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Abstract

The humid tropics are exposed to an unprecedentetemization of agriculture involving
rapid and hight+-mixed land-use changes with contrasted environrheimagpacts.
Afforestation is often mentioned as an unambigusmigtion for restoring ecosystem services
and enhancing biodiversity. One consequence ofesfation is the alteration of streamflow
variability which controkling habitats, water resources and flood risks. We destnate that
afforestation by tree planting or by natural foresigeneration can induce opposite
hydrological changes. An observatory including ktegn field measurements of fine-scale
land-use mosaics and of hydro-meteorological véefathas been operating in several
headwater catchments in tropical Southeast AsiaesBO®L. The GR2M water balance
model repeatedly calibrated over successive 1qyedods, and used in simulation mode with
the same year efspecifrainfall input, allowed the hydrological effect laind-use change to
be isolated from that of rainfall variability in onof these catchments in Laos and Vietnam.
Visual inspection of hydrographs, correlation apafy and trend detection tests allowed
causality between land-use changes and changessorsabireanflows to be ascertained. In
Laos, the combination of shifting cultivation systéalternation of rice and fallow) and the
gradual increase of teak tree plantations replafatow; led to intricatestreanflow patterns:
pluri-annualstreanflow cycles induced by the shifting system, on ¢d@ graduaktreanflow
increase over years caused by the spread of théaptas. In Vietnam, the abandonment of
continuously cropped areasixed combinedvith patches ofmix-trees plantations led to the
natural re-growth of forest communities followed hygradual drop in streamflow. Soil
infiltrability controlled by surface crusting is éhpredominant process explaining why two

modes of afforestation (natural regeneratiemsuserplanting) led to opposite changes in

streanflow regime. Given that commercial tree plantatiam$i continue to expand in the
humid tropics, careful consideration is needed fgetdtributing to them positive effects on

water and soil conservation.



© 00 N O o B~ WN PP

W N NNDNMNNNDNNRNNDNERERRRPRRPR R p p
S © ® N o O B WN P O © 0 N O 00 W N P O

w W
N

1 Introduction

Although the humid tropics exhibithe highest rate of deforestation and biodiverkigses
globally (Keenan et al., 2015; Hansen et al., 2@rZ&dshaw et al., 2009), new forests are
regenerating on former agricultural and degradedda andiree plantations are being
established for commercial and restoration purp@stgra et al., 2015). Forest regrowth is
eithera-cyclic phenomenatike in shifting cultivation systems (Ziegler et,a2011 Hurni et

al., 2013 or more permanent. The latter, afforestatiothéproduction of forest over an area

of open land either by planting or by allowing mafuregeneration. If appropriately managed,
forest restoration, or afforestation, can leaditaliversity enhancement (Chazdon, 2008), not
only in the forested area but also farther dowastrein response to modified hydrological
processes at the hillslope and catchment levelsdKet al., 2013). Although important for a
sustainable management of headwater catchmentsuthent understanding of hydrological
processes altered by land-use changes remaingdinmt the tropics (Sidle et al., 2006).
Reasons include the scarcity of long-term field itwwimg (Douglas, 1999; Wohl et al., 2012)
and several factors confounding causalities betwaed -use and hydrological changes:
mixed land-use patterns, climate variability anttlioment 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 al008), changes in soil infiltrability also
control groundwater recharge and water uptake bisr@Beck et al., 2013; Bruijnzeel, 2004).
While in most cases, afforestation will redutezanflows (Brown et al., 2005; Calder, 2007),
the opposite orthe absence eofnsignificant hydrologic changes are observed in esom
instances (Wilcox and Huang, 2; Hawtree et al., 2015). The lack of an unequivocal
hydrological response to afforestation feeds camtisies around the role of forests in
controlling river flows (Andreassian, 2004) and Hlights the need for further research
(Calder, 2007). A few studies have attempted taliptehe catchment-scale hydrological
effects of land-cover changes on streffow in the humid tropics, mainly from model-based
simulations of land-use change scenarios (Thanavahpet al., 2006; Guardiola-Claramonte
et al., 2010; Homdee et al., 2011). Hydrologicaleasments based on actual data are rare in
the humid tropics (Wohl et al., 2012) and oftenfawed to the plot level (Ziegler et al., 2004;
Podwojewski et al., 2008; Valentin et al., 2008ajiPet al., 2012).

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

Paired catchment studies establish statisticatioakhips for outflow variablesduring a
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calibration periodbetween two neighouring catchments idegl similar in geomorphology,
area, landuse and climate. Followingis calibration, land-use treatments are applied to one
catchment and changes in the statistical relatipashre indicative of the land treatment
effect on hydrology. Important limitations of thégoproach are the relatively few samples
used for model development, and the spatial vditialwf rainfall events between the two
catchments (Zégre et al., 2010). A second appraagbives the calibration of a rainfall-
runoff model in one single catchment. The modefiiist calibrated before a land-cover
treatment occued. The model is then used as a virtual contrahraént along with rainfall
observed after the land-cover treatment, in ordeetonstitute runoff as if no change in the
catchment had occurred. An underlying assumptiorttis approach is that the catchment
behaviour is stationary in both the pre-treatmert post-treatment periods. This assumption
is seldom tested. In addition, very few studiesehdested the statistical significance of

observed-hydrologicathangedn the relationship between rainfall and run(@ggre 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 Asie, exposed to a gradual conversion of
rainfed rice-based shifting cultivation to teakrkgiors in Laos, and one subject to natural
forest regrowth following the abandonment of infeely cultivated hillslopes with cash

crops and patches ofixedtrees plantations in Vietnam;

