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Abstract

The humid tropics are exposed to an unprecedentatemization of agriculture involving
rapid and mixed land-use changes with contrastett@mmental impacts. Afforestation is
often mentioned as an unambiguous solution fooregf ecosystem services and enhancing
biodiversity. One consequence of afforestationhis &lteration of streamflow variability
which controls habitats, water resources and fliglds. We demonstrate that afforestation by
tree planting or by natural forest regeneration icaiice opposite hydrological changes. An
observatory including long-term field measuremenftdine-scale land-use mosaics and of
hydro-meteorological variables has been operatimgseveral headwater catchments in
tropical Southeast Asia since 2000. The GR2M whtdance model repeatedly calibrated
over successive l-year periods, and used in sionlatode with the same year of rainfall
input, allowed the hydrological effect of land-udeange to be isolated from that of rainfall
variability in two of these catchments in Laos afdtnam. Visual inspection of hydrographs,
correlation analyses and trend detection testsvatlocausality between land-use changes and
changes in seasonal streamflow to be ascertaimed.abds, the combination of shifting
cultivation system (alternation of rice and falloahd the gradual increase of teak tree
plantations replacing fallow led to intricate strébow patterns: pluri-annual streamflow
cycles induced by the shifting system, on top ajradual streamflow increase over years
caused by the spread of the plantations. In Vieindma abandonment of continuously
cropped areas combined with patches of mix-treastations led to the natural re-growth of
forest communities followed by a gradual drop ieamflow. Soil infiltrability controlled by
surface crusting is the predominant process explginvhy two modes of afforestation
(natural regeneration versus planting) led to oppashanges in streamflow regime. Given
that commercial tree plantations will continue tepa&nd in the humid tropics, careful
consideration is needed before attributing to thpasitive effects on water and soll

conservation.
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1 Introduction

Although the humid tropics exhibit the highest rafedeforestation and biodiversity losses
globally (Keenan et al., 2015; Hansen et al., 2@r3dshaw et al., 2009), new forests are
regenerating on former agricultural and degradewida and tree plantations are being
established for commercial and restoration purp@stgra et al., 2015). Forest regrowth is
either cyclic like in shifting cultivation systentZiegler et al., 2011; Hurni et al., 2013) or
more permanent. The latter, afforestation, is ttoelypction of forest over an area of open land
either by planting or by allowing natural regenienat If appropriately managed, forest
restoration, or afforestation, can lead to biodiitgrenhancement (Chazdon, 2008), not only
in the forested area but also farther downstreamyesponse to modified hydrological
processes at the hillslope and catchment levelagKet al., 2013). Although important for a
sustainable management of headwater catchmentsutrent understanding of hydrological
processes altered by land-use changes remaingdinmt the tropics (Sidle et al., 2006).
Reasons include the scarcity of long-term field itavimg (Douglas, 1999; Wohl et al., 2012)
and several factors confounding causalities betwlaed use and hydrological changes:
mixed land-use patterns, climate variability anttloment size (Beck et al., 2013; van Dijk et
al., 2012). While it is widely and independentlgagnized that evapotranspiration is a central
driver of basin annual water yield (Brown et alQ03), changes in soil infiltrability also
control groundwater recharge and water uptake bisr(Beck et al., 2013; Bruijnzeel, 2004).
While in most cases, afforestation will reduce atméow (Brown et al., 2005; Calder, 2007),
the opposite or the absence of significant hydiiclabanges are observed in some instances
(Wilcox and Huang, 2010; Hawtree et al., 2015). Tdek of an unequivocal hydrological
response to afforestation feeds controversies drol@ role of forests in controlling river
flows (Andreassian, 2004) and highlights the newdurther research (Calder, 2007). A few
studies have attempted to predict the catchmemé-dogdrological effects of land-cover
changes on streamflow in the humid tropics, mafndyn model-based simulations of land-
use change scenarios (Thanapakpawin et al., 200@rd®la-Claramonte et al., 2010;
Homdee et al., 2011). Hydrological assessmentsdbaseactual data are rare in the humid
tropics (Wohl et al., 2012) and often confined te tplot level (Ziegler et al., 2004;
Podwojewski et al., 2008; Valentin et al., 2008atjifret al., 2012).

Two main approaches are usually deployed to agsmgdand-use changes alter hydrology.

Paired catchment studies establish statisticatioekhips for outflow variables, during a
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calibration period, between two neighbouring catehts ideally similar in geomorphology,
area, land use and climate. Following this calibrgtland-use treatments are applied to one
catchment and changes in the statistical relatipssare indicative of the land treatment
effect on hydrology. Important limitations of th&gproach are the relatively few samples
used for model development, and the spatial vditialof rainfall events between the two
catchments (Zégre et al., 2010). A second appraaablves the calibration of a rainfall-
runoff model in one single catchment. The modefinst calibrated before a land-cover
treatment occurred. The model is then used ast@aVicontrol catchment along with rainfall
observed after the land-cover treatment, in ordeetonstitute runoff as if no change in the
catchment had occurred. An underlying assumptiortHs approach is that the catchment
behaviour is stationary in both the pre-treatmerat post-treatment periods. This assumption
is seldom tested. In addition, very few studiesehéasted the statistical significance of

changes in the relationship between rainfall ambffu(Zégre et al., 2010).
The objectives of our research were to:

