root-transformed (degraded pasture and
pine forest sites) and loge-transformed data (natural forest
site) to minimize the effect of outliers. Experimental variograms

Table 2. Descriptive Statistics for Field-Saturated Hydraulic
Conductivities Kfs (mmh�1) Associated With Contrasting Land-
Cover Types at Different Depths in the Headwaters of the Jikhu
Khola Catchment, Central Nepal

Surface
(0.05–
0.15m)

(0.15–
0.25m)

(0.25–
0.5m)

(0.5–
1.0m)

Degraded Pasture
Mean 25 41 72 38 19
Median 18 39 68 35 19
Standard
deviation

20 18 32 16 9

Minimum 4 7 25 14 6
Maximum 70 82 161 96 44
Sample size (n) 17 70a 70a 70a 70a

Footpath
Mean 10 24 41 29 16
Median 12 26 39 30 19
Standard
deviation

5 10 17 10 7

Minimum 4 7 13 14 7
Maximum 18 42 84 53 40
Sample size (n) 7 24 24 24 24

Pine Forest
Mean 26 43 109 92 45
Median 24 39 107 92 45
Standard
deviation

7 19 38 32 11

Minimum 18 11 29 25 24
Maximum 35 125 210 165 69
Sample size (n) 10 80a 80a 80a 80a

Natural Forest
Mean 333 94 80 51 19
Median 232 82 64 47 18.8
Standard
deviation

356 74 53 29 8

Minimum 32 7 22 11 5
Maximum 1256 389 285 152 36
Sample size (n) 11 45a 45a 45a 45a

aData used for geostatistical analysis.

Figure 4. Topsoil (0–0.10m) bulk density values at (a) the
degraded pasture (DP, n = 37), (b) the pine reforestation (PF,
n = 18), and (c) the natural forest (NF, n = 21) site in the head-
waters of the Jikhu Khola catchment, Central Nepal.
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were fitted using a number of standard semivariogram
models: Gaussian, exponential and spherical, and the one
with the smallest residual sum of squares was chosen as
the best fit model [Webster and Oliver, 2007]. To compare
the strength of the spatial correlation, the so-called nugget
to sill ratio was used following the limits of Cambardella
et al. [1994]. The nugget stands for the variance at zero
separation distance whereas the sill represents the variance
at the range [Webster and Oliver, 2007]. A variable is con-
sidered to be strongly spatially dependent if the nugget to
sill ratio is ≤ 0.25; a ratio of 0.25–0.75 indicates a moderate
dependence, and a ratio of 0.75 or more suggests a weak
spatial autocorrelation [Cambardella et al., 1994].

4. Results

4.1. Soil Physical and Chemical Properties

[23] Table 1 summarizes the results of the soil textural and
chemical analyses whereas the corresponding bulk densities
are presented in Figure 4.

[24] As expected on the basis of the intensity of usage, topsoil
bulk density values at the degraded pasture (1.18± 0.33 g cm�3)
and pine forest (1.24 ±0.095 g cm�3) sites were similar and
significantly higher than those for the little disturbed natural
forest (0.93 ± 0.082 g cm�3) site (Figure 4). The pine forest soil
had the highest sand percentage at all investigated depths in
comparison to the soils of the degraded pasture and natural for-
est (Table 1). Such differences in sand content are likely to con-
tribute to the observed differences in field-saturated hydraulic
conductivity (Kfs) (Table 2 below). Topsoil organic carbon
content was highest in the natural forest (4.10 ± 0.25%) and dif-
fered significantly from values obtained for the other two sites
(Table 1), indicating the greater activity of soil microflora and
fauna feeding on the litter layer in the natural forest.

4.2. Exploratory Analysis of Field-Saturated
Hydraulic Conductivity

[25] The descriptive statistics of Kfs for the various depth
intervals at each site are presented in Table 2. As can be seen
from the corresponding box plots (Figure 5), most of the Kfs

data sets showed non-Gaussian behavior. Therefore, a global

Figure 5. Field-saturated soil hydraulic conductivity Kfs as a function of land use and measurement depth
in the headwaters of the Jikhu Khola catchment, Central Nepal: (a) surface, (b) 0.05–0.15m, (c) 0.15–
0.25m, (d) 0.25–0.50m, and (e) 0.50–1.0 m. The solid horizontal line represents the maximum rainfall
intensity over 5min and the various dashed lines the median, 75% percentile, and 95% percentile of
I5max rainfall intensity. DP = degraded pasture, FP = footpath, PF = pine forest, and NF= natural forest.
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comparison of the results obtained for different sites and
depths was based on median values.
[26] As expected on the basis of the degree of anthropogenic

pressure experienced by the respective sites, the median surface
Kfs was lowest for the footpath (12mmh�1) and highest for the
natural forest (232mmh�1), such that they differed by more
than an order of magnitude (Table 2). Under the nearly
undisturbed conditions prevailing in the natural forest, Kfs

