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Abstract

This work investigates the trade-off between increases in vegetation water use and
rain water infiltration afforded by soil improvement after reforesting severely degraded
grassland in the Lesser Himalaya of Central Nepal. The hillslope hydrological function-
ing (surface- and sub-soil hydraulic conductivities and overland flow generation) and
the evapotranspiration (rainfall interception and transpiration) of the following contrast-
ing vegetation types were quantified and examined in detail: (i) a nearly undisturbed
natural broad-leaved forest; (ii) a mature, intensively-used pine plantation; and (iii) a
highly degraded pasture. Planting pines increased vegetation water use relative to the
pasture and natural forest situation by 355 and 55 mm year'1, respectively. On bal-
ance, the limited amount of extra infiltration afforded by the pine plantation relative to
the pasture (only 90 mm year'1 due to continued soil degradation associated with reg-
ular harvesting of litter and understory vegetation in the plantation) proved insufficient
to compensate the higher water use of the pines. As such, observed declines in dry
season flows in the study area are thought to reflect the higher water use of the pines
although the effect could be moderated by better forest and soil management promot-
ing infiltration. In contrast, a comparison of the water use of the natural forest and
degraded pasture suggests that replacing the latter by (mature) broad-leaved forest
would (ultimately) have a near-neutral effect on dry season flows as the approximate
gains in infiltration and evaporative losses were very similar (ca. 300myear'1 each).
The results of the present study underscore the need for proper forest management for
optimum hydrological functioning as well as the importance of protecting the remaining
natural forests in the region.
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1 Introduction

The once widely held belief that the presence of a good forest cover invariably ensures
a steady flow of water during prolonged rainless spells due to the forest “sponge” effect
in which wet season rainfall is absorbed and stored for subsequent gradual release dur-
ing the dry season came under severe scrutiny in the early 1980s. Bosch and Hewlett
(1982) reviewed the results from nearly one hundred paired catchment experiments
around the globe and concluded that “no experiments in deliberately reducing vegeta-
tion cover caused reductions in water yield, nor have any deliberate increases in cover
caused increases in yield”. As such, the removal of a dense forest cover was seen to
lead to higher streamflow totals, and reforestation of open lands to a decline in overall
streamflow. These initial results have been confirmed by several subsequent reviews,
both for the (warm-) temperate zone (Stednick, 1996; Brown et al., 2005; Jackson et al.,
2005) and the humid tropics (Bruijnzeel, 1990; Grip et al., 2005; Scott et al., 2005). The
fact that the bulk of the change in streamflow associated with such experiments was
observed during conditions of baseflow (Bosch and Hewlett, 1982; Bruijnzeel, 1989;
Farley et al., 2005) at first sight contradicted the reality of the forest sponge concept,
and its very existence became questioned (Hamilton and King, 1982; Calder, 2005).
Indeed, since the early reviews of Bosch and Hewlett (1982) and Hamilton and King
(1982), many have emphasised the more “negative” aspects of forests, such as their
high water use or inability to prevent extreme flooding (e.g. Calder, 2005; FAO-CIFOR,
2005; Jackson et al., 2005; Kaimowitz, 2005) rather than focus on the positive functions
of a good forest cover, including the marked reduction of surface erosion and shallow
landslip occurrence (Sidle et al., 2006), improved water quality (Bruijnzeel, 2004; Wohl
et al., 2012), moderation of all but the largest peak flows (Roa-Garcia et al., 2011;
Ogden et al., 2013) or carbon sequestration (Farley et al., 2005; Malmer et al., 2010).

At the same time, there is ample evidence of severe and widespread soil degra-
dation after tropical forest conversion to unsustainable forms of land use (Oldeman
et al., 1991; cf. Bai et al., 2008). This is often accompanied by strongly increased
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stormflow volumes during times of rainfall (Bruijnzeel and Bremmer, 1989; Fritsch,
1993; Chandler and Walter, 1998; Zhou et al., 2002) and shortages of water during
extended dry periods (Bartarya, 1989; Madduma Bandara, 1997; Bruijnzeel, 2004;
Tiwari et al., 2011). This effectively reflects the loss of the former “forest sponge” (cf.
Roa-Garcia et al., 2011; Krishnaswamy et al., 2012; Ogden et al., 2013) through criti-
cally reduced replenishment of soil water and groundwater reserves due to lost surface
infiltration opportunities, despite the fact that the lower water use of the post-forest
vegetation should have produced higher streamflows throughout the year (Bruijnzeel,
1986, 1989).

Reforestation of degraded land in the tropics is often conducted in the expectation
that disturbed streamflow regimes (commonly referred to as the “too little — too much
syndrome”: Bartarya, 1989; Schreier et al., 2006) will be restored by the increased
rainfall absorption afforded by soil improvement after tree planting (Scott et al., 2005;
cf. listedt et al., 2007). At the same time, the water use of fast-growing tree plantations
tends to be (much) higher than that of the degraded vegetation they typically replace —
particularly where the trees have access to groundwater (Calder, 1992; Kallarackal and
Somen, 1997). Furthermore, major improvements in the infiltration capacity of severely
degraded soils after tree planting may well take several decades of undisturbed forest
development to fully materialise (Gilmour et al., 1987; Scott et al., 2005; Bonell et al.,
2010). As such, reforesting degraded pasture or shrub land may well cause already
diminished dry season flows to become reduced even further, depending on the net
balance between increases in soil water reserves through improved infiltration vs. de-
creases caused by the higher plant water uptake (the so-called “infiltration trade-off”
hypothesis; Bruijnzeel, 1986, 1989).

Although the overwhelming majority of paired catchment experiments have shown
major decreases in baseflow volumes after the establishment of a tree cover on non-
forested land (Farley et al., 2005) this does not disprove the possibility of enhanced
dry season flows after reforestation. As pointed out by Bruijnzeel (2004) and Malmer
et al. (2010), only three out of the 26 paired catchment studies of the hydrological
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impacts of reforestation reviewed by Jackson et al. (2005) and Farley et al. (2005)
were located in the tropics (where soil degradation tends to be more acute; Oldeman
et al., 1991) whereas none of the experiments represented degraded soil conditions.
In other words, no positive effects of reforestation on soil water intake capacity could
become manifest and the observed reductions in water yield simply reflected the higher
water use of the trees compared to the grasses and scrubs they replaced (cf. Trimble
et al., 1987; Waterloo et al., 1999; Scott and Prinsloo, 2008).