1. Monitor inter-annual and long-term changes indlause and hydrology in two
headwater catchments in tropical Southeast Asia, exposed to a gradual conversion of
rainfed rice-based shifting cultivation to teakmiktions in Laos, and one subject to natural
forest regrowth following the abandonment of inteely cultivated hillslopes with cash
crops and patches of mixed-trees plantations itndi®;

2. Use a conceptual monthly lumped rainfall-runafddel repeatedly calibrated over
successive 1-year periods and used in simulatictermath specific rainfall input to generate
cross simulation matrices (Andréassian et al., 00Bese matrices are used to isolate the
hydrological effect of rainfall variability from #t of other environmental changes (e.g. land-

use change, in this article) in each study catchmen

3. Apply correlation analyses and a non-parametend detection test to streamflow
reported in the cross simulation matrices, to ifigage and quantify causal relationships
between land-use changes and changes in the hgaraldehaviour of the study catchments,
and assess whether the hydrological changes digtistdly significant over the whole study

period,

4. Compare the effects of forest plantations artdrabforest regrowth on streamflow in
the two study catchments.
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2 Materials and methods

2.1 Study sites

The two study catchments (Fig. 1) are part of aorey monitoring network named “Multi-

Scale Environmental Change” (MSEQ)itp://msec.obs-mip.fr/located in Southeast Asia
(Valentin et al., 2008b). They are exposed to pital climate influenced by the southwest
monsoon bringing warm and humid air masses duhegatet season (April-September), and
by the northeast monsoon bringing colder dry amnduthe dry season (October-March).
Rainfall is highly seasonal with more than 80% phwal rainfall occurring during the wet
season (Fig. 2). Averaged throughout the periodri(A®01 — March 2014), annual runoff
amounts to about 26-27% of annual rainfall in bedkchments. The two catchments, located
in upland rural areas, have similar size, elevati@nges, mean slopes, mean annual rainfall
and mean annual streamflow (Table 1). Both wergvetéd by smallholder farmers when the

monitoring network started operating in the eap@s.

The Houay Pano catchment in Laos is located ab@krlsouth of Luang Prabang city. It is
representative of a landscape dominated by shiftiigvation, the principal activity in the
uplands of northern Laos. The catchment was flestred of semi-deciduous forest in the late
1960s (Huon et al., 2013) and used for shiftingiwation (crop-fallow rotation). In this
system, one annual crop comprising mainly rainfed (Oryza sativa) with Job’s tears@oix
lacryma-Jobi) and maize {ea mays) as secondary crops, is followed by several ye#érs
natural vegetation regrowth (woody fallow). On ag®, about 30% of the land is cropped in
a given year in this shifting system. The duratidrihe fallow period has declined from an
average of 8.6 years in 1970 to 3.2 years in 20@3Rouw et al., 2015). At the onset of the
land-use monitoring, the shifting cultivation systeexpanded over about 80% of the
catchment area. Non-farmed areas, about 15% ofcabhehment surface area, were split
between patches of mixed deciduous and dry Dipsepoforest, paths and the village. About
5% were occupied by banana trelkga spp) and teak tree plantation§ettona grandisL.).
Tectona grandisL. is an endemic species planted with an averagetgdeid 500 trees/ha and
a typical rotation length of 25-30 years. It islyulleciduous with total defoliation lasting 2-3
months during the dry season. Canopy typically edoafter 3-5 years depending on the
plantation density. In Northern Laos, teak plawiati have expanded quickly over the last
decade (Newby et al., 2014), and specifically fréno 35% of the catchment area in Houay

Pano between 2006 and 2013, encroaching into tee wsed for shifting cultivation. In this

5
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catchment, agriculture has remained largely noatith very limited external inputs such as

fertilizers and pesticides.

The Dong Cao catchment is located in Northern \Aetnabout 50km southwest of Hanoi,
along the eastern side of the Annamite Mountaing@amhe catchment was covered by
lowland primary forest prior to 1970. Paddy riced aarrowroot Colocasia esculenta) were
cultivated only on the foothills and along the msiream. After 1970, because of population
growth, greater food demand and market demandfdtest was cut on the slopes and
replaced by continuous cropping of annual cropiauit external inputs: initially upland rice,
and more recently maize and cassavanihot esculenta). By 1980, all remaining forest had
been cut. After 2000, due to soil exhaustion amdien, declining yields, and governmental
incentives, cassava on the steep slopes was ramdlgced by evergreen tree plantations
(with an average density of about 1600 trees/hagluding acacia Acacia mangium)
(Clément et al., 2007, 2009), eucalyptus (sevgraties), cinnamomum (several species) and
fruit trees (Podwojewski et al.,, 2008). On lessepteslopes, livestock was introduced
replacing cassava. Available land was used eithepésture and partly planted with grass
fodder @racharia ruziziensis) (Podwojewski et al., 2008), or for expanding &R tree
plantations in low densities. Following the receatversion of the main land owner to off-
farm activities, most of the tree plantations andual crops were finally abandoned, leading
to the natural re-growth of forest communities wpgrcentage surface area over the Dong
Cao Catchment nearly doubled between 2001 (45%)281@ (84%). Grazing and other
activities linked to husbandry continue on a snaa#la in the catchment. Water discharged
from the main stream irrigates about 10 ha of paddg located downstream of the
catchment.