2. Use a conceptuahonthly lumpedrainfall-runoff model repeatedly calibrated over

successive 1-year periods and used in simulatiaheragth specific rainfall input to generate

cross simulation matrices (Andréassian et al., R00Bese 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 catchhmen

3. and—afpply correlation analyses and a non-parametric direletection testto

streamflow reported in the—based crnoss simulation matrices, tovestigate and guantify

causal relationships between-assess-hew-thndeuse changemd changes irhavemedified

the hydrological behaviour of thgiudy catchments and assess whether the hydrological

changes are statistically significant over the wtsilidy period,;

34.  Compare the effects of forest plantations andrmahforest regrowth on streamflein
the two stugied catchments.
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2 Materials and methods

2.1 Study sites

The two stugied catchments (Fig. 1) are part of a regional momtpmetwork named

“Multi- s<cale eEnvironmental €Change” (MSEC), http://msec.obs-mip.fr/ located in
Southeast Asia (Valentin et al., 2008b). They agoeed to a tropical climate influenced by
the southwest monsoon bringing warm and humid aisses during the wet season (April-
September), and by the northeast monsoon bringihdec dry air during the dry season
(October-March). Rainfall is highly seasonal witlone than 80% of annual rainfall occurring
during the wet season (Fig. 2veraged throughout the period (April 2001 — Mag@i4),

Aannual runoff amounts to about 26-27% of annualfadlinn both catchments. The two
catchments, located in upland rural areas, havéasisize, elevations ranges, mean slopes,
mean annual rainfall and mean annuéaleanflow (Table 1). Both were cultivated by

smallholder farmers when the monitoring networktsthoperating in the early 2000s.

The Houay Pano catchment in Laos is located ab@kimlsouth of Luang Prabang city. It is
representative of a landscape dominated by shiftirijvation, 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 shiftingivation (crop-fallow rotation). In this
system, one annual crop comprising mainly rainfed (Oryza sativa) with Job’s tears@oix
lacryima--Jobi) and maize Zea mays) as secondary crops, is followed by several yeérs
natural vegetation regrowth (woody fallow). On ags, about 30% of the land is cropped in
a given year in this shifting system. The duratidrthe 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% ofcélbiéhment surface area, were split
between patches of mixed deciduous and dry Dipéepoforest, paths and the village. About
5% were occupied by banana trebtuga spp) and teak tree plantation§ettona grandisL.).
Tectona grandis L. is an endemic species planted with an averagetgdefid500 trees/ha and
a typical rotation length 0£02515-30 years. It is fully deciduous with total defoliation
lasting 2-3 months during the dry season. Canopicajly closes after 3-5 years depending
on the plantation density. In Northern Laos, telogations have expanded quickly over the
last decade (Newby et al., 2014), and specificiithyn 3 to 35% of the catchment area in
Houay Pano between 2006 and 2013, encroachinghntarea used for shifting cultivation.
5
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In this catchment, agriculture has remained-inputandlargely no-till with 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@arThe catchment was covered by
lowland primary forest prior to 1970. Paddy ricedarrowroot Colocasia esculenta) were
cultivated only on the foothills and along the msiream. After 1970, because of population
growth, greater food demand and market demandfdarest was cut on the slopes and
replaced by continuous cropping of annual cropsiauit external inputstnitially this-was
upland ricesutandmore recentlyhe-hardiercrepmaize and cassavénihot esculenta).

By 1980, all remaining forest had been cut. Afte0@ due to soil exhaustion and erosion,
declining yields, and governmental incentives, aaason the steep slopes was rapidly
replaced by evergreen tree plantations (with arramee density of about 1600 trees/ha),
including acaciaAcacia mangium) (Clément et al., 2007, 2009), eucalyptus (sevapaties),
cinnamomum (several species) and fruit trees (Ppoiveki et al.,, 2008). On less steep
slopes, the—epportunity—arose—to—introdudivestock was introduced replacing cassava.
Available land was used either for pasture andlypatanted with grass foddeB(acharia
ruziziensis) (Podwojewski et al., 2008), or for expanding 8ri$ tree plantations in low
densities Most-of the Dong-Cao-catchment-now-consists-ofrabforest regenerating-from
abandoned-farm-land-and-neglected-treeplantatibollowing therecentconversion of the

main land owner to off-farm activitiesnost of the tree plantations and annual crops wer

finally abandoned, leading to the natural re-growfttforest communities whose percentage

surface area over the Dong Cao Catchment nearlpledibetween 2001 (45%) and 2013

(84%). Grazing and other activities linked to husbandontinue on a small area in the
catchment. Water discharged from the main streegates about 10 ha of paddy rice located
downstream of the catchment.

2.2 Data collection

Data were collected by IRD (Institut de Rechercherge Développement) and thational
agricultural researcinstitutions irvelred-inaos—and-Vietaarfrom April 2001 to March
2014in Laos and from April 2000 to March 2014 in Vietn They include records of daily

rainfall, reference evapotranspiraticsijeanflow and annual land-use maps. Stream water

level was measured at the outlet of each catchménin a V-notch weir, by a water level

recorder (OTT, Thalimedes) equipped with a dataéognith 1-mm vertical precision at 3-
6
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minute time interva
within—a—\/-reteh—weir A control rating curve (the relationship betweesater level and

discharge) was determined using the velocity areghod at each station. In general,

strearflow data quality is very good with rare interrugis in the measurements (August-

November 2001 in Vietham) caused by flood destonctif the measurement devicésis

A A A n
o pPHa S thato i s a g S

{ef—Seet—2.3,-3-3-and-Fig—Daily areal rainfall was computed using data coddcby

manual rain gauges (one in Vietnam, seven in La@aichment-scale daily areal rainfall was

derived from the point measurements using the Ehiepolygons method. Daily reference
evapotranspirationEro) was estimated following the Penman-Monteith FA€md applied
to meteorological variables (air temperature, 2ghhiind speed, relative air humidity, and
global solar radiation) collected by a weatherista{(CIMEL, ENERCO 404) installed at
mid-hillslope in each catchment. Mean monthigriations—ofrainfall, runoff and ko,
averaged over the study periate displayed in Fig. 2.