Nevertheless, although direct evidence for the “infiltration trade-off” hypothesis
seemed to be lacking until recently (see below), several hillslope-scale or small-basin
studies of the hydrological impacts of reforesting severely degraded land (discussed
in some detail by Scott et al., 2005) observed reductions in stormflow volumes that
were likely to exceed the estimated corresponding increases in vegetation water use
(cf. Zhang et al., 2004; Sun et al., 2006). Unfortunately, as the catchments involved
in these experiments were either too small or leaky to sustain perennial streamflow,
the expected net positive effect of forestation on dry season flows could not be as-
certained in these cases (Scott et al., 2005; cf. Chandler, 2006). However, recently
published concurrent reductions in stormflow response to rainfall, and positive trends
in baseflow over time since reforesting severely degraded land in South China (Zhou
et al., 2010) and South Korea (Choi and Kim, 2013), or along a forest degradation —
recovery gradient in the western Ghats of India (Krishnaswamy et al., 2012, 2013) are
highly suggestive of a net positive outcome of the infiltration trade-off mechanism.

The Middle Mountain Zone of the Nepalese and Indian Himalayas provides another
case in point regarding the need to restore diminished dry season flows. The rivers
originating in this densely populated part of the mountain range (Singh et al., 1984;
Hrabovsky and Miyan, 1987) are mostly rain-fed and thus do not benefit from increased
water yields from melting glaciers under a changing climate scenario (Bookhagen and
Burbank, 2010; Andermann et al., 2012; Immerzeel et al., 2013). Land surface degra-
dation in the zone has often progressed to a point where rainfall infiltration has be-
come seriously impaired and overland flow is rampant (Bruijnzeel and Bremmer, 1989;
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Gerrard and Gardner, 2002; cf. Ghimire et al., 2013a), with reduced dry season flows
as the result (Bartarya, 1989; Tiwari et al., 2011; Tyagi et al., 2013). Partly in response
to the latter problem, some 23000 ha of severely degraded pastures and shrublands
in the Middle Mountain Zone of Central Nepal were planted to fast-growing coniferous
tree species (mainly Pinus roxburghii and P patula) between 1980 and 2000 (Dis-
trict Forest Offices, Kabhre and Sindhupalchok, unpublished data, 2010). However,
villagers and farmers in Central Nepal have expressed serious concerns about dimin-
ishing spring discharges and dry season flows following the large-scale planting of the
pines (Republica, 2012). Such considerations assume added importance under the
strongly seasonal climatic conditions prevailing in the Middle Mountain Zone where
~ 80 % of the annual rainfall is delivered during the main monsoon (June—September;
Merz, 2004; Bookhagen and Burbank, 2010) and where water during the dry season
is already at a premium (Merz et al., 2003).

There is a dearth of sound experiments in the Himalayan region to ascertain the hy-
drological effects of land use change (reviewed by Bruijnzeel and Bremmer, 1989; Negi,
2002) and indeed for the (sub-) tropics in general with respect to the extent to which re-
forestation of degraded land can improve or even restore diminished dry season flows
(Scott et al., 2005; Zhou et al., 2010; Krishnaswamy et al., 2013; Choi and Kim, 2013).
In view of the difficulty of identifying catchments with a single dominant land cover type
(e.g. forest or grassland) as well as being sufficiently large to support perennial flows
(required for the evaluation of changes in baseflows during the extended dry season)
in this rugged and spatially highly variable terrain (Maharjan et al., 1991; Merz, 2004;
Bookhagen and Burbank, 2006), the present study opted for the “space for time sub-
stitution approach” in which experimental plots with contrasting land-cover types were
studied in terms of their hydrological processes and taking the “infiltration trade-off”
hypothesis as a starting point. Thus, the primary objective of the present study was to
investigate the trade-offs between the changes in water use going from a severely de-
graded pasture to a mature coniferous tree plantation or well-developed broad-leaved
forest on the one hand, and the concurrent increases in soil water reserves afforded by
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improved rainfall infiltration after plantation or forest maturation on the other in a typi-
cally Middle Mountain Zone setting in Central Nepal. Total vegetation water use (evapo-
transpiration, ET), overland flow production and field-saturated soil hydraulic conductiv-
ity profiles with depth were determined in a little disturbed natural broad-leaved forest,
a highly degraded pasture, and a mature planted pine forest near Dhulikhel. The result-
ing data were used to address the central question: “Can successful reforestation of
severely degraded hillslopes in the heavily populated Nepalese Middle Mountain Zone
restore diminished dry season flows?”

2 Methods
2.1 Site description

The Middle Mountain zone or Lesser Himalaya, which is situated between ~ 800 and
~2400ma.m.s.l. (above mean sea level) and which occupies about 30 % of Nepal,
is home to ca. 45 % of the country’s population (based on the 2011 population cen-
sus; http://cbs.gov.np/). The zone is characterized by a complex geology which has re-
sulted in equally complex topography, soil and vegetation patterns (Dobremez, 1976).
The geology of the Central Nepalese Middle Mountains consists chiefly of phyllites,
schists and quartzites (Stocklin and Bhattarai, 1977). Depending on elevation the
climate is humid sub-tropical to warm-temperate and strongly seasonal, with most
of the rain falling between June and September. Rainfall varies with elevation and
exposure to the prevailing monsoonal air masses (Merz, 2004; cf. Bookhagen and
Burbank, 2006). At higher elevations (>2000ma.m.s.l.) a largely evergreen mixed
broad-leaved forest dominated by various chestnuts and oaks (Castanopsis spp., Quer-
cus spp.) and Schima wallichii occurs, with occasional Rhododendron arboreum above
ca. 1500 ma.m.s.l. Due to the prevailing population pressure, much of this species-rich
forest has disappeared (< 10% remaining), except on slopes that are too steep for
agricultural activity (Dobremez, 1976; Merz, 2004).
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The present study was conducted in the Jikhu Khola Catchment (JKC). The
111.4km? JKC (27°35'—27°41'N; 85°32'—85°41'E) is situated approximately 45 km
east of Kathmandu (the Capital of Nepal) along the Araniko Highway in the Kabhre
District between 796 and 2019 ma.m.s.l. (Fig. 1). The general aspect of the catch-
ment is southeast and the topography ranges from flat valleys to steep upland slopes
(Maharjan, 1991). The geology consists of sedimentary rocks affected by various
degrees of metamorphism and includes phyllites, quartzites, and various schists
(Nakarmi, 2000). In general, soils in the upper half of the JKC are Cambisols (FAO,
2007) of loamy texture and moderately well to rapidly drained (Maharjan, 1991).