decreased with depth, particularly in the first 0.15m, although
the difference between 0.15 and 1m depth was still more than
fourfold (Table 2 and Figure 5). The largest variance of Kfs at
any depth within the natural forest was observed at 0.15–
0.25m depth (Figure 5c). A different pattern with depth was
observed for the degraded pasture, footpath, and pine forest
sites—which all had very low values of surface Kfs—in that
here the near-surface Kfs first increased down to a depth of
0.25m and then started to decrease (Table 2). Arguably, the
most striking feature of the current data set is that the median
Kfs at the surface and in the shallow soil layer in the 25 year
old pine forest had remained at the same level as those for the
heavily grazed degraded pasture, suggesting the virtual absence
of nonstructural (i.e., biologically mediated) macropores within
the pine forest’s soil down to 0.15m depth. This findingmirrors
the pattern found earlier for topsoil (0–10 cm) bulk densities at
the two sites (Figure 4).
[27] A statistical comparison of Kfs values measured at the

surface and at a depth of 0.05–0.15m between the pine forest,
degraded pasture, and natural forest sites supported the
preceding inferences in that there was no significant difference
(p> 0.017) between the pine forest and degraded pasture,
whereas both sites had significantly lower (p< 0.017) values
compared to the natural forest, as also evidenced by the much
lower topsoil bulk density of the natural forest (Figure 4).
Below 0.15m depth, however, the Kfs in the pine forest was
consistently higher (p< 0.017) than values measured at any
other site (Figures 5c–5e), presumably because of a difference
in soil texture (cf. Table 1). Moreover, the comparison
between the footpath and degraded pasture showed no signif-
icant difference in surface Kfs, indicating that surface condi-
tions at the degraded pasture had already reached an extreme

state of degradation. In contrast, Kfs values between 0.15 and
0.25m depth differed significantly between the footpath and
degraded pasture. At 1.0m depth, however, differences in
Kfs between the respective land-cover types were mostly non-
existent (except for the higher value beneath the pine forest al-
ready signaled), indicating the lack of influence exerted by
cattle grazing and human trampling on the deeper soil layers.

4.3. Spatial Structure

[28] Experimental semivariograms (cf. equation (5)) were
developed to describe the spatial structure of the subsurface
Kfs data using the residuals of a square root transformation
(degraded pasture and pine forest sites) or a loge transforma-
tion (natural forest) of the data. The results of the spatial anal-
ysis are summarized in Table 3.
[29] The spatial correlation length (“effective range”)

increased with depth throughout the profile underneath the
degraded pasture but not in the pine forest or natural forest
where the effective range first increased down to a depth

Table 3. Parameter Values for Those Semivariogram Model Models That Best Described the Observed Spatial Variability of Field-
Saturated Hydraulic Conductivity Kfs With Depth as Associated With the Different Land-Cover Types in the Headwaters of the Jikhu
Khola Catchment, Central Nepala

Modelb Nugget Partial Sill Sill Nugget/Sill SserrdSoil Depth (m) Range (m) Effective Range (m)c

Degraded pasture (0.05–0.15) Exp 0 2.37 2.37 1.8 5.4 0 0.76
Pine forest Sph 0 2.3 2.3 4.4 4.4 0 5.66
Natural forest Sph 0 0.5 0.5 4.4 4.4 0 0.35
Degraded pasture (0.15–0.25) Sph 1.5 1.68 3.19 9.2 9.2 0.47 0.65
Pine forest Sph 0.81 2.66 3.5 6.5 6.5 0.23 0.65
Natural forest Exp 0.27 0.038 0.308 6.5 19.5 0.9 0.01
Degraded pasture (0.25–0.50) Sph 0.8 0.9 1.7 10.5 10.5 0.47 0.18
Pine forest Sph 0 2.67 2.67 4.8 4.8 0 2.87
Natural forest Sph 0.11 0.38 0.49 15.0 15.0 0.22 0.22
Degraded pasture (0.50–1.0) Exp 0.55 0.41 0.96 4.5 13.5 0.57 0.028
Pine forest Sph 0 0.88 0.88 4.1 4.1 0 1.17
Natural forest Sph 0.13 0.18 0.31 14.8 14.8 0.42 0.023

aSee text for explanation.
bModel type: Exp =Exponential; Sph= Spherical.
cFor exponential model: Effective range = range*3.
dSserr: Residual sum of squares.