2.2 Data collection

Data were collected by IRD (Institut de Rechercharde Développement) and the national
agricultural research institutions from April 20@LMarch 2014 in Laos and from April 2000
to March 2014 in Vietnam. They include records o&ilyd rainfall, reference
evapotranspiration, streamflow and annual landraoaps. Stream water level was measured
at the outlet of each catchment within a V-notchrwey a water level recorder (OTT,
Thalimedes) equipped with a data logger, with 1-mentical precision at 3-minute time
interval. A control rating curve (the relationshyetween water level and discharge) was
determined using the velocity area method at etatlos. In general, streamflow data quality
6
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is very good with rare interruptions in the measwerts (August-November 2001 in
Vietnam) caused by flood destruction of the measerd devices. Daily areal rainfall was
computed using data collected by manual rain gafgee in Vietnam, seven in Laos).
Catchment-scale daily areal rainfall was derivenimfrthe point measurements using the
Thiessen polygons method. Daily reference evapsigation Eto) was estimated following
the Penman-Monteith FAO method applied to metegiosd variables (air temperature, 2m-
high wind speed, relative air humidity, and glokalar radiation) collected by a weather
station (CIMEL, ENERCO 404) installed at mid-hidple in each catchment. Mean monthly

rainfall, runoff and ko, averaged over the study period, are displayédgn?2.

Land use was mapped annually for 13 years (Aprid12March 2014) from detailed field
surveys undertaken each year in October-Novembter, the harvests of annual crops, when
fields are clearly marked and easily accessiblénaut damaging crops. A combination of
GPS and theodolite survey points were used inidl@ fo map boundaries between land-use
units. ArcMap 10.0 was used to estimate the proporbf each land-use unit in each
catchment. The mapping accuracy of land-use boiexla estimated to be within £ 2.5m
(Chaplot et al., 2005). Land-use units covering lggn 1% of the catchment areas are not
reported here. In the Houay Pano catchment in L@issnction was made between fallow of
different ages varying between 1 and 12 years. Safntlee land-use units correspond to the
aggregation of several land uses observed in ¢hd fas detailed thereafter.

In Laos, the unitAnnual crops includes rainfed upland rice, Job’s tears andzeaforest’
includes patches of remaining forest, either mixiediduous or dry Dipterocarpl-year
fallow' and ‘2- to 12-year fallow’ form two distinct land-use units due to differescin soil
surface crusting rates and associated hydrodyneomductivity (Ziegler et al., 2004); Teak
plantations are often associated with annual cohpgg the first two years after planting
(‘ Teak+annual crops) and become a monoculture after canopy closurfeak). ‘ Banana’

corresponds to small banana plantations.

In Vietnam, the unitForest communities combines abandoned farmland that has developed
into an open forest, usually after 5 years of umdised growth, and patches of more
developed secondary foresklixed-trees plantations’ includes acacia, eucalyptus, cinnamon
and fruit trees, both young and mature. These alimms have developed an understorey of
natural vegetationForbs are abandoned farm lands covered by a dense dexba cover of

perennial dicots and grasses, usually developedinw® years since the last cropping;
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‘Annual crops’ include cassava and maizé&odder’ corresponds to the planted exotic grass

Brachariaruziziensis mixed with local grasses.

2.3 Assessment of hydrological changes

The two-parameter monthly lumped water balance m@&R2M was used to investigate
changes in the hydrological behaviour of the twadgt catchments. This model was
empirically developed by Mouelhi et al. (2006) gsia sample of 410 basins under a wide
range of climate conditions. GR2M includes a prdiducstore and a routing store. The model
estimates monthly streamflow from monthly arealnfai and monthly Ero. The two
parameters of the model determine the capacityhefgroduction store and the flow of
underground water exchange. Compared with seveid¢lyvused models, GR2M ranks
amongst the most reliable and robust monthly lumpater balance models (Mouelhi et al.,
2006). For this analysis, like in most hydrologieallyses performed in the Mekong Basin,
each hydrological year starts in April of yean and ends in March of yeat1 (Lacombe et
al., 2010). The model was repeatedly calibratea @2esuccessive 1-year periods from April
2002 to March 2014, thus allowing an initial warm-period for the initiation of the water
level in the two model reservoirs of at least 1ryéidhe Nash-Sutcliffe efficiency criteria
calculated on flowNseg and calculated on the logarithm of floNsging were used for the
evaluation of wet and dry season streamflow simarat respectively. While each of these
two efficiency criteria are calculated with the h2onthly flow values of each 1-year
calibration period (including wet and dry seasomanflow), Nseo and Nseing give more
weight to high and low flow values, respectivelynefefore, the former and the later are
suitable for evaluating high and low flow simulaisy respectively (Pushpalatha et al., 2012).
The nonlinear generalized reduced gradient (GRGhode(Lasdon and Warren, 1979) was
used to determine the values of the two model peier® that maximize the efficiency
criteria. A constraint of a less than 10% bias onual streamflow over each year was applied
to all calibrations using a Branch and Bound mettinad runs the GRG method on a series of
subproblems. This constraint was achieved foralbrations. For each of the two objective
functions, each of the 12 sets of model parameters used to perform simulations over the
other 11 1-year periods (cf. generalized split-dangst from Coron et al., 2012). The annual
variables “wet season streamflow” and “dry seadoeamflow” were defined as the sum of

monthly simulated streamflow over the wet and theskason, respectively. This procedure
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resulted in two 12-by-12 cross-simulation matrioelydrological variablesj for each study

catchment (Fig. 3).