LAnandal-land usemapswaseremappedpreparednnuallyfor 13 years (April 2001- March
2014) from detailed field surveys undertaken eaehryin October-November, after the
harvests of annual crops, when fields are clearbrked and easily accessible without
damaging crops. A combination of GPS and theodsliteey points were used in the field to
map boundaries between landge units. ArcMap 10.0 was used to estimate thpgotion of
each land-use unit in each catchment. The mapping accuracraf-use boundaries is
estimated to be within = 2.5m (Chaplot et al., 200%Bnd-use units covering less than 1% of
the catchment areas are not reported here. In toayHPano catchment in Laos, distinction
was made between fallow of different ages varyietpeen 1 and 12 years. Some of the land-
use units correspond to the aggregation of selamdl-uses observed in the fields detailed
thereafter

-In Laos, the unit'aAnnual crops  includes rainfed upland rice, Job’s teamd maize;
‘Forest” includes patches of remaining forest, either midediduous or dry Dipterocarft-
year fallow and'2- to 12-year fallow” form two distinct land-use units due to differeside
soil surface crusting rates and associated hydandie conductivity (Ziegler et al., 2004);
Teak plantations are often associated with annugbsc during the first two years after
planting (Teak-+-annual crops) and become a monoculture after canopy closureak').

‘Banana’ corresponds to small banana plantations.
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In Vietnam,the unit Forest communities' combine abandoned farmland that has developed
into an open forest, usually after 5 years of unded growth, and patches of more
developed secondary foresklixed-trees plantations' includes acacia, eucalyptus, cinnamon
and fruit trees, both young and mature. These atimmis have developed an understorey of
natural vegetation;Forbs are abandoned farm lands covered by a dense leerdmacover of
perennial dicots and grasses, usually developetinw® years since the last cropping;
‘Annual crops’ includes cassava and maizdrodder’ corresponds to the planted exotic grass
Bracharia ruziziensis mixed with local grasseSemporal-variations-in-the-percentage-area of
each-land-use-unit-are-Hustrated-in-Fig-—5cand 7

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 twodgt catchments. This model was
empirically developed by Mouelhi et al. (2006) wsim sample of 410 basins under a wide

range of climate condition§&R2M includes a production store and a routingesThe model

estimates monthly streaffow from monthly areal rainfall and monthliro. The two

parameters of the model determine the capacityhefproduction store and the flow of
underground water exchange. Compared with seveidélyvused models, GR2M ranks
amongst the most reliable and robust monthly lumpater balance models (Mouelhi et al.,

2006). For this analysis, like in most hydrologieaklyses performed in the Mekong Basin,

each hydrological year starts in April of yean and ends in March of year1 (Lacombe et

~The model was repeatedly

calibrated overl2 successive l-year perio@s3—years—in-taosfrom-Aprit2001teo-March
201 4-and-12 yearsin-\Vietnafnom April 2002 to March 2014thus allowing an initial warm-

up period for the initiation of the water leveltime two model reservoirs of at least 1 year) by

maximizing-two-efficieney-criterlaThe Nash-Sutcliffe efficiency criteria calculated flow

(Nseg and calculated on the logarithm of floNsgng were used for the evaluation of wet

and dry seasostreanflow simulations, respectivelyWhile each of these two efficiency

criteria_are calculated with the 12 monthly flowlues of each 1-year calibration period

8
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(including wet and dry season streamfloiNgeo andNseing give more weight to high and low

flow values, respectively. Therefore hetformer and the later are suitable for evaluatiigh

and low flows simulations, respectively (Pushpalatha et al.220l0he nonlinear generalized

reduced gradient (GRG) method (Lasdon and War@rQ)lwas used to determine the values

of the two model parameters that maximize the iefficy criteria.—Fhe/Aconstraint of a less

than 10% bias on annuaireanflow over each year was applied to all calibrationsig a

Branch and Bound method that runs the GRG methoc @eries of subproblem3his

constraint was achieved for all calibratioFer each of the twealibration-methoedobjective

functiors, each of thé3-(12) sets of model parameters were used to performlaiions over
the otheri2-{11) 1-year periodsn-taes—(\ietram)(cf. generalized split-sample test from
Coron et al., 2012). The annual variables “wet eeasireanflow” and “dry season
strearflow” were defined as the sum of monthly simulagec:anflows over the wet and the
dry season, respectively. This procedure resultedwio nl12-by-n-12 cross-simulation
matrices of hydrological variableg for each study catchmentwhere-13-forLaos-andé=12
for-Vietnam(Fig. 3).