Table 4. Selected Statistical Parameters of Field-Saturated
Hydraulic Conductivity Kfs (mmh�1) for the 0.05–0.15m Depth
Interval After Including Only Every Alternate, Second, or Third
Kfs Value From the Original Data Set to Remove the Effect of
Spatial Correlationa

@5m @7.5m @10m

Degraded Pasture
Mean 39 (41) 40 (41) 36 (41)
Median 39 (39) 39 (39) 39 (39)

Pine Forest
Mean 42 (43) 45 (43) 37 (43)
Median 36 (39) 43 (39) 32 (39)

Natural Forest
Mean 91 (94) 82 (94) 101 (94)
Median 73 (82) 93 (82) 78 (82)

aValues in parentheses correspond to the results obtained using the original
measurement interval.
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of0.25m and then started to decrease (Table 3). At a depth of
0.05–0.15m, all three land-cover types exhibited strong
spatial dependence, with the correlation length ranging from
4.4m (pine forest and natural forest) to 5.4m (degraded pas-
ture). For the 0.15–0.25m depth interval, the most noticeable
difference between sites was a much higher spatial correla-
tion length under natural forest which, in addition, exhibited
a weaker spatial dependence (as indicated by the higher nug-
get to sill ratio; Table 3). Spatial correlation lengths for the
same depth interval in the degraded pasture and pine forest
were similar and showed moderate (degraded pasture) to
strong (pine forest) spatial dependence. At a depth of 0.25–
0.50m, both the pine forest and natural forest showed strong
spatial dependence with correlation lengths ranging from 4.8
to 15.0m, respectively, whereas the degraded pasture indi-
cated moderate spatial dependency with an effective range
of 10.5m. Furthermore, between 0.50 and 1.0m depth, the
spatial correlation lengths in the degraded pasture and natural
forest were similar and both showed moderate spatial depen-
dence. As observed earlier for other depths, the spatial depen-
dence in the deepest layer in the pine forest was very strong
but had a low spatial correlation length (4.1m; Table 3).
Overall, spatial correlations at or above the moderate cate-
gory were detected at 0.05–015m depth for all land covers
and at greater depths for the degraded pasture and pine forest.
[30] To examine the effect of spatial correlation length for

near-surface (0.05–0.15m) Kfs, new mean and median values
forKfs were calculated by including only every alternate, second,
or third Kfs value from the original data set (Table 4). However,
according to the Mann-Whitney U test, the new median Kfs

values did not differ significantly from the original ones.

4.4. Rainfall Intensity, Overland Flow, and
Hydrological Consequences of Anthropogenic Pressure

[31] A total of 99 storm events were recorded during
the summer monsoons of 2010 and 2011 at the Dhulikhel
rainfall station. The maximum equivalent hourly intensities
(I5max–I60max) for the observed 5, 10, 15, 30, and 60 min
rainfall classes for all storms over the two monsoon seasons
were 88.8, 82.8, 62.4, 47.2, and 39.6mmh�1, respectively.

Figure 6. Frequency and quantity of maximum 5, 10, 30, and 60 min rainfall intensities as recorded at the
Dhulikhel rainfall station, Central Nepal, during the 2010 and 2011 monsoon periods.

Figure 7. Relationships between daily rainfall (mm) and
overland flow (mm) during the 2011 monsoon measuring
campaign for degraded pasture (DP), planted forest (PF),
and natural forest (NF) in the headwaters of the Jikhu
Khola catchment, Central Nepal.
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The corresponding median values were 26.4, 19.2, 15.6, 10.6,
and 7.6mmh�1. For each rainfall intensity class, rainfall
intensities were low for the majority of events. However, the

higher-intensity storms contributed substantially to overall
monsoon precipitation totals (Figure 6). The median, 75%
percentile, 95% percentile, and absolute maximum values of
I5max were selected as indices for inferring the dominant hill-
slope runoff pathways in combination with the results
obtained for Kfs for the respective land covers (Figure 5).
[32] At only 12mmh�1, the surface permeability of the

heavily compacted footpath even remained below the median
value of I5max (Figure 5a), suggesting the frequent occurrence
of infiltration-excess overland flow (IOF). Although not mea-
sured on the footpath, IOF was indeed observed to occur
more rapidly and in greater quantities during medium to
high-intensity rainfall events than on the surrounding pasture
(cf. Figure 2b). At the other extreme, the surface Kfs in the
natural forest exceeded the maximum values of I5max,
suggesting IOF would never occur. Nevertheless, some over-
land flow was recorded at this site (Figure 7) with a

Table 5. Amounts of Rainfall, Throughfall, and Overland Flow
During the 2011 Monsoon Measuring Campaign (20 June to 9
September) in Degraded Pasture (DP), Pine Forest (PF), and
Natural Forest (NF) in the Headwaters of the Jikhu Khola
Catchment, Central Nepala

Experimental
Plot

Rainfall
(mm)

Throughfall
(mm)

Overland
Flow
(mm)

Overland Flow (%)

Rainfall Throughfall

DP 878 - 187 21.3 -
PF 878 729 136 15.5 18.6
NF 709 540 17.7 2.5 3.3

aSeasonal rainfall and throughfall totals taken from Ghimire et al. [2012].

Figure 8. The percolation of rainfall delivered at the maximum 5 min intensity of 88.8mmh�1 through
various soil layers for contrasting land covers in the headwaters of the Jikhu Khola catchment, Central
Nepal: (a) Degraded pasture (DP), (b) Footpath (FP), (c) Pine forest (PF), and (d) Natural forest (NF).
Kfs is field-saturated hydraulic conductivity.