In a given matrix, each columr(j O N | 1<j < 12) corresponds to a set of model parameters
M; capturing the hydrological conditions of the catemt that prevailed during yejarin each
rowi (i ON|1<i<12), streamflow was simulated with rainfall froraayi. Flow variations
between columns for a given row are not rainfdikiesd and reflect other environmental
changes (e.g. land-use change). Flow variationsdmat rows for a given column result from
inter-annual rainfall variability. Variations inrsulated streamflow between the columns of
the matrices were plotted against time. In thesaulsitions, rainfall input to the model is
similar each year and corresponds to the year agthal rainfall exhibiting median annual
depth over the study period (years 2004 in Laosyaadt 2012 in Vietnam, cf. Fig. 4). The
inter-annual variations in simulated streamflowustrate changes in the hydrological
behaviour of the study catchments under stabléatbronditions (Houay Pano catchment in
Fig. 5 a, b and Dong Cao catchment in Fig. 6 albg. objective of this simulation protocol is
to isolate the hydrological effect of rainfall vaility from that of other environmental
disturbances and verify the hydrological influeméeactual land-use changes by comparing
Fig. 5a, b and Fig. 6a, b with Fig. 5¢c and Fig.réspectively, showing temporal variations in
land-use patterns.

Following the approach proposed by Andreassian l.et(2803), the calculation of the

statistical significance of gradual changes in lwatent behaviour was based on cross-
simulation matrices similar to the one illustratad=ig. 3. Each of the two original matrices
was resampled 10,000 times by permuting columnsekoh original and permuted matrix,

the statistic S was calculated using Eq. (1).

S= Zu SVAE CI,, qu Z?:Hl(qij _qii)J Equation 1

whereqjj is the streamflow value found in tit& row and thg™ column of the matrix. Under
the null hypothesis tlof absence of unidirectional trend in the hydratagbehaviour of the
catchment, the value of S associated to the otignadrix should be close to zero. A negative
(respectively, positive) S values correspond toearehse (respectively, increase) trend in
basin water yield. The p-value of a negative (respely, positive) trend is equivalent to the
non-exceedence (respectively, exceedence) frequirheg original S values compared to the

range of S values derived from the permuted mairice
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3 Results

3.1 Hydrological changes according to measured variables and cross

simulation test

Annual rainfall and runoff variations are consishkgrcorrelated in Laosr€0.71, F-test p-
value=0.001) and Vietnam=0.59, F-test p-value=0.04). Rainfall and runoffd¢o decrease
from 2001 to 2009 and to increase from 2009 to 2@lthe two catchments, with a few
singular years (e.g. lower rainfall and runoff imewham in 2002; higher runoff in Laos in
2011) (Fig. 4). In Laos, the annual runoff coetfiiti C (C=annual runoff/annual rainfall)
gradually declines from 2001 (34.5%) to 2009 (13.%%d then increases until 2013 (31.1%),
with local peaks in 2003 (34.5%), 2008 (28.8%) a0d1 (58.9%). In VietnanC exhibits
greater inter-annual variability than in Laos wéih overall declining trend, from about 48.5%
over the years 2002 and 2003 to 19.2% over thesy2@t2 and 2013 (Fig. 4). Consistently,
the non-parametric cross-simulation test appliedvéd and dry season streamflow did not
reveal any significant trend in catchment behaviauraos over the simulation period 2002-
2013: p-values=0.48 and 0.33 for the wet and dagae streamflow, respectively. In contrast,
a highly significant reduction of the basin watezl¢ was observed in Vietham over the same

period: p-values=0.03 and 0.01 for the wet andseé@gson streamflow, respectively.

3.2 Simulated streamflow and land-use changes in the Houay Pano
catchment, Laos

Annual values oNseq andNseng averaged over the whole study periods are higla%and
86.6%, respectively. The lowest annual values wétained in 2008Nseng=74.0) and 2009
(Nseg=69.1). Fig. 5 shows that the cumulated percentdgrirface area under annual crops,
1-year fallow and teak plantations (materializedtihy black bold solid curve) is positively
correlated to the variations in simulated wet ang skason streamflow=0.49, F-test p-
value = 0.09 and=0.77, F-test p-value = 0.00, respectively). Anyestcombinations of land-
use units led to lower correlation between cumdlgtercentages of surface area and seasonal
simulated streamflow. Quantitatively, between 2@08 2003, simulated wet and dry season
streamflow increased by 21mm and 29mm, respectigher the same period, the cumulated
surface area of annual crops, 1-year fallow an# f@antations increased from 45.2% to
61.7% of the catchment area. From 2003 to 2006¢tineulated percentage area of annual

crops, 1l-year fallow and teak plantations decredasetlB.3% while simulated wet and dry

10
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season streamflow decreased by 129mm and 64mnectesgy. The main land-use changes
that occurred during the first sub-period (2002@0hvolve cyclic alternations between

rainfed rice that is cropped one year, and fallap/ o 6 consecutive years), which are typical
land uses of the shifting cultivation system thagvails in the uplands of Laos. The second
sub-period (2006-2013) is characterized by a caation of the same shifting cultivation

dynamic, yet with cycles of slightly lower magnitudThe main change observed over this
second sub-period is a gradual spread of teak gilans, with their total surface area

increasing from 3.3% to 35.1% of the catchmenthwitcorresponding decline in the area of
shifting cultivation. From 2006 to 2008, the cuntathpercentage area of annual crops, 1-
year fallow and teak plantations increased fron3%8to 54.0% while simulated wet and dry

season streamflow increased by 115mm and 36mnectgply. Between 2008 and 2009, the
cumulated percentage area of annual crops, 1-g#awfand teak plantations decreased from
54.0% to 44.2% while simulated wet and dry seasmrasflow decreased by 113mm and
28mm, respectively. Consistently, from 2010 to 2ah& cumulated percentage of the same
land-use units increased from 51.0% to 67.6% wdiiteulated wet and dry season streamflow
increased by 442mm and 72mm, respectively. Conerf®m 2011 to 2013, the same

cumulated percentage decreased to 54.5% while naetiey season streamflow decreased by

356mm and 50mm, respectively (Fig. 5).

