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Abstract. A multidisciplinary approach is followed for anal- process. A challenging issue for countries with emerging
ysis of the effect of changes in land use patterns on the hydroand developing economies, like Chile, where ecosystem ser-
logic response of the Vergara watershed (4348)kocated  vices are becoming increasingly vulnerable as demand in-
in central Chile. Probable future land use scenarios were gencrease and environment degrade is the generation of scientific
erated using heuristic rules and logistic regression models, ifnformation in order to support political decisions on devel-
order to identify and represent the main pressure on the waepment of environmental relevant projects. Such informa-
tershed, namely forestation of extensive areas used for agriion can arise from extensive and time consuming centralized
culture with rapid growing exotic species. The hydrologic monitoring programs, but also complementarily from appli-
response of the watershed was computed with a physicallgation modelling tools. Typically, mesoscale watersheds in
based distributed precipitation-runoff model, which was cali- the Southern Hemisphere represent a challenging manage-
brated and validated for the current period. Results show thatent problematic: development of land use planning instru-
mean annual discharge increase with agricultural land usenents considering the conservation of the native forest and
and diminish with introduced forest coverage. Thus, foresta-the water availability for economic activities, recreation and
tion of areas with introduced species liRinus radiataand ~ human consumption.

Eucalyptus globulusnight be regulated in order to protect = Tendencies and extent of water yield affected by land use
the water resources of the watershed. patterns depends on the particular study case. Land use
changes modify interception and infiltration affecting surface
runoff and groundwater flows (Sahin and Hall, 1996; Costa
et al., 2003; Foley et al., 2005). Thus, combined with other
biogeophysical properties of the land such as texture, relief,

and soil types, land use controls the availability of water for

Water is essential for human life and welfare, and its demanGyg gitferent uses e.g. irrigation and drinking water (Postel et

is increasing. Many people worldwide are already living in 5| ' 1996; Vitousek et al., 1997; Bronstert et al., 2002; Naef
conditions of water scarcity, and with increasing concentra-g; . 2003).

tion of population in urban areas, future water supply and | 314 use changes might be modelled using economic, so-
availability is a globally sensitive issue (Jenerette and Larsengiq) and ecologic factors (Klocking et al., 2003). Heuristic
2006). Provision of clean water, as an essential ecosystem,jes defined by experts (Klocking and Haberlandt, 2002)
service, is a crucial factor in watershed/catchments managesresent a lack between land use change and driving forces

ment (Mark and Dickinson, 2008). Land use and climate y|dkamp and Lambin, 2001; Verburg et al., 2002). Statis-
changes introduce additional complexity in the managemenfjc| models (e.g. logistic regression model) improve the un-

derstanding of spatial patterns of the land use change (Veld-
Correspondence toA. Stehr kamp and Lambin, 2001).
BY (astehr@udec.cl)
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Fig. 1. Location of the Vergara watershed and DEM.
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The processes dominating watershed hydrological re-
sponse differ at various spatial scales. In micro-scale catchrig. 2. Soil types in the Vergara watershed.
ments (smaller than ca. 1 Kinresponse to rainfall is dom-
inated mainly by the runoff generating processes at the hill

slopes and the near-stream areas (Anderson and Burt, 19995q Escobar and Vidal (1992) made some considerations on
Montgomery and Buffington1997). In macro-scale water- previous recommended ranges for the particular study cases.

2 i - i i i . . . .
shed_s_(la_rgeréhgn fam?) spatio téamporfaftl d|str|b|ut|on of In this contribution the hydrologic response of the Vergara
precipitation, drainage pattern and runoff control to & con-y e rsheq to different probable future scenarios of land use

Zi(()jg;ablilextend the respl)onje behgvilour (Uhlenbrr?og ?t alwas analysed through the annual mean discharge applying
)- gt_erogeneous and use in large watershed introg, . physically based hydrologic model SWAT. The land use
duces additional complexities for modelling the water bal-