The climate of the JKC is largely humid sub-tropical, grading to warm-temperate
around 2000ma.m.s.. Mean (xSD) annual rainfall measured at mid-elevation
(1560 ma.m.s.l.) for the period 1993—-1998 was 1487 (+155) mm (Merz, 2004). The
main seasons are the monsoon (June—September), the post-monsoon (October—
November), winter (December—February), and the pre-monsoon (March—May). The
rainy season (Monsoon) begins early June and ends by late September. During the
monsoon about 80 % of the total annual precipitation is delivered. 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). Average
monthly temperatures as measured at 1560 ma.m.s.l. range from 7.7 °C in January to
22.6°C in June while the average monthly relative humidity varies from 55 % in March
to 95 % in September. Strong winds are common during thunderstorms before the on-
set of the main monsoon, but these are momentary and average monthly wind speeds
are always less than 2 ms~' and show only slight seasonal variation. Annual reference
evaporation ET, (Allen et al., 1998) for the period 1993-2000, was 1170 mm (Merz,
2004). Vegetation cover in the catchment consists of ~ 30 % forest (both natural and
planted), 7 % shrubland and 6 % grassland, with the remaining 57 % largely under agri-
culture (Merz, 2004). The JKC was subjected to active reforestation until 2004 as part
of the Nepal-Australia Forestry Project (NAFP).
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— Natural forest: this site (elevation 1500 ma.m.s.l., northwest exposure, average

slope angle 24°) consisted of dense, largely evergreen forest facing little an-
thropogenic pressure. The 14.0 £2.2m high forest had a well-developed under-
story and litter layer. Tree density as measured in May 2011 was 1869 trees ha™,
whereas the average diameter at breast height (DBH) for trees with DBH > 5cm
was 13.6 +4.4 cm and the corresponding basal area 27.1 m?ha~". The forest was
floristically diverse. More than half of the trees consisted of Castanopsis tribu-
loides (65 %) followed by Schima wallichii (16 %), Myrica esculenta (6 %), Rhodo-
dendron arboreum (5%), Quercus lamellosa (4 %) and various other species
(4 %). Although largely evergreen, the natural forest sheds a small proportion
of its leaves towards the end of the dry season (February—March) but recovers
quickly thereafter. For example, the maximum measured leaf area index (LAI, us-
ing a Licor 2000 Plant Canopy Analyzer) was 5.43+0.12 (SD) in September 2011
(i.e. at the end of the rainy season), while corresponding values measured dur-
ing the pre-monsoon period in March, April and early June were 4.52 £0.19,
5.14+£0.09, and 5.32+0.10, respectively. The soil was classified as a Cambisol of
clay loam texture. Clay content varied little with depth between 5 and 100 cm (26—
29 %) as did the sand (24—26 %) and silt (44—48 %) contents. Soil organic carbon
(SOC) declined from 4.10 £ 0.25% at 5—-15cm depth to 0.72 £ 0.13 % between
50 and 100 cm depth. The topsoil had a low bulk density (0.93 + 0.0890m‘3 at
5-15cm). During soil profile excavations and in road exposures, roots were ob-
served to penetrate into the underlying (weathered) bedrock. Depth to bedrock
within the 50m x 50m plot was ca. 2.3 m.
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— Degraded pasture: this site (1620 ma.m.s.l., southeasterly exposure, average

slope angle 18°) has been heavily grazed for more than 150years according
to various local sources and is crossed by numerous footpaths. It is located
~ 2700 m from the natural forest plot (Fig. 1). Numerous patches of compacted or
bare soil surface were evident. The dominant grass and herb species included Im-
perata cylindrica, Saccharum spontaneum, and Ajuga macrosperma. Little or no
grass cover remained at the peak of the dry season (March—May). The Cambisol
underneath the degraded pasture plot had a silty clay texture, with a lower clay
content (12—-19 %) and a higher sand content (34—44 %) than the soil of the natu-
ral forest plot. Because of the intensive grazing and frequent human traffic, topsoil
bulk density in the degraded pasture was significantly higher (1.18 + 0.33gcm_3)
than in the natural forest. Depth to bedrock within the plot was determined at
2.4m.

Pine forest: this former degraded pasture located approximately 400 m from the
studied degraded pasture on a 20° slope of southwesterly exposure was planted
with P roxburghii in 1986. The pine trees were 25 years old at the start of field work
in June 2010. No other tree species were recorded in the plot. An understory was
largely absent as grazing by cattle is common. In addition, the local population
collects the litter for animal bedding and regularly harvests the grassy herb layer.
Pruning of trees for fuelwood, and felling for timber are also common in the pine
forests of the JKC (Schreier et al., 2006; cf. Ghimire et al., 2013a) although the re-
search plots themselves remained free from such major disturbances throughout
the present investigation. Like the dominant trees in the natural broad-leaved for-
est, the evergreen P. roxburghii trees shed a proportion of their needles towards
the end of the dry season but also recovered their foliage fairly quickly thereafter.
The LAI of the pine forest plot was estimated at 2.21 £ 0.10 in September 2011
whereas corresponding values during the pre-monsoon period in March, April and
early June were 2.05+£0.14, 2.15+0.12, and 2.17 £ 0.11, respectively. The stem
density, mean DBH and basal area as measured in May 2011 were 853 trees ha™,
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23.65+3.8cm and 37.6m?ha”’, respectively. The average tree height was esti-
mated at 16.3 + 3.82 m. The Cambisol underneath the pine forest plot had a silty
clay texture, with a lower clay content (11-19 %) and a (much) higher sand content
(40—47 %) than the soil of the natural forest or degraded pasture. Because of the
regular collection of litter and associated exposure of the soil surface to erosive
canopy drip, topsoil organic carbon in the pine forest was much lower (1.7 +£0.3 %)
and bulk density significantly higher (1.24 +0.10 gcm’s) than in the natural forest.
Roots were observed to penetrate into the underlying (weathered) bedrock which
occurred at a depth of ca. 1.5m.