Over the first sub-period (2002-2006), on average, increase (decrease) wfin the
cumulated percentage of area under annual cropslamhr fallow induces an increase
(decrease) of 2.90mm and 1.48 mm in wet and dry season streamflow, respectiv@eiyer
the second sub-period (2007-2013), on averagemimgnitude of the flow response to an
increase (decrease) win the cumulate percentage of area under annapkcd-year fallow
and teak plantations is greater: 1XT@m and 3.3& mm in wet and dry season streamflow,

respectively (Fig. 7 a,b).

3.3 Simulated streamflow and land-use changes in the Dong Cao catchment,

Vietnam

Annual values oNseq andNseng averaged over the whole study periods are higl29%8%nd
88.0%, respectively. The lowest annual values webtained in 2008Nseg=57.2) and 2010
(Nseing=69.3). Fig. 6 shows that the cumulated percenthgarface area under annual crops,
forbs and fodder (materialized by the black bolddsourve) is positively correlated to the
variations in simulated wet and dry season streamfime-lagged by one year/0.56, F-test

11
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p-value = 0.06 and=0.82, F-test p-value = 0.00, respectively) (Fig, d). Like in Laos, any
other combinations of land-use units led to lowarelation between cumulated percentages
of surface area and seasonal simulated streamifiasvinteresting to note that these land-use
units are all herbaceous covers, in contrast wikh Wwoody land-use units ‘mixed-trees
plantations' and ‘forest communities‘ appearingabthe black bold solive curve in Fig. 6c¢.
Quantitatively, Fig. 6 a, b shows an overall reguctof simulated wet and dry season
streamflow from 2002-2003 to 2012-2013 (-435mm &8Mmm, respectively). From 2002 to
2004, simulated wet and dry season streamflow emtlby 272mm and 44mm, respectively,
following the reduction of non-woody vegetation eo¥yrom 40% to 29% between 2001 and
2003. From 2004 to 2006, simulated streamflow latineely stable, in accordance with the
relative stability in the percentage of areas unamr-woody cover over the period (2003-
2005). The drop in simulated wet and dry streamfiov2007 (down to 275mm and 15mm,
respectively) follows a drop in the percentage i@aa under non-woody cover to 11% in
2006. The period (2008-2010), exhibiting slightlyeater simulated wet and dry season
streamflow, up to 504mm and 28mm, respectivelyloted a period (2007-2009) with a
greater percentage of areas under non-woody coyeto( 24%). Afterwards, the percentage
of area under non-woody cover and simulated wetdagdseason streamflow decline again,
to 11%, and 161mm and 10mm, respectively. Oversthdy period, the year 2009 exhibits
the lowest annual rainfall depths (Fig. 4), poss#éatplaining the discordance between land-
uses changes and simulated wet season streamfithigiparticular year (cf. Fig. 6 and Sect.
4.4).

4 Discussion

4.1 Land-use changes and hydrological processes in the Houay Pano

catchment, Laos

Fig. 5 and 7a, b indicate that catchment streamfiswpredominantly produced by the
following land-use units: annual crops, 1-yeardalland teak plantations while 2- to 12-year
fallow, forest and banana plantations make a coatpaty lower contribution to annual

streamflow production. In agreement with these olamns, Ribolzi et al. (2008) determined
a negative correlation between the percentage e ander total fallow and annual runoff
coefficients in the same catchment over the pe?i@d2-2006. However, the authors could
not ascertain the causality between these two blasabecause the possible effect of rainfall
variability (gradual decline of annual rainfall 02002 to 2006, cf. Fig. 4a) on streamflow
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was not isolated from that of land-use change (gabdecline of total fallow areas from 2002
to 2006, cf. Fig. 5c¢).

The contrasting hydrological behavior of areas wratmual crops and 1-year fallow, on the
one hand, and areas under 2- to 12-year fallowtherother hand, observed at the catchment
level, are consistent with local observations. gsiaveral 1-rimicroplot experiments in the
Houay Pano catchment, Patin et al. (2012) showatdsthil under annual crops (rice) exhibit
rates of soil surface crusting that are much highbout 50% of the microplot surface area)
than those observed under old fallow (about 10%hefmicroplot surface area). The authors
showed that soil infiltrability decreases as theél sarface crusting rate increases, thus
explaining the lower overland flow productivity 8f to 12-year fallow, compared to that of
annual crops. Due to the low faunal activity anel dbsence of tillage in the upland rice-based
cultivation systems, the high rates of crustinge rpersist during the first year of fallow
(Ziegler et al., 2004), thus explaining similar hyldgical behaviours of annual crops and 1-
year fallow. While infiltrability increased as falw aged, its developing leaf area and root
system also contributed to lower streamflow atdhtethment outlet (cf. period 2003-2006 in
Fig. 5). The fraction of incident rainfall interded by the canopy and subsequently
evaporated increased while larger volumes of natiétdd water were redirected by
transpiration. The increased root water uptake gedigroundwater recharge and subsurface
water reserves; it also lowered the water tablecédimiting stream feeding by shallow
groundwater. This groundwater depletion led toadn the annual stream water yield due to

a decrease in wet season inter-storm flow and eligan base flow (Ribolzi et al., 2008).