. ) scenarios were generated using heuristic rules and the logis-
ance (Wilk et al., 2001). Kicking and Hamberlandt (2002) tic regression model. First, the study area, available hydrom-

stated that land use changes affect the hydrologic responséateorological records, and methods for land use analysis and

of Igrg(ta) watershtra]d g_tﬁthe subbgbsm .scalcla, and Iihus tlhe. 'nfﬁydrologic flows computation are presented. Next, the model
action between the different subbasins plays a key role in t ensitivity analysis, calibration and validation are presented.

behaviour of the watershed. Even when the hydrolqglc re'Finallly, simulation results are analysed in order to suggest
sponse of small watersheds 10 kn?) has been extensively adequate guidelines for watershed management.

documented in previous studies (Bosch and Hewlett, 1982;
Sahin and Hall, 1996; Stednick, 1996; Brown et al., 2005),
and the response to land use changes of large scale basins
have been documented for the Northern Hemisphere (Thana Study area
pakpawin et al., 2007; Hejazi and Moglen, 2008; Breuer and
Huisman, 2009; van Roosmalen et al., 2009) a lack of studThe Vergara watershed (4340kjis located between the
ies on the response of mesoscale basins located in the Soutparallels 3729 and 3814 and 7236-7320. The river
ern Hemisphere is detected (Costa et al., 2003; Croke et alis 154km long and emerges at an elevation of about
2004). 1900 m a.s.l. It flows into the Bidb river near the city of
The relationships between the different components of theNacimiento at an altitude of 200 m a.s.l. Its Strahler’s stream
hydrological cycle and their sensitivity to changes in land order is 4. The climate in the watershed is temperate mediter-
uses can be quantified applying physicaly based hydrologicanean, with a dry season of 5 months (November—March),
models (Lahmer et al., 2001; Fohrer et al., 2001; Klock-and a wet season of approximately 3 months (May—-July) dur-
ing et al., 2002; Eckhardt et al., 2003; Ott and Uhlenbrook,ing which more than 50% of the precipitation occurs. Ambi-
2004). In particular, SWAT (Neitsch et al., 2002) allows ent mean daily temperature ranges betweetCl January
the computation of hydrologic flows for long term analysis and 8C in June, with an annual mean of 12@. The av-
following a semi-distributed approach (Arnold et al., 1998; erage annual precipitation is 1650 mm. Recorded minimum
Fohrer et al., 2001, 2005; Arnold and Fohrer, 2005). Ap-and maximum mean daily discharges of the river close to the
plications of SWAT for modelling watersheds located in the basin outlet, i.e. at Tijeral gauging station, are 0.8snt
Northern Hemisphere have derived in well known recom- (24 January 2002) and 99%s 1 (27 May 1984), respec-
mended ranges of the involved parameters (Arnold et al.fively. Maximum and minimum mean monthly discharges
1995; Arnold and Allen, 1999; Fontaine et al., 2002; Liu et occur during the months of July and February—March, re-
al., 2002; Kannan et al., 2003; Van Liew et al., 2005; Muleta spectively. Figure 1 shows the location of the basin with the
and Nicklow, 2005). For central Chile, R& et al. (1985) drainage network and digital elevation model, DEM obtained
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Fig. 3. Land cover in 1979 (left) and 1994 (right).

Table 1. Curve number and Manning’s coeficient for the main land uses in the Vergara watershed.

Parameter  Description Forestry  Native Agriculture  Shrubs and
plantation  forest grassland
A Initial SCS CN Il value, Soil Hydrologic Group A 35 45 62 49
B Initial SCS CN Il value, Soil Hydrologic Group B 55 66 73 69
CN2 ¢ |nitial SCS CN Il value, Soil Hydrologic Group C 70 77 81 79
D Initial SCS CN Il value, Soil Hydrologic Group D 77 83 84 84
OV_N Manning’s “n” value for overland flow. 0.4 0.8 0.15 0.4

from available images of the shuttle radar topography mis-the Vergara watershed. Note that as expected and according

sion, SRTM DEM (final version). to the curve number method, forestry plantation consumes
more water than native forest and native forest consumes
more water than agriculture, while initial abstraction, i.e. re-