2.2 Field measurements
2.2.1 Environmental monitoring

Environmental conditions were monitored by an automatic weather station located in
the degraded pasture site at a distance of 400 m from the pine forest plot (Fig. 1). Inci-
dent rainfall (P, mm) for each plot was recorded using a tipping bucket rain gauge (Rain
Collector Il, Davis Instruments, USA; 0.2 mm per tip) backed up by a manual gauge
(100 cm2) that was read daily at ca. 08:45LT. Incoming short-wave radiation (A;) was
measured using an SKS 110-pyranometer (Skye Instruments, UK). Air temperature (T,
°C) and relative humidity (RH, percentage of saturation) were measured at 2m height
using a Vaisala HMP45C probe protected against direct sunlight and precipitation by
a radiation shield. Wind speed and wind direction were measured at 3 m height, us-
ing an A100R digital anemometer (Vector Instruments, UK) and W200P potentiometer
(Vector Instruments, UK), respectively. All measurements were recorded at 5 min inter-
vals by a Campbell Scientific Ltd. 23X data-logger. Soil water content at each plot was
measured at depths of 10, 25, 50, and 75cm using TDR sensors (CS616, Campbell
Scientific Ltd.) at 30 min intervals.
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2.2.2 Forest hydrological measurements

Wet canopy evaporation or rainfall interception (£;) was calculated as the difference be-
tween gross rainfall (P) and net rainfall (throughfall + stemflow). Throughfall (Tf, mm) in
the natural and pine forest plots was measured daily using 10 (pine plot) or 15 (natural
forest) funnel-type collectors (154 cm? orifice) that were regularly relocated in a random
manner (cf. Holwerda et al., 2006). In addition, Tf was recorded continuously using
three tilted stainless steel gutters in each plot (200cm x 30cm each). The throughfall
measurements were carried out from 20 June to 9 September 2011 (81 days), thereby
covering the bulk of the 2011 rainy season. Stemflow (Sf, mm) was measured on 10
trees which were representative of the dominant species in the natural forest plot and
similarly on eight trees in the pine forest plot. Stemflow was collected using 10 L buck-
ets connected to flexible polythene tubing fitted around the circumference of the trunk in
a spiral fashion at 1 m from the ground. Stemflow measurements were carried out for 65
days between 28 July and 1 October 2010. Sf was not measured during the 2011 rainy
season. Instead, the average values derived for the 2010 rainy season (expressed as
a fraction of P) were used when estimating and modelling interception losses for 2011.
Annual interception losses were estimated using the revised analytical model of Gash
et al. (1995) which was run on a daily basis for the year between 1 June 2010 and 31
May 2011 using the forest structural and average evaporation model parameters es-
tablished by Ghimire et al. (2012) for the same sites and daily rainfall values as input.
For a more detailed description of the measuring and modeling procedures used in the
derivation of annual totals of Tf, Sf and E;, the reader is referred to Ghimire et al. (2012).

The quantification of tree transpiration (£;) was accomplished by in situ xylem sap
flow rate measurements. Sap flow measurements on individual trees involve the mea-
surement of xylem sap flux density and sap wood cross-sectional area (Granier, 1985;
Lu et al., 2004; Lubczynski, 2009). Sap flux density J,, was measured primarily using
thermal dissipation probes (TDP; Granier, 1985) because of their low cost, easy instal-
lation and overall simplicity, while the heat field deformation method (HFD, Nadezdhina
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et al., 2012), and the heat ratio method (HRM, Burgess et al., 2001) were used in addi-
tion for the purpose of deriving radial sapflow patterns. Sapwood cross-sectional area
was estimated from wood cores using an increment borer at breast height (Grissino-
Mayor, 2003). Long-term monitoring of J, was conducted on nine trees in the natu-
ral forest plot that were considered representative in terms of the dominant species
present and overall size class distribution, and similarly on six trees in the pine forest
plot between June 2010 and May 2011. Radial sap flow patterns were measured us-
ing the HFD method on eight trees in the pine forest and on two C. tribuloides trees
in the natural forest for at least three consecutive days per tree. Similarly, radial sap
flow patterns for two other dominant species (S. wallichii, n = 2; M. esculenta, n = 1)
were derived using the HRM. In addition, a sap flow campaign was held from March
to May 2011 to capture the sap flow of additional trees that were not covered by the
long-term monitoring. A total of 48 additional trees were monitored in the pine forest
(distributed over four additional 30m x 30m plots) vs. 24 trees in the natural forest (two
additional 30m x 30m plots) during this campaign using a single TDP sensor per tree.
Tree-scale measurements of J, were scaled up to the plot level using least-squares re-
gressions between total trunk cross-sectional area and corresponding sapwood area,
relations between sapwood area and Jp, and information on radial changes in Jp for
different tree species before summing the water uptake by all individual trees in a plot
to give stand transpiration. For further details on the measurement of Jg, gap filling and
the scaling exercise the reader is referred to Ghimire (2014).

To obtain approximate annual evapotranspiration (ET) totals for the two forests, the
respective values of wet- and dry canopy evaporation (i.e. £; and E;) were added and
combined with estimates for evaporation from the understory (natural forest only given
the absence of understory vegetation in the pine stand; cf. Ghimire et al., 2013b) and
from the litter layer based on findings obtained at other sites having comparable forest
structural and climatic characteristics. In view of the high LAI of the natural forest (5.4),
its northwesterly exposition and the generally low wind speeds, evaporative contribu-
tions by the understory were expected to be modest. Motzer et al. (2010) determined
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the evaporative fraction contributed by the understory at 20 % of that by the overstory
in a lower montane forest of comparable stature and LAl in Ecuador. This value was
adopted for the Dhulikhel natural forest. Corresponding evaporation from the forest
floor (Es) was considered to be low for the reasons given above and in view of the
strongly seasonal rainfall regime which causes the forest floor to be moist for four
months only. Comparative measurements of Eg in sub-tropical broad-leaved forests
are rare but Kelliher et al. (1992) determined a value of 0.3 mmd~" in a well-watered
New Zealand forest. Translating this finding to the Dhulikhel situation and assuming the
bulk of E to take place during the rainy season (four months) gave an estimated value
of 35mm year‘1. Effectively the same result (36 mm year'1) was obtained when apply-
ing the ratio of Eg to E; derived for the same New Zealand forest (0.18; Kelliher et al.,
1992) to the Dhulikhel forest. Thus, a value of 35 mm year'1 was adopted as a first es-
timate for E in the natural forest. For the more open pine forest (LAI, 2.2), one expects
E, to be somewhat higher than in the nearby natural forest. However, the pine litter is
typically harvested by local people after the main leaf-shedding period (Ghimire et al.,
2013a, b), reducing amounts of litter present and thus its moisture retention capacity.
Further, a substantial fraction of the rainfall in the pine forest runs off as overland flow
(see Results below), reducing E4 even further. Waterloo et al. (1999) determined Eg
in a similarly stocked stand of Pinus caribaea in Fiji at 9 % of the Penman open water
evaporation, E. Applying the same fraction and taking again an effective period of four
rainy months yielded an estimated E; for the Dhulikhel pine forest of ca. 35 mm year'1.