The hydrological processes involved in the coneersf the rice-based shifting cultivation
system to teak plantations are less intuitive. Tiea&s can develop relatively high leaf area
index (Vyas et al., 2010), deep and dense rooesysiCalder et al., 1997; Maeght, 2014),
l.e. traits consistent with a high water uptake dwapotranspiration. To that extent, their
hydrological impact should be similar to that ofildev during the wet season. However, the
facts that 1) under young teak trees, the inter-ap@a is cultivated with annual crops with
high rate of soil surface crusting 2) the largevésaof mature teak trees concentrate rainfall
into big drops that hit the soil with increasedékin energy hence forming surface crusts and
3) most farmers intentionally keep the soil bardarmrmature teak trees by recurrent burning
of the understorey, create the conditions for is¢errosion that induces features such as

gullies, raised pedestals and root exposure. Ssgipre of the understorey led to the

13



© 00 N O O A W N P

e
N B O

13
14
15
16
17
18
19
20
21

22
23

24
25
26
27
28
29
30
31
32

formation of impervious crusts that limited infdtron and in turn increased Hortonian
overland flow and erosion, as typically observetkak plantations where fires are a common
phenomenon (Fernandez-Moya et al., 2014). Theseepses were quantified at the #-m
microplot level by Patin et al. (2012) in the HouRgno catchment. Median infiltrability
measured in teak plantations (18mm.h9Ywras nearly four times lower than that measured in
fallow (74mm.hout), and equivalent to that measured in rice field®nfm.hout).
Compared to the dense fallow vegetation that resngiaen during the dry season, teak trees
shed their leaves during the dry season, primarilyresponse to the gradual drop in
precipitations and temperature (Abramoff and Fi2£i15), thus reducing transpiration and
increasing dry season streamflow. The low infiliigband limited root water uptake during
the dry season explains the increasing wet andsdagon streamflow as teak plantations
expanded over the catchment between 2006 and Eid.3H(and 7a, b).

No local measurement of infiltrability and soil &age crust was performed under the natural
forest areas in the Houay Pano catchment. Therdatasenot possible to conclusively prove
their contribution to the catchment outflows. Howegworrelation analyses showed that this
land-use unit behaves hydrologically like 2- toyear fallow (cf. the position of this land-use
unit above the black bold solid curve in Fig. 5€his is in accordance with Brown et al.
(2005) and with our findings in Vietnam (cf. Seét2, Fig. 6 and Fig. 7c, d), showing that
sparcer (denser) natural vegetation cover incre@sdaces) streamflow. Finally, it should be
noted that the area covered with banana trees nechaitable over the study period and had

no discernable effect on streamflow variations.

4.2 Land-use changes and hydrological processes in the Dong Cao

catchment, Vietham

Fig. 6 and Fig. 7c, d indicate that catchment stftsw is predominantly produced over
herbaceous land-use units (Annual crops, ForbsFaxder), while tree-based land-use units
(Mixed-trees plantations and Forest communitiej@reacomparatively lower contribution to
streamflow (cf. the location of these land-usesialove or below the black bold solid curve
in Fig. 6¢). These differences are consistent Wital observations. Deploying several 2-m
microplots experiments in the Dong Cao catchmeri2d@4 and 2005Podwojewskiet al.
(2008) showed that mean annwalrface runoff coefficients under Annual crops %),
Fodder (5.9%) and Forbs (referred to as “fallowPladwojewskiet al. 2008 (5.1%), were
higher than those of eucalyptus (2.0%) and othes-lrased covers (1.4%) including mixed-
14
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trees plantations and forest communiti@gplying controlled artificial rainfall (two evenisf
90mm.hout! over 40 minutes each) on several 1microplots in the Dong Cao catchment,
Janeau et al. (2014) showed that the accumulafitities under anAcacia mangium planted

forest cover decreased the runoff coefficient b%50

Two types of land-use successions occurred in thegBCao catchment: i/ from annual crops
and fodder to forbs and finally to forest commuastiii/ from mixed-trees plantations to
forest communities (Fig. 6¢). These land-use chsauage the result of afforestation by natural
regeneration in both abandoned fields and negletted plantations, respectively. As
indicated in Podwojewski et al. (2008), these ratsuccessions are converging on lower
surface runoff coefficients caused by increaseiltrability, allowing the evapotranspiration
of larger volumes of sub-surface and ground wéerugh denser and deeper root system and
denser tree canopy (Dunin et al., 2007; Ribolzalet2008). This explains the decrease in
simulated wet and dry season streamflow at thehosat level (Fig. 6a, b) from 2002 to
2013.The visual comparison of the simulated streamflonetseries (Fig. 6a, b) with the
time series of land use (Fig. 6c¢) indicates a I-y@aay in the response of seasonal
streamflow to land-use changes, which is confirfgdorrelation analyses (Fig. 7c, d). This
delay is already known from a number of catchmeqieements globally. Brown et al.
(2005) showed that annual water yield altered bgdbregrowth experiments takes more time
to reach a new equilibrium, compared to deforemtagxperiments that usually induce
quicker hydrological responses. In Laos, no tintgevieas observed between land-use changes
and changes in simulated streamflow (Fig. 5) bexdhis temporality was already accounted
for in the difference made between 1-year fallowd & to 12-year fallow exhibiting
contrasting soil surface crusting rates and irfidthity.