GHIMIRE ET AL.: REFORESTATION AND HILLSLOPE Kfs

2538



monsoonal seasonal total of 17.7mm or 2.5% of incident
rainfall and 3.3% of the corresponding amount of throughfall
(Table 5). Given the much lower median Kfs derived for the
0.05–0.15m depth interval in the natural forest (82mmh�1;
Table 2), it cannot be excluded that at least some of the
recorded overland flow was contributed by the saturation-
excess type (SOF) [Bonell, 2005] (cf. Figure 8d). In spite
of the slightly higher surface Kfs in the degraded pasture
and pine forest compared to the footpath, the upper quartile
of I5max still exceeded the median surface Kfs values for
the grassland and pine reforestation (Figure 5a), thereby in-
dicating the occurrence of IOF during high-intensity rainfall
(cf. Figures 7, 8a, and 8c). Indeed, overland flow at the de-
graded pasture site was typically generated after only 3–
4mm of rain (Figure 7) whereas the seasonal runoff total
from the pasture amounted to 187mm (21.3% of incident
rainfall; Table 5). Corresponding values for the pine forest
were comparable at 4.2mm of rain before runoff would start
(Figure 7) and a seasonal total of 136mm (15.5% of rainfall
and 18.6% of throughfall; Table 5). However, a noticeable
shift from IOF-dominated runoff to less impeded infiltration
occurs when considering the maximum rainfall over 60min,
i.e., moving from I5max to I60max (Figure 6).
[33] With regard to Kfs in the 0.05–0.15m layer, the upper

quartile of I5max exceeded the median Kfs values at the
degraded pasture, footpath, and pine forest (Figure 5b). At
such rates, the rainfall that percolates to this depth would
be capable of developing a perched water table and with it
generate lateral subsurface stormflow (SSF; Figures 8a–8c).
This would be in addition to the concurrent occurrence of
IOF at these sites. In contrast, the corresponding median Kfs

at the natural forest is still above (or nearly equal to) most 5
min rainfall intensities (Figure 5b), thereby favoring mostly
vertical percolation at this site (cf. Figure 8d).
[34] For the 0.15–0.25m and 0.25–0.50m depth intervals,

the Kfs values in the degraded pasture, footpath, and natural
forest all indicate a similar hydrological response to rainfall,
namely mostly lateral SSF and thus limited vertical percola-
tion during high-intensity rainfall (Figures 8a, 8b, and 8d).
However, the much higher median values of Kfs between
0.15m and 0.50m depth at the pine forest site exceeded the
maximum values of I5max (Figures 5c, 5d, and 8c) and thus
rather favor vertical percolation. These high conductivities
are likely to reflect the higher sand content of the soil beneath
the pine forest (Table 1) and effectively rule out the frequent
occurrence of a perched water table and SSF in this layer, in
contrast to what was inferred for the other sites. The effect,
however, must be counteracted to some extent by the low-
median surface Kfs in the pine forest which encourages IOF
(Figures 5a, 7, and 8c) and restricts the amounts of water
percolating to deeper layers. Finally, at 1.0m depth, the dif-
ferences in Kfs and inferred hydrological response to rainfall
became insignificant between sites (Figure 5e).

5. Discussion

5.1. The Impacts of Land Use/Land Cover on Spatial
Correlation Length and Field-Saturated Soil Hydraulic
Conductivity Kfs

[35] The spatial analysis has highlighted some important
issues. The fact that the new median Kfs values calculated
by including only every alternate, second, or third Kfs

indicates that the spatial correlation length had little or no ef-
fect on the conclusions derived from the entire data set or
from the subsequently reduced sample populations. This sug-
gests that the near-surface Kfs values for the degraded pas-
ture, pine forest, and natural forest sites are more strongly
associated with spatially independent random variation. On
the other hand, the increase in spatial correlation length with
depth throughout the profile beneath the degraded pasture is
comparable to that reported for degraded pasture land in the
mountains of south Ecuador [Zimmermann and Elsenbeer,
2008]. Similarly, the currently found increase in spatial corre-
lation length down to a depth of 0.25m and the subsequent de-
crease with depth is also a known characteristic of little
disturbed natural forest soils elsewhere [Zimmermann and
Elsenbeer, 2008]. Although the spatial correlation length in
the pine forest first increased and then started to decrease, as
was also observed in the natural forest, the pine forest is excep-
tional in that there was little variation in spatial correlation
length with depth. In summary, no general depth-related spa-
tial pattern was observed across all three study sites.
[36] The present work has further highlighted a marked

contrast in the changes in Kfs with depth between the natural
forest and the other two land covers studied (pine forest and
degraded pasture). The reported high Kfs in the surficial soil
horizons (<0.25m) of the natural forest and the subsequent
decrease in Kfs with depth away from direct soil biological
influences (cf. the diminishing SOC values with depth listed
in Table 1) is a well-known characteristic of soils beneath
little disturbed tropical forests [Elsenbeer, 2001; Bonell,
2005; Chappell et al., 2007]. The data from the natural for-
est provide a “baseline” for appreciating the marked reduc-
tions in Kfs, especially at depths less than 0.25m, within the
soils of the intensely disturbed degraded pasture, and pine
forest due to multidecadal human-induced pressures as also
reported for a similar situation elsewhere in the Middle
Mountains of Nepal by Ghimire et al. [2013].
[37] Major decreases in surface- and near-surface Kfs fol-