2.2.3 Soil hydraulic conductivity and inferred hillslope hydrological pathways

Field-saturated soil hydraulic conductivity (Kis) (Talsma and Hallam, 1980; Reynolds
et al., 1985) in the respective plots was measured at the hillslope scale, both at the
surface and at depths of 0.05-0.15, 0.15-0.25, 0.25-0.50, and 0.5-1.0m. The K}, at
different depths were subsequently combined with selected percentiles of 5 min max-
imum rainfall intensities (Rlg,44) to infer the dominant hillslope hydrological response
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during intense rainfall following Chappell et al. (2007). A disc permeameter (Perroux
and White, 1988; Mckenzie et al., 2002) was used for the measurement of surface
Kis in the field and a constant-head well permeameter (CHWP; Talsma and Hallam,
1980) for the measurement of K, in deeper layers. Use of the CHWP was restricted to
the dry season to minimise errors from smearing of the auger hole walls (Chappell and
Lancaster, 2007). For a detailed description of the measuring procedures and sampling
strategy, the reader is referred to Ghimire et al. (2013b).

2.2.4 Overland flow

Overland flow at the natural forest, degraded pasture and pine forest sites was moni-
tored between 20 June and 9 September 2011 (i.e. the bulk of the 2011 rainy season)
using a single large (5m x 15m) runoff plot per land-cover type. Runoff was collected in
a gutter funneling the water to a first 180 L collector equipped with a seven-slot divider
system allowing only 1/7th of the spill-over into a second 180 L drum, thereby bringing
the total collector capacity to 1440L (~ 20 mm). 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 08:45 LT. Event runoff volume was calculated by con-
verting the water levels to volumes using a pre-calibrated relationship per drum and
summing up to obtain total runoff volume. Measured overland flow volumes were cor-
rected for direct rainfall inputs into the runoff collecting system. Overland flow volumes
were divided by the projected plot area to give overland flow in mm per event.

2.2.5 Grassland evaporation

The HYDRUS-1 D model for one-dimensional soil water movement (Simtnek et al.,
2008) was used to estimate evaporation from the degraded pasture site. Like most
pastures in the area the site was heavily overgrazed (Gilmour et al., 1987; Ghimire
et al., 2013a, b) and the capacity of the grass to intercept rainfall was considered
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negligible. The HYDRUS-1 D model is based on the modified Richard’s equation. In
this study it was assumed that the gaseous phase plays an unimportant role in the
overall transport of moisture while water flow due to thermal gradients is also neglected
(Simuinek et al., 2008).

The modeling was divided into three parts: (i) model calibration against measured
soil moisture data (1 September—30 November 2010) using inverse modeling, (ii) model
validation using data collected between 1 February and 31 March 2011, and (iii) com-
plete simulation of soil water dynamics and evaporation for the entire annual period (1
June 2010-31 May 2011). The 1 m deep soil column was divided into four schematic
layers as follows: (i) (0-0.15m), (ii) (0.15-0.25m), (iii) (0.25—0.50m), and (iv) (0.50—
1.0m).

The soil physical parameters employed in HYDRUS-1 D include Q, for the residual
water content, and Qg for the saturated water content. Together with the two param-
eters, a and n, describing the shape and range of the soil water retention curve and
the derived relative hydraulic conductivity curve (Van Genuchten, 1980). Other model
parameters include the saturated hydraulic conductivity (K), and /, a pore-connectivity
parameter. All parameters were optimised using inverse methods except for Kg which
was measured separately for each layer in the field using well permeametry as de-
scribed above. The inverse method optimised the parameter values by fitting observed
and modeled soil moisture values using the Marquardt—Levenberg optimisation algo-
rithm. The model was run on an hourly basis. The boundary conditions used in the
model were the atmospheric boundary (soil surface) with surface runoff occurrence,
and free drainage at the lower boundary.
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3 Results
3.1 Evapotranspiration

Figure 2 shows the monthly variation in evapotranspiration (ET) and its two main com-
ponents, rainfall interception and transpiration, for the three land-cover types studied
between 1 June 2010 and 31 May 2011 whereas the respective seasonal and annual
evapotranspiration totals are presented in Table 1.

Although the seasonal patterns for ET were similar between vegetation types,
monthly ET totals were generally highest for the planted pine forest and lowest in the
degraded pasture throughout the monitoring period (Fig. 2). All three sites showed
higher ET rates and monthly totals during the wet season months (June—September)
compared to the dry season months (October—April), with the transitional month of May
(marking the first return of the rains; Fig. 2a) showing intermediate values. Such find-
ings can be attributed largely to the (much) higher frequency of wetting and subsequent
drying (evaporation) during the wet season (cf. Table 1).