In a given matrix, each column( O N | 1 <j < nl2) corresponds to a set of model
parameters Mcapturing the hydrological conditions of the catemt that prevailed during
yearj. In each row (i O N|1<i<nl?2), streanflow was simulated with rainfall from year
Flow variations between columrisr a given roware not rainfall-related and reflect other
environmental changes (e.g. land-use change). WEnwations between rowsr a given

column result from inter-annual rainfall variability.The—pessible—underestimation

V.l highe han—th ed—formodel

generate—an—error—intervalaround-—simulated-—floWariations in simulatedstreanflow
between the columns of the matrices were plotteinag timeto-illustrate-temporal-changes

in-hydrological-behaviourin-Laes-{Fig—5-a;-b)-asidtnam-(Fig—7a;-h)In these simulations,
rainfall input to the model is similar each yeadaorresponds to the year with actual rainfall

exhibiting median annual depth over the stad period (years 2004 in Laos and year 2012 in

Vietnam, cf. Fig. 4)The inter-annual variations in simulated streamfltustrate changes in
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the hydrological behaviour of the study catchmemider stable rainfall conditions (Houay

Pano catchment in Fig. 5 a, b and Dong Cao catchindfig. 6 a, b). The objective of this

simulation protocol is to isolate the hydrologi&dfect of rainfall variability from that of

other environmental disturbances and verify therdblpdical influence of actual land-use

changes by comparing Fig. 5a, b and Fig. 6a, b Midh5c and Fig. 6¢, respectively, showing

temporal variations in land-use patterns.

Following the approach proposed by Andreassian let(2903), the calculation of the
statistical significance of gradual changes in lwaent behaviour was based on cross-
simulation matrices similar to the one illustraiadrFig. 3. Each of the two original-by-n
matrices was resampled 10,000 times by permutihgrots. For each original and permuted
matrix, the statistic S was calculated using E}. (1

S= Z. allaj= CI,, qu Z?:iﬂ(qij _qii)l Equation 1

whereg is thestreanflow value found in thét 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 oligiadrix should be close to zero. A negative
(respectively, positive) S values correspond to a decreasedtésply, increase) trend in
basin water yield. The p-value of a negative (eespely, positive) trend is equivalent to the
non-exceedence (resgively, exceedence) frequency of the original S valuespared to
the range of S values derived from the permutedicest

3 Results

3.1 Hydrological changes according to measured variables and cross

simulation test

Annual rainfall and runoff variations are consiskgrcorrelated 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 2iilthe two catchments, with a few
singular years (e.g. lower rainfall and runoff ineviam in 2002; higher runoff in Laos in
2011) (Fig. 4). In Laos, the annual runoff coeffiti C (C=annual runoff/annual rainfall)
gradually declines from 2001 (34.5%) to 2009 (13.5%d then increasentil 2013 (31.1%),
with local peaks in 2003 (34.5%), 2008 (28.8%) 20d1 (58.9%). In VietnanC exhibits

greater inter-annual variability than in Laos wih overall declining trend, from about

1C
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46.8.5% over the years 2002 and 2003 #@©2B-%6 over the years 2012 and 2013 (Fig. 4).
Consistently, the non-parametric cross-simulatiest tapplied to wet and dry season
streanflows did not reveal any significant trend in catchmbehaviour in Laos over the
simulation period 20@4-2013: p-values=0.4850 and 03349 for the wet and dry season
streanflows, respectively. In contrast, a highly significartluction of the basin water yield
was observed in Vietham over themeperiod-2062-2013 p-values=-0.03 and 0.01 for the

wet and dry seasarireanflows, respectively.

3.2 Simulated streamflows and land-use changes in the Houay Pano

catchment, Laos

Annual values ofNseqo and Nseng averaged over the whole stiedl periods are high:
90.089.% and 8.67-26, respectively. The lowest annual values were iobtain 2008
(Nseing=74.0) and 2009 Nseg=69.1). Fig 5 a—b-shows that —inter-annual—varations in

milated-wet-and-drv-season-flows- aure demenporal-variations-in-the percen ages

icathe
cumulated percentage of surface area under anmyad,cl-year fallow and teak plantations
(materialized by the black bold solid curve) is ifiwsly —Fhe-inter-annual-varations-of-this

curve-arecorrelated to the variations in simulated wet andskasorstrearflows (r=0.495,

F-test p-value = 0912 and r=0.7763 F-test p-value = 0@, respectively). Any other
combinations of land-use units led to lower cotiefa between cumulated percentages of
surface area and seasonal simulatedarflows. Quantitatively, between 260 and 2003,
simulated wet and dry seasemieanflows increased by174mm and2937mm, respectively.
Over the same period, the cumulated surface aremmifial crop, 1-year fallow and teak
plantatiors increased fromi5.226-9%6 to 61.7% of the catchment area. From 2003 to 2006
the cumulated percentage area of annual cropsarlfgibow and teak plantations decreased
to 18.3% while simulated wet and dry seasurearflows decreased by 2B35mm and
#162mm, respectively. The main land-use changes thatroed during this first sub-period
(20022-2006) involve cyclic alternations between rainfézk that is cropped one year, and
fallow (up to 6 consecutive years), which are tgpiland uses of the shifting cultivation
system that prevails in the uplands of Laos. Theors& sub-period (2006-2013) is
characterized by a continuation of the same skiftialtivation dynamic, yet with cycles of
slightly lower magnitude. The main change obsemeet this second sub-period is a gradual
spread of teak plantations, with théotal surface area increasing from 3.3% to 35.1%®

11
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catchment, with a corresponding decline in the afeahifting cultivation. From 2006 to
2008, the cumulated percentage area of annual ,ciegear fallow and teak plantation
increased from 18.3% to 54.0% while simulated wet dry seasogtrearflows increased by