lowing the conversion of forest to grazed pasture have been
reported for a variety of tropical and subtropical settings
[Alegre and Cassel, 1996; Tomasella and Hodnett, 1996;
Deuchars et al., 1999; Zimmermann et al., 2006; Molina
et al., 2007; Tobón et al., 2010] including the Himalaya
[Patnaik and Virdi, 1962; Gardner and Gerrard, 2002;
Ghimire et al., 2013]. Moreover, the noted reversal in the
trend of Kfs with depth (i.e., an initial increase in Kfs followed
by a decrease) beneath the degraded pasture and pine forest is
a characteristic in common with other reports where grazing
and other soil compacting pressures have been sustained over
decades [e.g., Tomasella and Hodnett, 1996; Godsey and
Elsenbeer, 2002; Hamza and Anderson, 2005; Zimmermann
et al., 2006]. Furthermore, it is clear that the hydraulic conduc-
tivity of the pine forest soil 25 years after the trees were
planted still reflects the influence of the previous degraded
grassland that is further sustained by the continued human ac-
cess and collection of forest products [cf. Singh and Sundriyal,
2009; Joshi and Negi, 2011; Ghimire et al., 2013]. As most of
the reduction in Kfs appears to be effected during the first few
years of grazing (particularly in the case of mechanized forest
conversion followed by intensive grazing) [cf. Alegre and
Cassel, 1996; Martinez and Zinck, 2004; Zimmermann et al.,
2010], one would expect comparatively little additional effect
of multidecadal grazing on infiltrability. Indeed, at 23–29mm
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h�1, the reported rates of surfaceKfs after 20–30 years of graz-
ing [Deuchars et al., 1999; Colloff et al., 2010; Hassler et al.,
2011] are very similar to the values obtained for the very
degraded Himalayan pastures of the current study (median
18mmh�1, mean Kfs 25mmh�1; Table 2) and at Chautara
(log-mean values of 33–39mmh�1) [Gilmour et al., 1987;
Ghimire et al., 2013]. The radical reduction in surface-
and near-surface Kfs under grazing conditions is primarily
related to the destruction of macroporosity by trampling
and by the strongly diminished soil biological activity after
forest clearing and prolonged exposure of topsoil to the ele-
ments [cf. McIntyre, 1958a, 1958b; Lal, 1988; Deuchars
et al., 1999; Colloff et al., 2010; Bonell et al., 2010].
Therefore, natural forest regrowth or reforestation on former
degraded pasture land is considered by many to be an effec-
tive way of restoring diminished Kfs, although it may well
take several decades of uninterrupted forest development
before the infiltrability of highly degraded pasture reaches
that associated with near-natural conditions [Gilmour
et al., 1987; Godsey and Elsenbeer, 2002; Ziegler et al.,
2004a, 2004b; Zimmermann et al., 2010; Hassler et al.,
2011]. However, the current results, and to a lesser extent
the related work by Ghimire et al. [2013] in the Chautara
area, suggest that this one-dimensional view of restoring di-
minished surface- and near-surface Kfs requires some mod-
ification. This is particularly true in cases where
anthropogenic pressures on both natural forests and tree
plantations are as high as in the Middle Mountain Zone of
the Himalaya [cf. Singh and Singh, 1992; Mahat et al.,
1987; Singh and Sundriyal, 2009; Joshi and Negi, 2011;
Gilmour and Shah, 2012]. Indeed, one of the most striking
findings of the present study is that the soil hydraulic con-
ductivities at the surface and at a depth of 0.05–0.15m in
the 25 year old pine reforestation did not differ significantly
from those of the 150 year old heavily degraded pasture, im-
plying very similar hydrological response to rainfall (i.e.,
enhanced occurrence of IOF; cf. Figures 5a, 5b, 7, and 8c).

5.2. Kfs, Overland Flow Generation, and
Forest Management

[38] It was previously acknowledged that the presently
collected Kfs data are more likely to be representative of the
higher end of the seasonal spectrum of this variable due to
the fact that the measurements were undertaken during the
latter part of a long dry season. Nonetheless, the rank order
of measured seasonal overland flow totals (cf. Table 5;
Figure 7) essentially reflects the a priori inferred stormflow
pathways when comparing rainfall intensity with Kfs