As found earlier for monthly ET totals, the annual ET for the planted forest was the
highest for all three vegetation types studied (577 mm), being two and a half times
larger than the annual ET in the degraded pasture (225 mm; Table 1). The annual ET for
the natural forest was 524 mm, which is some 53 mm less than that for the nearby pine
forest but 300 mm higher than the water use of the degraded pasture (Table 1). Whilst
absolute rainfall interception totals did not differ too much between the natural and
the planted forest (31 mm year’1 higher in the broad-leaved forest despite a somewhat
lower rainfall total), both the seasonal and annual transpiration totals were distinctly
higher for the pine forest (Table 1). Wet-season transpiration in the pine forest was
some 20 mm higher vs. 64 mm during the dry season.
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3.2 Soil hydraulic conductivity, overland flow and subsurface flow paths

As expected on the basis of the degree of anthropogenic pressure experienced by
the respective sites, the median surface K;; was lowest for the degraded pasture
(18 mm h‘1) and highest for the natural forest (232 mm h'1), such that the two differed
by more than an order of magnitude (Fig. 3). The most striking feature of the K;; data-
set is that the median Kjg at the surface and in the shallow soil layer in the 25year
old pine forest had remained at the same level as the corresponding values for the
heavily grazed pasture, suggesting the virtually complete absence of biologically medi-
ated macropores in the pine forest soil down to 0.15m depth. At 1.0 m depth, however,
differences in K;; between the respective land-cover types were mostly non-existent
(except for the higher value beneath the pine forest reflecting the much higher sand
content listed in the site description), illustrating the lack of influence exerted by cattle
grazing and human trampling on the deeper soil layers.

Importantly, the surface K in the natural forest exceeded the maximum values of
Rlsmax, suggesting infiltration-excess overland flow (IOF) would never occur at this
site. Nevertheless, some overland flow was recorded (Fig. 4) with a monsoonal to-
tal of 18 mm (22 mm after normalizing for the higher rainfall observed at the other two
sites) representing 2.5 % of incident rainfall and 3.3 % of the corresponding amount of
throughfall. Given the much lower median K;g derived for the 0.05—0.15 m depth interval
in the natural forest (82 mm h‘1; Fig. 3), it cannot be excluded that at least some of the
recorded overland flow was contributed by the saturation-excess type (SOF) (Bonell,
2005). The median surface K;s values in the degraded pasture and pine forest were
below the upper quartile of Rls,,,,, thereby indicating the frequent occurrence of IOF
during high-intensity rainfall (Fig. 2). Indeed, overland flow at the degraded pasture site
was typically generated after 3—4 mm of rain whereas its seasonal overland flow total
amounted to 187 mm (21.3 % of incident rainfall; Fig. 4). Corresponding values for the
pine forest were comparable at 4.2 mm of rain before overland flow would start and
a seasonal total of 136 mm (15.5 % of rainfall and 18.6 % of throughfall; Fig. 4).
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With regard to K in the 0.05-0.15 m layer, the upper quartile of Rl;,,,x €xceeded the
median K;s values at both the degraded pasture and pine forest sites (Fig. 3). At such
rates, the rainfall that percolates to this depth would be capable of developing a perched
water table and so generate lateral subsurface storm flow (SSF) at shallow depth. In
contrast, the corresponding median K;; at the natural forest is still above (or nearly
equal to) most 5min rainfall intensities, thereby favouring mostly vertical percolation
at this site. For the 0.15-0.25 and 0.25-0.50 m depth intervals, the Kjs values in the
natural forest and degraded pasture indicated a similar hydrological response to rainfall,
namely mostly lateral SSF and thus limited vertical percolation during high-intensity
rainfall (cf. Fig. 3). However, the much higher median values of K;; between 0.15 and
0.50 m depth at the pine forest site exceeded the maximum values of Rls,, (Fig. 3) and
thus rather promote vertical percolation. These higher conductivities are likely to reflect
the higher sand content of the soil beneath the pine forest (Ghimire et al., 2013b). The
effect, however, must be counteracted to some extent by the low median surface Kjg in
the pine forest which encourages IOF and restricts the amounts of water percolating to
deeper soil layers. Finally, at 1.0 m depth, the differences in K;; and inferred hydrological
response to rainfall became insignificant between sites (Fig. 3).

3.3 Site water budgets

Combining the above mentioned overland flow percentages for the pine forest and
degraded pasture with a mean annual site rainfall of 1500 mm (Merz, 2004), the dif-
ference in approximate annual IOF between the two land covers represents a gain
in infiltration of approximately 90 mmyear’1 under the planted pine forest relative to
the degraded grass land (Table 2). On the other hand, the relative amounts of sur-
face evaporation/transpiration in the degraded pasture and the pine forest, plus the
added rainfall interception losses from the pine forest suggest a difference in annual
evapotranspiration of ~ 350 mmyear'1 after reforestation and stand maturation (Ta-
ble 2). Thus, the added loss through ET is greatly in excess of the estimated gain in

infiltration of 90 mm year'1 after reforestation causing a net loss of ~ 260 mmyear'1.
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Repeating the exercise for the natural forest (with an estimated annual ET of ~ 525 mm
and very low overland flow production) suggests the approximate gain in infiltration
(285 mmyear'1) and the extra evaporative loss (300 mm year‘1) are both very similar
(Table 2), implying no major change in moisture availability and dry season flow under
mature forest conditions.

4 Discussion and conclusions

4.1 Human impact on forest hydrological functioning — an under-studied
dimension

The results obtained for the respective water balance components suggest that soil wa-
ter replenishment and retention during the monsoon are largely controlled by surface-
and subsurface soil hydraulic conductivities and the resultant partitioning of rainfall into
overland flow, lateral subsurface flow and deep percolation (Table 1, Fig. 3). As long
as rainfall intensities remain below the surface Kjg threshold for overland flow to occur,
soil water reserves are being recharged. However, for intensities above this threshold
a major proportion of the rain is re-directed laterally over the surface as overland flow
and less water is available for soil moisture replenishment. The high surface- and near-
surface Kig in the natural forest (82—232 mm h™") ruled out IOF occurrence and favour
vertical percolation. In contrast, the corresponding K; values for the planted forest and
degraded pasture were conducive to IOF generation during medium- to high-intensity
storms which represents an important net loss of moisture to these hillslopes (Fig. 3,
Table 2).