11522mm and4036nm, respectively. BHydrological-changes—ebserveetiveen 2008 and

2009 the cumulated percentage area of annual croggaffallow and teak plantations

decreased from 54.0% to 44.2% while simulated wdtdry season streamflow decreased by
113mm and 28mm, respectively—are—difficultto—gifgnbecause—of-the—relatively—high
uneertainty-in-simulated-flow-in-200Z But-cnsistently, from 2010 to 2011, the cumulated

percentagef the same land-use units—ef-areas—underannapbcit-yearfallow-and-teak
plantatiopsincreased from 51.0% to 67.6% while simulated wet dry seasostrearflows

increased by 426Imm andé&72anm, respectively. Conversely, from 2011 to 2018, same

cumulated percentage decreased to 54.5% whilewdetiy seasogtreanflows decreased by
3562mm and 50mm, respectivelizig. 5)

Over the first sub-period (20@-2006), on average, an increase (decreasey of the
cumulated percentage of area under annualscampl 1-year fallow induces an increase
(decrease) of 290x mm and 481X mm in wet and dry seasaireanflows, respectively.
Over the second sub-period (2007-2013), on avethgemagnitude of the flow response to
an increase (decrease) »fn the cumulate percentage of area under annags,ct-year
fallow and teak plantaticnis greater: 11.72mm and3.312.8% mm in wet and dry season
streanflows, respectively (Fig76 a,b).

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

Vietnam

Annual values oNseq andNseing averaged over the whole stuel periods are high: 89.0%
and 88.0%, respectively. The lowest annual valuesevebtained in 2008\ge=57.2) and

2010 Nseng=69.3). Fig.#~6 shows that-a;b-displays-inter-annual-variationsimulated-wet

nd-dr/-season-flows-—Eigure dep emparabiions-in-the-percentages-o e area

icatethe cumulated
percentage of surface area under annual cropss ot foddermaterialized by the black

bold solid curve) is positively—which-are-all-hadeous—covers—in-contrast-with-the-woody

nd e—un mixed ces-—plan on nd-foregtpanities- he-inte nA y ons of

this-eurve-arecorrelated to the variations in simulated wet dnygl seasorstreanflows time-
lagged by one year£0.5663, F-test p-value = 0684 andr=0.82, F-test p-value = 0.00
12
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respectively) (Figé-7.c, d). Like in Laos, any other combinations of land-usésuled to

lower correlation between cumulated percentagesuoface area and seasonal simulated

streamflow. It is interesting to note that thesedkaise units are all herbaceous covers, in

contrast with the woody land-use units ‘mixed-tr@dsntations’ and ‘forest communities’

appearing above the black bold solive curve in BigQuantitatively, Fig7-6a, b shows an
overall reduction of simulated wet and dry seasoaanflow from 20022003to 20122013
(-33243Im and 6153nm, respectively). From 2002 to 2004, simulated avet dry season

streanflows reduced by 2299mm and 47mm, respectively, following the reduction of non-
woody vegetation cover from 40% to 29% between 286d 2003. From 2004 to 2006,
simulatedstreanflows isarerelatively stable, in accordance with the relattability in the
percentage of areas under non-woody cover overptréd (2003-2005). The drop in
simulated wet and drgtreanflows in 2007 (down to 27émm and 15mm, respectively)
follows a drop in the percentage of areas underwoody cover to 11% in 2006. The period
(2008-2010), exhibiting slightly greater simulategt and dry seasoatreanflows, up to
5045mm and2832mm, respectively, follows a period (2007-2009) wétlyreater percentage
of areas under non-woody cover (up to 24%). Aftedsathe percentage of area under non-
woody cover and simulated wet and dry seaswrarflows decline again, to 11%, and
161mm andLO8&mm, respectively. Over the studd period, the year 2009 exhibits the lowest
annual rainfall depthéa—thetwe—catchment@Fig. 4), with-hightevelseofunecertainties in
simulated-flows(Fig—7a;bpossibly explaining the discordance between laresuhanges
and simulated wet seasetieanflow in this particular yeafcf. Fig. 6 and Sect. 4.4)

4 Discussion

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

catchment, Laos

Fig. 5 andéa7a b indicate that catchmegtreanflows areispredominantly produced by the
following land-use units: annual crops, 1-yeardalland teak plantations while & 12-year
fallow, forest and banana plantations make a coatipaly lower contribution to annual
streanflow production. In agreement with these observetjdribolzi et al. (2008) determined
a negative correlation between the percentage eaf 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 mp2002 to 2006, cf. Fig. 4a) aireanflows

13
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was not isolated from that of land-use change (gahdecline of total fallow areas from 2002
to 2006, cf. Fig5c).

The contrasting hydrological behavisetweenofareas under annual crops and 1-year fallow,
on the one hand, and areas undeto212-year fallow, on the other hand, observed at the
catchment level, are consistent with local obsémmat Using several 1-nmicroplot
experiments in the Houay Pano catchment, Patih €2@12) showed that soil under annual
crops (rice) exhibit rates of soil surface crustthgt are much higher (about 50% of the
microplot surface area) than those observed unidefatiow (about 10% of the microplot
surface area). The authors showed that soil iaffiltity decreases as the soil surface crusting
rate increases, thus explaining the loweerlandflow productivity of 2-to 12--year fallow,
compared to that of annual crops. Due to the lamdhactivity and the absence of tillage in
the upland rice-based cultivation systems, the hégigs of crusting rate persist during the first
year of fallow (Ziegler et al., 2004), thus explagsimilar hydrological behaviours of annual
crops and 1-year fallow. While infiltrability incased as fallow aged, its developing leaf area
and root system also contributed to lowereanflows at the catchment outlet (cf. period
2003-2006 in Fig. 5). The fraction of incident ffaih intercepted by the canopy and
subsequently evaporated increased while largemvetuof infiltrated water were redirected
by transpiration. The increased root water uptakduced groundwater recharge and
subsurface water reserves; it also lowered therwaldge, hence limiting stream feeding by
shallow groundwater. This groundwater depletion tieda drop in the annual stream water
yield due to a decrease in wet season inter-sttow dnd dry season base flow (Ribolzi et
al., 2008).