(Figures 5 and 8). For example, monsoonal totals of overland
flow generated at the pine forest (15.5% of rainfall but 18.6%
of throughfall) and the degraded pasture (21.3% of rainfall)
were comparable (Table 5), as were their surface Kfs values
(Table 2). Likewise, the very low overland flow occurrence
measured in the natural forest (Table 5 and Figure 7) is also
supported by the results of the Kfs survey, especially when
it is taken into account that Kfs values during the main mon-
soon are likely to be lower than the ones determined during
the dry season [Bonell et al., 2010]; see also Vigiak et al.
[2006] for a discussion of the representativity of different
techniques to measure surface Kfs.
[39] High to very high incidence of overland flow on de-

graded pastures elsewhere in the Himalayas and Southeast

Asia has been reported previously [Impat, 1981; Chandler
and Walter, 1998; Gerrard and Gardner, 2002; cf. Bruijnzeel
and Bremmer, 1989] but not for mature (> 20 years old) pine
plantations whoseKfs values are usually sufficient to accommo-
date high rainfall intensities [Waterloo, 1994; cf. Ilstedt et al.,
2007]. It has been suggested that pine litter enhances surface
soil water repellency and thus IOF generation relative to condi-
tions encountered in broad-leaved forests, particularly for volu-
metric topsoil moisture levels (θ) below 0.2m3m�3 and pH
values between 4 and 4.5 [Lebron et al., 2012]. However,
neither θ during monsoon conditions nor topsoil pH in the pine
forest (5.42± 0.28, n=9) could be considered conducive to soil
water repellency in the presently studied pine forest. In addi-
tion, overland flow in undisturbed pine forest in the more sea-
sonal (and thus likely to experience drier conditions) Kumaon
Himalaya (Northwest India) proved negligible [Pathak et al.,
1984]. Only where the trees are planted on heavy clay soils
(as is often the case for teak) do Kfs values not show any im-
provement during plantation maturation [Mapa, 1995; Bonell
et al., 2010] and can overland flow be rampant [Coster, 1938;
Bell, 1973;Wiersum, 1984]. Likewise, where the development
of a protective forest floor (litter layer, herb layer, and under-
story) is interrupted repeatedly by fire, grazing, or litter
harvesting, the improvement of surface Kfs may be arrested
(as observed in the pine forest, Table 2) or even be reversed
as the plantation matures [Ghimire et al., 2013]. However, even
in the absence of trampling pressure, the combination of
repeated litter removal, enhanced erosive power of crown drip
[Wiersum, 1985; Hall and Calder, 1993], and reduced soil
biotic activity [Ding et al., 1992; Hairiah et al., 2006] sets in
motion a downward spiral toward a gradually diminishing infil-
tration capacity and a corresponding increase in overland flow
production [Coster, 1938; Tsukamoto, 1975; Wiersum, 1984,
1985; Tiwari et al., 2009].

5.3. Implications for Dry Season Streamflow

[40] The present finding of diminished infiltration oppor-
tunities in the pine forest and other similarly heavily used
forests [Gardner and Gerrard, 2002; Zhou et al., 2002;
Tiwari et al., 2009; Ghimire et al., 2013] may prove critical
when interpreting reports of declining stream base flows
following large-scale reforestation in the Middle Mountains
of Central Nepal [República, 2012]. Although reduced annual
streamflow totals (and presumably base flows as well) after
afforesting nondegraded grasslands with fast-growing pines
have been documented for many places (summarized by
Jackson et al. [2005] and Scott et al. [2005]), dry season flows
may be expected to increase following reforestation of
(heavily) degraded pasture land if the associated gains through
improved rainfall infiltration override the extra evapotranspi-
ration of the planted trees (the so-called “infiltration trade-
off” hypothesis) [Bruijnzeel, 1989; Bruijnzeel 2004; cf.
Wilcox and Huang, 2010; Zhou et al., 2010; Krishnaswamy
et al., 2013].
[41] As such, it is of interest to explore the possible conse-

quences of the presently observed high overland flow volumes
in the pine forest in the context of the infiltration trade-off
hypothesis more closely. Combining the above mentioned
overland flow percentages for the pine forest and degraded
pasture with the mean annual site rainfall of 1500mm [Merz,
2004], the difference in approximate annual overland flow
production between the two land covers represents a gain in
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infiltration of approximately 90mmyr�1 under the pines rela-
tive to the grassland. Preliminary work on soil water uptake
(transpiration) in the degraded pasture and pine forest
[Baral, 2012], plus the rainfall interception losses from the
pine forest and natural forest established by Ghimire et al.
[2012] suggest a difference in annual evapotranspiration
(ET) between the degraded pasture and pine forest of 360–
400mm, i.e., greatly in excess of the estimated gain in infiltra-
tion of 90mm and in line with locally perceived declines in
streamflow. Pertinently, even if the pine forest would have
been well-managed and capable of absorbing even the highest
rainfall intensities (i.e., no IOF occurrence and thus implying a
maximum gain in infiltration equal to the observed overland
flow total at the degraded pasture site of ~320mmyr�1), this
would still not have been sufficient to compensate the higher
water use of the pines and thus prevent a decline in
streamflow. Repeating the exercise for the natural forest (with
an estimated annual ET close to 500mm [Baral, 2012;
Ghimire et al., 2012] and very low overland flow production)
would suggest the ultimate effect on dry season flows to be
near-neutral as the approximate gain in infiltration and the
extra evaporative loss are very similar (ca. 300mmyr�1 each).
However, in view of the widespread regeneration of vegeta-
tion on abandoned agricultural fields in the Middle Mountain
Zone [Paudel et al., 2012] and because water use by vigor-
ously regenerating forest tends to exceed that of old-growth
forest like that of the natural forest site [cf. Giambelluca,
2002; Hölscher et al., 2005; Muñoz-Villers et al., 2012], it
may be several decades before regional streamflows can be
expected to stabilize or even rebound [cf. Wilcox and
Huang, 2010; Zhou et al., 2010; Beck et al., 2013].
Moreover, recent studies have reported an increasing trend in
total monsoonal precipitation and extreme events in recent
years for the Middle Mountain Zone and other parts of
Nepal [Baidya et al., 2008; Lamichhane and Awasthi, 2009].
Furthermore, application of a high-resolution climate model
elsewhere in the Middle Mountain Zone by Mishra and
Herath [2011] indicated a significant increase in rainfall and
rainfall intensity during the monsoon season and a decrease
in dry season rainfall. These scenarios suggest that there may
be (much) more overland flow from planted forest sites in
the future if the presently observed anthropogenic pressures
on the forest do not decrease. Such circumstances will further
hamper the replenishment of soil water and groundwater
reserves, thereby reducing dry season flows even further. On
the other hand, the high-surface and near-surface Kfs observed
in the little disturbed natural forest suggests that this type of
forest may be able to cope with increased rainfall intensities
in the future provided it does not become disturbed too much.
[42] Overall, the present work has highlighted a “degrada-