Marked reductions in surface- and near-surface Kjg after converting tropical forest
to grazed pasture have been observed in many cases (Alegre and Cassel, 1996;
Tomasella and Hodnett, 1996; Deuchars et al., 1999; Zimmerman et al., 2006; Molina
et al., 2007; Tobon et al., 2010) and the Himalayas are no exception (Patnaik and Virdi,
1962; Gilmour et al., 1987; Gerrard and Gardner, 2002; Ghimire et al., 2013a, b). The
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low surface and near-surface K;s reported for grazing conditions is mostly the result
of destroyed macroporosity through trampling by cattle and by the much diminished
soil faunal activity after forest clearing and burning with the associated loss of topsail
organic matter and surface exposure to erosive precipitation (Mclintyre, 1958a, b; Lal,
1988; Deuchars et al., 1999; Colloff et al., 2010; Bonell et al., 2010). Whilst natural
forest regrowth on degraded pasture or planting trees followed by uninterrupted plan-
tation development can be expected to gradually improve the soil water intake capacity
again (Gilmour et al., 1987; listedt et al., 2007; Bonell et al., 2010; Colloff et al., 2010;
Hassler et al., 2011; Perkins et al., 2012), the surface hydraulic conductivity of the in-
tensively used pine forest showed little improvement even 25 years after the trees were
planted (Fig. 3). Clearly, the continued human access, grazing and collection of forest
products (notably litter from the forest floor to be used for animal bedding and compost-
ing; Singh and Sundriyal, 2009; Joshi and Negi, 2011) is having a profound negative
effect on the stand’s hydrological functioning (cf. Ghimire et al., 2013a, b). Thus, the
general expectation of restored surface and near-surface Kig with time after reforesta-
tion (cf. Gilmour et al., 1987; listedt et al., 2007) is in need of modification under the
conditions of high anthropogenic pressure that appear to be the rule rather than the ex-
ception in the Middle Mountain Zone (Singh et al., 1984; Mahat et al., 1987; Singh and
Sundriyal, 2009; Joshi and Negi, 2011) despite claims to the contrary (HURDEC Nepal
and Hobley, 2012). Indeed, if the potential benefits of reforestation such as enhanced
infiltration, and therefore possibly improved replenishment of soil water and ground-
water reserves, are to be realised, then a balance will need to be struck between the
continued usage of the forests by uplanders whose livelihoods are at stake and sus-
tained forest hydrological functioning (Ghimire et al., 2013a). Naturally, this holds for
many other densely populated uplands as well (e.g. Ding et al., 1992; Van Noordwijk
et al., 2001; Forsyth and Walker, 2008; Van Noordwijk and Leimona, 2010).
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4.2 Trade-off between changes in vegetation water use and surface infiltration
after reforestation

The “infiltration trade-off” hypothesis states that the ultimate hydrological effect of refor-
estation in terms of site water yield is determined by the net balance between increases
in soil water reserves afforded by improved soil infiltration vs. decreases caused by the
higher plant water uptake (Bruijnzeel, 1986, 1989). In the absence of direct published
evidence of improved dry season flows after reforestation (Jackson et al., 2005; Farley
et al., 2005) at the time, Scott et al. (2005) discussed a number of tropical studies that
had observed marked reductions in stormflow production at the hillslope (e.g. Zhang
et al., 2004; Chandler and Walter, 1998) or small-basin scale (e.g. Zhou et al., 2002)
after reforesting severely degraded land. They concluded that in a number of cases the
increases in water retention should be more than enough to compensate the estimated
corresponding increases in forest water use (not measured). It is unfortunate that the
catchments involved did not sustain perennial flows and thus the presumed net positive
effect of forestation on dry season flows could not be confirmed (Scott et al., 2005; cf.
Chandler, 2006). Nevertheless, recently published evidence from South China (Zhou
et al., 2010), South Korea (Choi and Kim, 2013) and Southwest India (Krishnaswamy
et al., 2012, 2013) strongly suggests a net positive outcome of the infiltration trade-off
mechanism is possible as long as the initial situation is sufficiently degraded and the
site receives ample rainfall (cf. Bruijnzeel et al., 2013).

Such experimental catchment studies usually comprise measurement of the change
in streamflow following reforestation but generally lack detailed supporting process-
based observations within the catchment undergoing the change (Farley et al., 2005;
Scott et al., 2005). As such, the present process-based work which integrated the
dominant hydrological processes (notably evaporation, infiltration and runoff genera-
tion) to quantify the net hydrological impact of reforestation is a first (cf. Chandler,
2006; Bonell et al., 2010; Krishnaswamy et al., 2013). Comparing the hydrological
behaviour of the three contrasting land-cover types studied here (degraded pasture,
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mature near-undisturbed broad-leaved forest, and a heavily used mature pine planta-
tion) within the context of the infiltration trade-off hypothesis showed that planting pines
increased vegetation water use relative to the pasture situation by ~ 350 mmyear'1
(Table 1). On balance, the limited amount of extra infiltration afforded by the pine trees
(~90mm year‘1) is clearly insufficient to compensate the much higher water use of
the pines, giving a net negative balance of 260 mm year'1 (Table 2, Fig. 4). Pertinently,
the net effect would still have been negative (by ~ 120 mmyear‘1) even if all rainfall
would have been accommodated by the pine forest soil through better forest and soil
management promoting infiltration (cf. Wiersum, 1985). As such, the observed decline
in dry season flows following reforestation in the study area (Republica, 2012) is likely
to primarily reflect the higher water use of the pines (Tables 1 and 2; Fig. 5).

If the degraded pasture were to revert to natural forest instead (with an estimated
annual ET of 525 mm and very limited overland flow production) the ultimate effect on
dry season flows would be expected to be near-neutral as the approximate gain in in-
filtration (~ 285 mmyear'1) and the extra evaporative loss (~ 300 mmyear‘1) are very
similar (Table 2). Effects might be more negative in case the water use of the young
regenerating broad-leaved forest turned out to be enhanced compared to old-growth
forest as found for lowland tropical and warm-temperate forests (Vertessy et al., 2001;
Giambelluca, 2002). Although the present finding of a slightly higher ET (~ 10 %; Ta-
ble 1) for planted forest compared to natural broad-leaved forest is not going to have
major hydrological consequences on an annual basis, the much higher water use of the
pines during the dry season (Table 1, Fig. 1) is likely to result in a corresponding reduc-
tion in water yield upon converting natural broad-leaf forest to pine plantations (Fig. 5),
especially during the more vigorous early growth stage of the pines (Bruijnzeel, 1997;
Scott and Prinsloo, 2008; Alvarado-Barrientos, 2013). The present results further il-
lustrate that the conditions found in the nearly undisturbed natural broad-leaved forest
and in similarly well-maintained forests elsewhere in the Himalaya (Pathak et al., 1984;
Gerrard and Gardner, 2002) will encourage the replenishment of soil water and ground-
water reserves through vertical percolation (geology permitting) more than in any other
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land-cover type studied here (Fig. 5; cf. Chuoi and Kim, 2013; Krishnaswamy et al.,
2013) and so better sustain baseflows during the long dry season. The importance of
the latter in the water-scarce Middle Mountain Zone can hardly be overemphasised
(Merz et al., 2003; Schreier et al., 2006; Bandyopadhyay, 2013).