The hydrological processes involved in the coneersif the rice-based shifting cultivation
system to teak plantations are less intuitive. Tieaks can develop relatively high leaf area
index (Vyas et al., 2010), deep and dense rooesysiCalder et al., 1997; Maeght, 2014),
i.e. traits consistent with a high water uptake dwapotranspiration. To that extent, their
hydrological impact should be similar to that ofidev during the wet season. However, the
facts that 1) under young teak trees, itter-row areaunderstordg ailtivated withropped
annualy cropswith high rate of soil surface crusting 2) the ktgaves of mature teak trees
concentrate rainfall into big drops that hit thel seith increased kinetic energy hence
forming surface crusts and 3) most farmers intealiy keep the soil bare under mature teak

trees by recurrent burning of the understorey, terétae conditions for intense erosion that
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induces features such as gullies, raised pedeatalsroot exposure. Suppression of the
understorey led to the formation of impervious tsuthat limited infiltration and in turn
increased Hortonian overland flow and erosion, ygcélly observed in teak plantations
where fires are a common phenomenon (Fernandez-&logk, 2014). These processes were
quantified at the 1-fmicroplot level by Patin et al. (2012) in the HpuRano catchment.
Median infiltrability measured in teak plantatiofi8mm.houtt) was nearly four times lower
than that measured in fallow (74mm.héyrand equivalent to that measured in rice fields
(19mm.hour). Compared to the dense fallow vegetation thataresngreen during the dry
season, teak trees shed their leaves during theedgon, primarily in response to the gradual
drop in precipitations and temperature (Abramoffd akinzi, 2015), thus reducing
transpiration and increasing dry seasorearflows. The low infiltrability and limited root
water uptake during the dry season explains theasing wet and dry seasemearflows as
teak plantations expanded over the catchment bat@@@6 and 2013 (Fig. 5 afida, b).

No local measurement of infiltrability and soil &ge crust was performed under the natural
forest areas in the Houay Pano catchment. Therefasenot possible to conclusively prove
their contribution to the catchment outflows. Howevcorrelation analyses showed that this
land-use unit behaves hydrologically liketd 12-year fallow (cf. the position of this land-
use unit above the black bold solid curve in Fig). his is in accordance with Brown et al.
(2005) and with our findings in Vietnam (cf. Se¢2, Fig. &, and Fig. Z. d), showing that
sparcer (denser) natural vegetation cover incre@sésices) streamflow Finally, it should
be noted that the area covered with banana treesimed stable over the stueld period and

had no discernable effect etreanflow variations.

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

catchment, Vietnam

Fig. 6 and Fig. £, dindicate that catchmentrearflow_is-are predominantly produced
over herbaceous land-use units (Annual crops, FambisFodder), while tree-based land-use
units (Mixed-trees plantatienand Forest communities) make a comparatively lower
contribution tostrearflow (cf. the location of these land-use units abav below the black
bold solid curve in Fig.67c). These differences are consistent with localeplzions.
Deploying several 1-tamicroplots experiments in the Dong Cao catchman2004 and
2005, Podwojewskiet al. (2008) showed that mean anmafface runoff coefficients under
Annual crops (10.8%), Fodder (5.9%) and Forbs (refeto as “fallow” in Podwojewsket
15
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al. 2009 (5.1%), were higher than those of eucalyptus%®.@nd other tree-based covers
(1.4%) including mixed-trees plantatiorand forest communitiesApplying controlled

artificial rainfall (two events of 90mm.hodr over 40 minutes each) on several 2-m
microplots in the Dong Cao catchment, Janeau €2@l4) showed that the accumulation of

litter under anAcacia mangium planted forest cover decreased the runoff coefiicby 50%.

Two types of land-use successions occurred in hrg0Cao catchment: i/ from annual crops
and fodder to forbs and finally to forest commuestiii/ from mixed-trees plantations to
forest communities (Fig67c). These land-use changes are the result of affdien by
natural regeneration in both abandoned fields aglected tree plantations, respectively. As
indicated in Podwojewski et al. (2008), these raltsuccessions are converging on lower
surface runoff coefficients caused by increaseitriability, allowing the evapotranspiration
of larger volumes of sub-surface and ground wadiierugh denser and deeper root system and
denser tree canopy (Dunin et al., 2007; Ribolzalet 2008). This explains the decrease in
simulated wet and dry seassmeanflows at the catchment level (Figa6a b) from 2002 to
2013.The visual comparison of the simulatedeanflow time series (FigZ6a, b) with the
time series of landuse (Fig.6%c) indicates a 1-year delay in the response ofcseds
streanflow to land-use changes, which is confirmed byrelation analyses (Figs7c, d).
This delay is already known from a number of catehtrexperiments globally. Brown et al.
(2005) showed that annual water yield altered bgdoregrowth experiments takes more time
to reach a new equilibrium, compared to deforemtagxperiments that usually induce
quicker hydrological responses. In Laos, no tingeveas observed between land-use changes

and changes in simulatedeanflow (Fig. 5) because this temporality was alreadgounted

for in the difference made between 1-year fallowd & to 12-year fallow exhibiting

contrasting soil surface crusting rates and imfiiity.