The reduction of the Dong Cao catchment water yoeier the full study period is equivalent
to a reduction of about 165 008r(830mm) during the wet season and 30 3DBOMM)
during the dry season. While the dry season stleamfeduction may have negative
consequence on irrigated rice located downstrearthefcatchment, the reduction in wet
season streamflow is expected to contribute toedsed flood risk. The overall reduction in
streamflow over the study period could be integmtes a recovery of hydrological status
prevailing prior to 1970 when the catchment wasecest by lowland primary forest with
evapotranspiration likely greater and streamfloadpiction likely lower than that observed in
the early 2000s.
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4.3 Comparison of the relationships between land-use changes and changes

in hydrological behaviour in the two study catchments

The dynamics of land-use changes in the Houay Ratchment, Laos, involved cyclic
patterns (landscape dominated by shifting cultoratand teak plantation expansion) whose
hydrological effects would remain undetected if Wwad restricted our analysis to the
statistical detection of gradual and unidirectioct@nge in the rainfall-runoff relationship (p-
values>0.3, cf. Sect. 3.1) over the whole studyoperas it is often done in hydrological
impact assessments. In contrast, the same teseadpupler the same period has resulted in
highly significant changes in the Dong Cao catchim€ietnam, (p-values<0.03) because the
land-use transition to forest was unidirectionakrothe whole study period. These results
highlight the need to measure and assess the dnteral co-variability of land use and

streamflow at the finest temporal scale when agsgsbanges in catchment behaviour.

Two main types of land-use change in the Houay Rambchment had different hydrological
impacts: i/ the transition from [2- to 12-year &all + forest] to [annual crops + 1-year
fallow]; ii/ the transition from [2- to 12-year falv + forest] to [annual crops + 1-year fallow
+ teak plantations]. The first (observed over 2@Q006) induced increases in simulated
seasonal streamflow lower than those induced byséitend (observed over 2006-2013), as
illustrated by the different slopes of the regresdines in Fig. 7a, b. Thus, teak plantations,
recently introduced to replace traditional ricedshsshifting cultivation systems, are
generating more runoff than was generated by aroropk and 1-year fallow. This difference
did not appear in the average values of infiltigpibbtained by Patin et al. (2012) at the
microplot level: 18mm/h and 19mm/h for teak plaiotas and rice fields, respectively. The
microplot measurements were performed before 20dlle the major catchment-wide
hydrological effects of the spread of teak plaotadi occurred in 2011 (Fig. 5), suggesting
that Hortonian overland flow has increased overemegears in the teak plantations, in
response to increased erosion processes and ssedsl@aused by the recurrent burning and
clearing of the plantation understorey. This efigcland-use conversion on the hydrology of
headwater catchment is expected to have detrimefitats on downstream river ecosystems
and related biodiversity, not only through a chamgstreamflow variability but also with the

enhanced erosion and flow sediment transport.

The hydrological effect of this modern land conuansan Laos is of the same magnitude (but

in the opposite direction) as that caused by tmwesion of young herbaceous cover (annual

16



© 00 N O O A W N P

el o
AN W N P O

15

16
17
18
19
20
21
22
23
24

25
26
27
28
29
30
31
32

crops, forbs and fodder) to naturally regeneratieg-based covers in Vietham (mixed-trees
plantations and forest communities). In the twontoas, the conversion of young herbaceous
cover and tree plantations to old fallow and/oestrover 1% of the catchment induced wet
and dry seasons streamflow reductions of about2b®ri and 1.5-3.5mm, respectively (cf.
the coefficients of the linear regressions in Fig, ¢ and Fig. 7b, d, respectively). Assuming
the linearity of these relationships, the averagéergnce between actual annual
evapotranspiration of the two land uses (pre- andt-ponversion) is ranging between
100*(10+1.5) and 100*(12+3.5) millimeters, i.e. D15550mm, which is of the same order of
magnitude as typical evapotranspiration of tropifmiest in continental Southeast Asia
(Tanaka et al., 2008). This comparison indicates tie evapotranspiration of the studied tree
plantations (which could theoretically surpass thfathe young herbaceous cover because of
potentially deaper root system and denser leaf iadx) is likely limited by the soil water
availability in accordance with the low infiltralhy rates previoulsy measured at the

microplot level.

4.4 Reliability of the results

A 2-parameter monthly lumped rainfall-runoff modeds used to investigate the relationship
between land use and catchment hydrology. Thisoagpr presents some limitations. For
instance, land-use changes occurring within or idetof the riparian area and their
hydrological effects were not differentiated. Tipatsal patterns of the land-use mosaics (e.qg.
area, layout and connectivity of the patches) wereaccounted. This simplification limits
our understanding of the processes underlying aimdall-runoff transformation. However,
the model efficiently captured the gradual changdke catchments’ behaviour (mean values
of Nseg and Nseing > 86%) which proved to be significantly (0.00<gues<0.08) and

consistently correlated to highly variable land-pagéterns.