tion” in Kfs at the surface and near surface in the planted for-
est site. The potential benefits of reforestation in enhancing
infiltration, and therefore the replenishment of soil water
and groundwater reserves, are currently not realized by the
continued need for access to the forest by the local population
to obtain forest products (notably litter for animal bedding
and subsequent composting), with sustained degradation of
the forest floor as a result. The notion of forests established
primarily for community needs vis á vis broader drainage
basin functions is a point commonly ignored in forest hydrol-
ogy where the focus tends to be placed more on the hydrolog-
ical benefits of forests per se (i.e., without people) [e.g.,

Webb et al., 2012; Krishnaswamy et al., 2013]. Such circum-
stances are common in the South Asian region

5.4. Footpaths as Source Areas of Storm Runoff

[43] Evidence is accumulating for various tropical and sub-
tropical uplands—including the present study area—that
rural footpaths, cattle trails within pastures, and rural yards
can play a significant role in the generation of overall hill-
slope-scale IOF and accelerated erosion [Rijsdijk and
Bruijnzeel, 1991; Giambelluca, 1996; Purwanto, 1999; Van
Dijk, 2002; Ziegler et al., 2004a, 2004b; Rijsdijk et al.,
2007; Turkelboom et al., 2008; Tobón et al., 2010]. These
highly compacted surfaces can have extremely low surface
infiltrabilities (< 10mmh�1 in many of the examples cited
above) and therefore they can be expected to exhibit a strong
propensity toward producing IOF even during comparatively
low-rainfall intensities (cf. Figures 2b and 5a). For example,
Rijsdijk et al. [2007] reported runoff coefficients of up to 70%
for rural footpaths in the mountains of East Java, Indonesia.
Indeed, in addition to the very low surface infiltrability of the
presently studied footpath (Table 2), median Kfs values at
0.05–0.15m and 0.15–25m depths beneath the footpath were
close to the median value of I5max and well below the 75%
and 95% percentiles of I5max (Figures 5b and 5c), suggesting
frequent occurrence of IOF. Footpath-related IOF can be partic-
ularly harmful in that footpaths, despite their relatively small ar-
eal extent, can contribute disproportionally to catchment-scale
storm runoff and sediment yield [Dunne and Dietrich, 1982;
Ziegler and Giambelluca, 1997; Ziegler et al., 2004b; Cuo
et al., 2006; Turkelboom et al., 2008]. Moreover, the trans-
mission rate of IOF from footpaths to streams can be (very)
fast, owing to their connectivity with and proximity to the
streams. This is particularly true in the densely populated
Middle Mountain Zone within the Himalaya where numer-
ous footpaths typically run steeply uphill from the riparian
zone. Footpath-related IOF is even more critical in the ab-
sence of downslope buffering zones with higher Kfs to
dampen the flow [cf. Ziegler et al., 2004a, 2004b;
Turkelboom et al., 2008]. This was also the case in the present
study area where the footpath was surrounded by degraded
pasture and poorly managed pine forest, both having low sur-
face and near-surface Kfs (Table 2). Collectively, such foot-
path-related IOF in combination with buffering zones of
low-infiltration capacity can be expected to elevate local-scale
flash floods [see examples discussed by Bruijnzeel and
Bremmer, 1989].