The reduction of the DanCao catchment water yield over the full study @etlis equivalent
to a reduction ofabout 165 0®@4m?3 (3302mm) during the wet season and 30037m3
(602mm) during the dry season. While the dry seastmanflow reduction may have
negative consequence on irrigated rice located dtream of the catchment, the reduction in

wet seasostreanflow is expected to contribute to decreased flasK. The overall reduction

in streamflowover the study periodould be interpreted asracovery of hydrological status
prevailing prior to 1970-serious-threat-to-rivepgpstems—While—this—statement-istrue, it
igheres-thefactthatwhehe catchment was covered by lowland primary tepesrte-1970

16



A W

© 00 N oo O

10
11
12
13
14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

with likehy-evapotranspiratiofikely greater andtreanflow productionlikely lower than that
observed in the early 2000s.

4.3 Comparison of the relationships between land-use changes and changes

in hydrological behaviour in the two studyied catchments

The dynamics of land-use changes in the Houay Ratchment, Laos, involved cyclic
patterns (landscape dominated by shifting cultbratand 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>=0.35, cf. Sect. 3.1pver the whole study peripa@s it is often done in hydrological

impact assessments. In contrast, the sameapgsted over the same perib@ds resulted in

highly significant changes in the Dong Cao catchiméietnam, (p-values<0.03) because the
land-usetransition to forestehangwas unidirectional over the whole stied period. These
results highlight the need to measure and assesstdr-annual co-variability of landises

andstrearflows at the finest temporal scale when assessing ceangatchment behaviour.

Two main types of land-use change in the Houay Peaatohment Laes-had different
hydrological impacts: i/ the transition frof- to 12-year fallow + forestto [annual crops +
1-year fallow; ii/ the transition fronj2- to 12-year fallow + forestto [annual crops + 1-year
fallow + teak plantatiorjs The first (observed over 2001-2006) induced iases in
simulated seasonatreanflow lower than those induced by the second (oleskiwer 2006-

2013) {as illustrated by the different slopes of the esgion lines ifFig. 6-7a, B. Thus, teak

plantations, recently introduced to replace traddi rice-based shifting cultivation systems,
are generating more runoff than was generated lpancrops and 1-year fallow. This
difference did not appear in the average valuesfittrability obtained by Patin et al. (2012)
at the microplot level: 18mm/h and 19mm/h for t@édntations and rice fields, respectively.
The microplot measurements were performed befol® 2@hile the major catchment-wide
hydrological effects of the spread of teak plaotagi occurred in 2011 (Fig. 5), suggesting
that Hortonian overland flow has increased overemeg/ears in the teak plantations, in
response to increased erosion processes and ssdsl@aused by the recurrent burning and
clearing of the plantation understorey. This effefcland-use conversion on the hydrology of
headwater catchment is expected to have detrimefitats on downstream river ecosystems
and related biodiversity, not only through a chamggrearflow variability but also with the
enhanced erosion and flow sediment transport.
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The hydrological effect of this modern land coni@nsn Laos is of the same magnitude (but
in the opposite direction) as that caused by tmwesion of young herbaceous cover (annual
crops, forbs and fodder) to naturally regeneratieg-based covers in Vietham (mixed-trees
plantatiors and forest communities). In the two countries,dbeversion of young herbaceous
coverand treefincluding-teaplantationsn-Laes)to old fallow and/or foresover 1% of the
catchment induced wet and dry seassinsanflow reductions of about@12-5mm andl1.5-

2mm3.5mny respectively (cf. the coefficients of the lineagressions in Figia7a ¢ and Fig.

6b7h d, respectively). Assuming the linearity of thesktionships, the average difference
between actual annual evapotranspiration of thelamd-uses (pre- and post-conversion) is
ranging betweenabout00*(101-5+1.52 and 100*(12+3.5) millimeters, i.e. 1150-1550=
135mm, which is of thesamemainorder of magnitude as typical evapotranspiratién o

tropical forest in continental Southeast Asia (Tknat al., 2008). This comparison indicates

that the evapotranspiration of theudied -young-herbaceous—cover treefincluding teak

plantationsg(which could theoretically surpass that of the yginerbaceous cover because of

potentially deaper root system and denser |eafiatks-r-aesjs likely limited by the soil

water availability in accordance with the low ibfibility rates previoulsy measured at the

microplot level.

4.4 Reliability of the resultsCencludingremarks

A 2-parametersimplenonthly lumped rainfall-runoff model was used to investigate the

relationship between landuse and catchment hydrology. This approach presemtse
limitations. For instance, land-usehanges occurring within or outside of the riparaea
and their hydrological effectweae not differentiatedThe spatial patterns of the land-use

mosaics (e.qg. area, layout and connectivity ofghtehes) were not accountééthile{This

simplification limits our understanding of the pesses underlying the rainfall-runoff
transformation However, the model -high efficiently captured the gradual changeshe
catchments’ behaviourperformance—of-the-mdadetan values oNseq and Nseing > 86%)
which proved to be significantly (0.00<p-values<).@nd consistently correlated-tdirghly
variable land-use patterasthe-two-studied-catchenevilences-its-efficiency-forthe-analysis
obhdrelasienlehonges

It could be argued that 1-year calibrations arestoart for the model to accurately capture the

hydrological behaviour of the catchment. This stepet would be valid in the context of a

more classical split-sample test including a calibn and a validation period where the
18
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model is used as a predictor. This procedure assuhat the catchment is hydrologically

stable over these two sub-periods. In our appro#wh, 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

parameters and the corresponding land-use pattespped 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 usk sireamflow simulated with the different

calibrated models (Fig. 5, 6, and 7). However, e-gear calibration may result into a model

that performs well under the specific climate coods of the calibration year only.