4.3 Regional implications

The Himalayan river basins are home to about 1.3 billion people and supply water,
food and energy to more than 3 billion people in total (Bandyopadhyay, 2013). Thus,
large-scale changes in Himalayan land use and hydrology will have important regional
consequences. For example, substantial decreases in dry season flows following ad-
vanced surface degradation (Bartarya, 1989; Madduma Bandara, 1997) or large-scale
reforestation (cf. Trimble et al., 1987; Zhou et al., 2010) would affect the availability of
water for millions of people, both those depending directly on agriculture for their liveli-
hoods and downstream city dwellers. Therefore, large-scale reforestation campaigns
and the subsequent use of the planted forests must be based on a sound assessment
of what is to be expected hydrologically (Pefa-Arancibia et al., 2012; Van Dijk et al.,
2012).

The presently observed negative hydrological effect of an apparently long-term trend
of gradual forest degradation in the Nepalese Middle Mountain Zone goes against the
optimistic notion regarding the overall improved quality of Lesser Himalayan forests ex-
pressed by HURDEC and Hobley (2012). However, there is reason to believe that the
situation of over-intensive use of forests and the correspondingly poor soil hydrological
functioning are a rather more widespread phenomenon in Nepal’s Lesser Himalaya.
For example, Gerrard and Gardner (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 further west in Nepal. Although process-based hydro-
logical evidence to this effect from the Indian Himalaya is scarce (Negi, 2002; Tiwari
et al., 2011; Tyagi et al., 2013) the continued over-exploitation of its forest resources
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is well-documented (Singh et al., 1984; Singh and Sundriyal, 2009; Joshi and Negi,
2011). Such situations may significantly reduce the recharge of shallow groundwater
reserves during the monsoon season, thereby potentially decreasing regional dry sea-
son flows (Bartarya, 1989; cf. Andermann et al., 2012).

A key message of the present work thus is the need to protect the remaining natural
forests in headwater areas throughout the Middle Mountain Zone. The present findings
further highlight the need for some form of protection of reforested areas that will enable
the forest soils to realise the enhanced infiltration/percolation benefits envisaged at the
time of planting. Continued degradation of the remaining old-growth forests and planted
forests that are now reaching maturity is likely to cause further increases in overland
flow production during the monsoon season due to the corresponding decline in infiltra-
tion opportunities. This may, in turn, have a further negative effect on already declining
dry season flows and will cause increased hardship to the rural populace (Merz et al.,
2003; Schreier et al., 2006). Finally, and most importantly, the present results point to
the need for balancing the societal and hydrological functions of forests (both planted
and natural) in densely populated uplands. Like elsewhere in Asia (e.g. Tomich et al.,
2004; Hairiah and Van Noordwijk, 2005) agro-forests that contain a variety of tree and
crop species serving a range of uses as opposed to the mono-specific character of
most planted forests (Wallace et al., 2005) represent a viable alternative that is on the
increase in Nepal (Gilmour and Shah, 2012).
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Table 1. Summary of rainfall and estimated evapotranspiration components for a natural broad- 9

leaved forest, a degraded grassland, and a mature planted pine forest near Dhulikhel, Middle between changes in
Mountains, Central Nepal. vegetation water use

O
Natural forest Degraded pasture Pine forest g s Sl
(2]
Wet Dry Total Wet Dry Total Wet Dry Total S
Rainfall 953 378 1331 1084 338 1423 1084 338 1423 S
(P, mm) ®
Transpiration 48 115 163 - - - 78 202 280  |AGSEN
(E¢, mm) -
Interception 203 90 293 - - - 184 78 262 - -
(Ei’ mm) 73
Grassland - - - 128 97 225 - - - 2 ﬁ
evaporation 7
Understory - - 33 - - - - - - e
evaporation (£,s, mm) Y !
I;};ﬁ)roration (Eg, mm) % ) % ) ) ) % ) % -(3 -
s’
Total evapotrans- 286 205 524 128 97 225 297 280 577 . Bak
piration (ET, mm) —‘
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Table 2. Summary of changes in annual evapotranspiration (ET, mm) and overland flow (OF,
mm), and the resultant gains in infiltration (mm) and evaporative losses (mm) when converting
degraded pasture to (heavily used) planted pine forest or (little disturbed) natural broad-leaved
forest near Dhulikhel, Central Nepal. Note that overland flow amounts were calculated for the
mean annual site rainfall of 1500 mm (Merz, 2004). Note also that all the values are rounded
off to the nearest fifth or tenth.

Experimental plot ET OF Gain Loss Overall net effect

(mm) (mm) (mm) (mm) (mm)
Degraded pasture 225 320 - - -
Pine forest 575 230 90 350 -260
Natural forest 525 35 285 300 -15
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Fig. 1. Location of the study sites in the Jikhu Khola Catchment in the Middle Mountains of
Central Nepal.
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Fig. 2. Monthly rainfall, interception and transpiration totals (mm) between 1 June 2010 and 31
May 2011 in (a) natural broad-leaved forest, (b) degraded pasture, and (c) planted pine forest

near Dhulikhel, Central Nepal.
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Fig. 3. Changes in field-saturated hydraulic conductivity K;; with depth as a function of land use
near Dhulikhel, Central Nepal. The dotted and solid horizontal represent the median and 95 %
percentile of Rls,,, rainfall intensity, respectively (modified after Ghimire et al., 2013b).
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Fig. 4. Amounts of rainfall, throughfall and overland flow (mm) during the 2011 monsoon mea-
suring campaign (20 June—9 September) in a natural forest, a degraded pasture, and a mature,
intensively used pine plantation near Dhulikhel, Central Nepal. Note that values for the natural
forest plot were normalized for rainfall amount to allow more direct comparisons.
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Fig. 5. Conceptual diagram of the effect of land-cover transformation on annual total and dry
season flows in the study area as well as other comparable regions with similar land-cover
transformations.
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