5.5. On the Need to Protect the Remaining Natural
Forests of the Middle Mountains

[44] At the other end of the runoff-generation spectrum, the
median surface and near-surface Kfs values in the little
disturbed natural forest (Table 2) were such that even under
conditions of intense rainfall, vertical percolation was indi-
cated as the dominant initial hydrological pathway, only sub-
sequently to become diverted laterally as SSF below 0.15m
depth during the most intense rainfalls (Figures 5c, 5d, and
8d). Therefore, conditions in the natural forest and similarly
well-maintained forests elsewhere in the Himalaya [Pathak
et al., 1984; Gardner and Gerrard, 2003] will encourage
the replenishment of soil water and groundwater reserves
through vertical percolation more than in any of the other
land-cover types studied (Figures 5 and 8d) and thus better
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sustain base flows during the long dry season for community
water supply. The importance of the latter can hardly be
overstated [cf. Merz et al., 2003; Schreier et al., 2006;
Bandhyopadhyay, 2013].
[45] The abundance of macropores arising from the

decomposing activity of soil microflora and fauna associ-
ated with the higher organic matter inputs to the forest floor
in undisturbed forests (cf. Table 1) is considered a prime
reason for the commonly observed high-infiltration capacity
and near-surface Kfs of such forest soils, together with a
well-developed root system [Lal, 1988; Deuchars et al.,
1999; Bonell, 2005; Zimmermann and Elsenbeer, 2008;
Bonell et al., 2010]. The results presently obtained for the
natural forest and pine forest once more illustrate the impor-
tance of a well-developed litter layer and understory vegeta-
tion to hillslope hydrological functioning [cf. Pathak et al.,
1984]. Indeed, the presence of a dense shrub layer and a thick
litter layer were considered to be the chief causal factors of
the observed soil-protective and rainfall-absorbing role of
degraded natural forest studied by Ghimire et al. [2013] in
the Chautara area. Elsewhere in the Middle Mountain Zone,
Tiwari et al. [2009] describe a case where overland flow and
sediment production in a community-managed broad-leaved
forest under a restricted tree pruning and grazing regime
greatly exceeded that in nearby unmanaged forest. Although
pruning and grazing were restricted in the latter forest, ground
cover by undergrowth and litter was much better compared to
the community-managed forest where litter and understory
vegetation were regularly harvested and left the forest floor
unprotected [cf. Coster, 1938; Wiersum, 1985; Tiwari et al.,
2009]. The present results also underscore the hydrological
importance of preserving the remaining natural forests of the
Middle Mountain Zone [cf. Pathak et al., 1984; Negi et al.,
1998; Singh, 2007; Ghimire et al., 2013].

6. Conclusions

[46] To shed more light on the impact of reforesting
degraded hillsides on surface and subsurface hydrological
functioning, field-saturated hydraulic conductivities (Kfs)
were measured in a little disturbed natural forest, a heavily
degraded pasture, an intensively used footpath, and a mature
planted pine forest subject to considerable anthropogenic
pressure in complex and rugged terrain near Dhulikhel,
Central Nepal.
[47] The high surface and near-surface Kfs observed in the

natural forest effectively prevented the occurrence of large-
scale infiltration-excess overland flow (IOF) even for the most
extreme rainfall events. Thus, natural forest favors largely the
vertical percolation and the replenishment of soil water and
groundwater reserves. Conversely, very low surface and
near-surface Kfs were found in the degraded pasture (18–
39mmh�1) and particularly for the footpath (12–26mmh�1)
which encouraged the generation of IOF even during events
with moderate rainfall intensities. The large volumes of
overland flow generated on footpaths and degraded pastures
in the study area can be expected to contribute disproportionally
to local-scale stormflows due to the absence of well-developed
footslope buffer zones of sufficiently high Kfs and the fact that
many footpaths cross steep hillsides, thereby providing rapid
transfer of IOF to the nearest stream.

[48] Various human interventions (notably the regular
collection of litter from the forest floor for animal bedding,
plus understory removal by cattle grazing and fuelwood
harvesting) in the planted pine forest had not allowed any
improvement in Kfs over 25 years. In fact, surface and near-
surface Kfs and IOF volumes in the pine forest had remained
similar to those observed at the nearby degraded pasture site
(i.e., the situation prior to reforestation). Reforestation of
degraded hillslopes per se, therefore, does not guarantee the
improvement of soil infiltration capacity and the restoration
of hillslope hydrological functioning. The corresponding
reduced infiltration must be considered a critical factor—
together with the higher water use of the pine trees compared
to old-growth broad-leaved forest—when interpreting the
presently perceived decline in dry season flows in the
Middle Mountains of Central Nepal.
[49] The present results further illustrate the positive

influence of a well-developed litter layer and understory
vegetation on surface and subsurface hydrological function-
ing. They also bring out the hydrological importance of pre-
serving the remaining old-growth forests of the Middle
Mountain Zone of the Nepalese and Indian Himalaya.
Continued degradation of the remaining old-growth vegeta-
tion and planted forests can be expected to lead to further
increased storm runoff across the zone’s river network
during the main monsoon season due to the corresponding
reduction of surface and shallow subsurface Kfs, which
may, in turn, have a further detrimental effect on already
declining dry season flows because of further impaired
replenishment of soil water and groundwater reserves.
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