It could be argued that 1-year calibrations arestoart for the model to accurately capture the
hydrological behaviour of the catchment. This steet would be valid in the context of a
more classical split-sample test including a calibn and a validation period where the
model is used as a predictor. This procedure assuha¢ the catchment is hydrologically
stable over these two sub-periods. In our approtwh rainfall-runoff model was used to
capture gradual changes in hydrological behaviauorder to verify if these changes are
caused by actual changes in land-use conditionth Wis aim, minimizing the duration of
the calibration periods to one year allowed maxingzhe dependency between the model
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parameters and the corresponding land-use patteapped annually. This approach proved
to be appropriate given the high inter-annual \mlitg of land use (Fig. 5 and 6), and the
significance of the correlations between land use sireamflow simulated with the different
calibrated models (Fig. 5, 6, and 7). However, e-pear calibration may result into a model
that performs well under the specific climate ctiods of the calibration year only.
Simulation biases usually increase when the madeln under climate conditions different
from calibration conditions (Coron et al. 2012)dlpossibly hampering the detection of the
hydrological changes illustrated in Fig. 5 and 6.duantify this bias, GR2M was calibrated
over the two-year period (2012-2013) in the Don@ C€atchment where land use remained
relatively stable between 2011 and 2013 (Fig. @d)e rainfall years 2012 and 2013
correspond to the median (1421mm) and the wetfi38mm) years, respectively, of the
study period (2002-2013) (Fig. 4). Therefore, thwe-year period exhibiting stable land use
but contrasting rainfall conditions is well suitexdinvestigate the effect of rainfall variability
and calibration duration on model efficiency. Theean relative difference between
streamflow simulated by this model and by the med=llibrated over the 1-year periods
2012 and 2013 (the 3 models use the same 2012ageeainfall input) approximates this
simulation bias which was found to be higher foe thet season (20%) than for the dry
season (2%). Overall, these biases are neglighigared to the major hydrological changes
observed in the two study catchments: 67% wet seageamflow reduction and 84% dry
season streamflow reduction over the study pemothé Dong Cao catchment; 100% wet
season streamflow increase and 650% dry seasammdlogv increase in the Houay Pano
catchment between 2007 and 2011. In contrast, @agon streamflow over the period 2002-
2006 in the Houay Pano catchment (Fig. 5a) exhthislowest inter-annual variations for a
5-year period in the study catchments, with a c¢ciefit of variation (11%) lower than the
20% bias estimated for the wet season simulatiodg;ating a possibly significant modelling
artefact. However, these streamflow variationssagaificantly and consistently correlated to
land-use change over this short period (Fig. A@ggsesting negligible biases even for these
slightest streamflow variations. The main discreyanetween simulate streamflow and land
use was observed during the 2009 wet season indhg Cao catchment. In 2009, simulated
streamflow is equivalent to about one third of timaR008 and 2010, while no major change
in land use apparently explains this drop. Thigmsancy could originate from a simulation
bias because 2009 was the driest year of the gteidyd (Fig. 4).
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5 Conclusion

Our results show that the land-use effects on soiface properties and infiltrability,
previously quantified in 1fmicro-plots, are reconcilable with the hydrologibahaviour of
the study catchments, at a scale six orders of iuagnlarger. These findings indicate that
land use - i.e. the way the vegetation cover is agad (e.g. recurrent burning of the
understorey of teak tree plantations) - exertsrdrobon streamflow production greater than
land-cover (i.e. theoretical evapotranspiration rabieristics of the vegetation). Another
approach to assess the hydrological impacts of -lsed changes typically involves
physically-based and distributed hydrologic mod@lsr analysis demonstrates that this other
category of models necessarily needs to accourdhfanges in soil properties following land
conversions in order to efficiently simulate thaltological effects of land-use changes.

According to the most recent Global Forest Resaussessment (FAO, 2015), Laos and
Vietnam are listed among the 13 countries globaltyjch were likely to have passed through
a national forest transition between 1990 and 204, a switch from net forest loss to net
forest expansion (Keenan et al., 2015). Our armlggsiemplifies the diverse impacts this
forest expansion can have on streamflow, and howait lead to extreme, yet opposite,
hydrological changes, depending on how the newtgtdished tree-based cover is managed.
The conversion of rice-based shifting cultivationtéak plantations in Laos led to increased
seasonal streamflow. The conversion of annual caopsmixed-trees plantations to naturally
re-growing forest in Vietham led to decreased seasstreamflow. Considering that
commercial tree plantations will continue to expamd the humid tropics, careful
consideration is needed before attributing to thpasitive effects on water and soll

conservation.
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Table

Table 1. Catchments characteristics

Country Laos Vietnam
Catchment name Houay Pano Dong Cao
Province Luang Prabang Hoa Binh
Latitude 19°51'10" N 20°57°40" N
Longitude 102°10'45" E 105°29'10" E
Catchment size 60.2 ha 49.7 ha
Elevation range 430-718 m 130 -482m
Mean slope 48% 40%
Mean annual rainfall 1585 mm 1556 mm
Mean annual

streamflow 418 mm 415 mm
Geology Shale, schist Schist
Soils Alfisol, Entisol Ultisol Ultisol
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Figure 1. The two study catchments of the MSEC agtvand their land use in 2013
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