Simulation biases usually increase when the madalim under climate conditions different

from calibration conditions (Coron et al. 2012 ghpossibly 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@ €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 wetfe38mm) years, respectively, of the
study period (2002-2013) (Fig. 4). Therefore, ths-year period exhibiting stable land use

but contrasting rainfall conditions is well suitedinvestigate the effect of rainfall variability

and calibration duration on model efficiency. Theeam relative difference between

streamflow simulated by this model and by the medzllibrated over the 1-year periods

2012 and 2013 (the 3 models use the same 2012agerainfall 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 negligditepared to the major hydrological changes

observed in the two study catchments: 67% wet seageamflow reduction and 84% dry

season streamflow reduction over the study pemiothé Dong Cao catchment; 100% wet

season streamflow increase and 650% dry seascamdlogv increase in the Houay Pano

catchment between 2007 and 2011. In contrast, #&ton streamflow over the period 2002-

2006 in the Houay Pano catchment (Fig. 5a) exhthigslowest inter-annual variations for a

5-year period in the study catchments, with a d¢oiefit of variation (11%) lower than the

20% bias estimated for the wet season simulatiodi&ating a possibly significant modelling

artefact. However, these streamflow variationsségaificantly and consistently correlated to

land-use change over this short period (Fig. Aajgsesting negligible biases even for these

slightest streamflow variations. The main discreyapetween simulate streamflow and land
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use was observed during the 2009 wet season indhg Cao catchment. In 2009, simulated

streamflow is equivalent to about one third of timaP008 and 2010, while no major change

in land use apparently explains this drop. Thismsancy could originate from a simulation
bias because 2009 was the driest year of the gteided (Fig. 4).

5 Conclusion

Our resultsThe-medel-simulatioshowed that the land-use effects on soil surface progerti
and infiltrability, previously quantified in 1fnmicro-plots, are reconcilable with the
hydrological behaviour of thetudy catchments, at a scale six orders of magnitudesiarg
Thesefindings indicateresulis—shothat land-use - i.e. the way the vegetation cover is
managed (e.g. recurrent burningtb® understorey dfeaktree plantationsundersterey-—and
soil-alteratiof) - exerts a control omstreanflow production greater than land-cover (i.e.

theoretical evapotranspiration characteristicshef vegetation). Another approach to assess
the hydrological impacts of land-use changes tWyicanvolves physically-based and
distributed hydrologic models. Our analysismonstrindiates that this other category of

modelsnecessarily needs-towould-successfully-simulateeffexts-of land-use-changes-only

i#-they account for changes in soil properties followiagd conversions: order to efficiently

simulate the hydrological effects of land-use ctegng

According to the most recent Global Forest Resaukssessment (FAO, 2015), Laos and
Vietnam are listed among the 13 countries globaltjch were likely to have passed through
a national forest transition between 1990 and 2@ith, a switch from net forest loss to net
forest expansion (Keenan et al., 2015). Our amalggiemplifies the diverse impacts this
forest expansion can have etreamflowecosystemand how it can lead to extreme, yet
opposite, hydrological changes, depending on hewnéwly established tree-based cover is
managed. The conversion of rice-based shiftingvailon to teak plantations in Laos led to
increased seasongdlreanflows. The conversion of annual crops and mixed-treaatptions
to naturally re-growing forest in Vietnam led tocdesased seasonstreanflows. Considering
that commercial tree plantations will continue tepand in the humid tropics, careful
consideration is needed before attributing to thpasitive effects on water and soil
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

suearfiow 418 mm 415 mm
Geology Shale, schist Schist
Soils Alfisol, Entisol Ultisol Ultisol
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Figure captions
Figure 1. The two studed catchments of the MSEC network and their laugk in 2013

Figure 2. Monthly rainfall, runoff and+& averaged over the studd periods in Laos and
Vietnam

Figure 3. Cross simulation matrix.row index.j: column index. M(j O N | 1<j < n) defines
the set of model parameters calibrated over yeaingRH as inputPR (i ON|1<i<n)

defines the rainfall that occurred over year

Figure 4. Annual rainfall, runoff and runoff coeffent measured in Houay Pano (a) and Dong
Cao (b) catchments. Runoff values are not availébl&ietnam in 2001 (cf. Sect. 2.2).
Arrows point to rainfall years used in model sintiglas displayed in Fig. 5 ands

Figure 5 Houay Pano catchment, Ladd/et season (a) and dry season Sipanflow in
Houay-Pane-catchment-Laos-Selidcurvefgimulated with GR2Me-calibrated each year
(indicated on X-axisand ran withthe same rainfall inputShaded-area:—error-interval-for
simulated-flowBlack-deots:-measured-flo(e): cumulative percentages of surface area of
each land-use unit

Figure 6. Dong Cao catchment, Vietham. Wet seasdrafid dry season (b) streamflow

simulated with GR2M calibrated each year (indicated X-axis) and ran with the same

rainfall input. (c): cumulative percentages of agd area of each land-use unit

Figure&7. Correlations between simulategiearflow and land-usetypes. (a) and (b): Houay
Pano catchment, Laos. (c) and (d): Dong Cao catahriéetnam. Percentage areas of year

(nON|2001< n<2012) are correlated to seasonatanflows of yearn+1 in Vietnam
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