3 Data sets used tention, decreases with the curve number.
Figure 3 shows the land uses of the watershed for the years
3.1 Soil types 1979 and 1994. In the year 1979 the main land use was agri-

culture covering a 47% of the watershed area, 31% was cov-
The GIS layer representing the different soils in the wa-ered by native forest and 18% by scrubland. Remarkably,
tershed was obtained from CIREN (1999a) and CIRENforest plantations covered a negligible area of the watershed,
(1999b). The most common soils in the watershed are silland were minimal compared to the other uses. Agriculture
loam soils (33%) originated from volcanic ash deposits, siltywas the dominant land use in the lowest and middle part of
clay loam soils (29%) developed from old volcanic ashes andhe watershed, while at the upper part it was the native forest.
sandy clay loam soils (13%) with granitic origin and richness |n the year 1994 the major types of land uses were forestry
in quartz. Figure 2 shows the soil type distribution in the wa- plantations with 38%, native forest with 21% and agriculture

tershed. with 32% of the watershed area. In the lowest, middle and
highest regions of the basin, the main land uses were agri-
3.2 Land uses culture, forestry plantations, and native forest, respectively.

N . Main economic activities in the watershed are linked with
Land uses are classified according to the land cover databagge exploitation of natural resources and development of for-
proposed by Neitsch et al. (2002) which includes the de-ggt industry, mainly pulp and paper mills. Historically, na-
scription of 97 different land uses. In the particular study tjye forest exploitation was followed by the farming activity
case, all the observed land uses where found in the langynich in turn has been gradually replaced by forestation with
cover database by Neitsch et al. (2002). Arising differencessyotic species, mainlpinus radiataand Eucaliptus globu-
between (introduced) forest plantation and native forest arg,s Taple 2 indicates the area covered by each land use and

mainly the corresponding curve number and the Manninghe percentage respect to the watershed area for the years
roughness coefficient for overland flow. Table 1 shows Curve; 979 and 1994.

Number and Manning’s coefficient for the main land uses in

www.hydrol-earth-syst-sci.net/14/1963/2010/ Hydrol. Earth Syst. Sci., 14, 1963-2010



1966 A. Stehr et al.: Hydrologic response of a watershed to changes in land use patterns

Table 2. Changes in land cover between 1979 and 1994.

Land cover Covered area Portion ofthe Covered area  Portion of the Land use Change in land
in 1979 (ha) basin (%) in 1994 (ha) basin (%) change (ha) cover (%)
Native forest 133.096 31 92.533 21 —40.563 -30
Scrubland 77.532 18 29.897 7 —47.635 —61
Steppe 3.157 1 3.157 1 0 0
Forestry plantation 15.129 3 164.587 38 149.458 988
Agriculture 203.055 47 140.945 32 —62.110 -3
Urban areas 1.071 0 1.992 0 921 86
Bare soil 108 0 209 0 101 94
Water bodies 814 0 643 0 -171 -21
Total 433.963 100 433.963 100

Table 3. Land use transition matrix for the years 1979 and 1994. Values in [ha].

1979

Native  Scrubland Steppe  Forestry  Agriculture Water Bare Urban Total

forest plantation bodies  soail areas
Native forest 92533 0 0 0 0 0 0 0 92533
Scrubland 6836 14228 0 306 8459 15 53 0 29897
Steppe 0 0 3157 0 0 0 0 0 3157
Forestry plantation 30428 38550 0 14817 80706 80 6 0 164587

1994 Agriculture 3202 24453 0 6 113189 72 22 0 140945

Water bodies 0 0 0 0 0 643 0 0 643
Bare soil 31 80 0 0 71 3 24 0 209
Urban areas 67 222 0 0 631 0 1 1071 1992
Total 133096 77532 3157 15129 203055 814 108 1071 433963

Main land cover changes in the watershed observed be3.3 Hydrological records
tween 1979 and 1994 are the increase in forestry plantations
and the decrease of scrubland, native forest and agriculturd-igure 4 shows the location of the 22 existing hydrometeo-
In the year 1994, the areas covered by forest plantations intologic stations located in or close to the Vergara watershed
creased 10 times with respect to those observed in 197%nd the period of recorded series of precipitation, river dis-
mainly occupying previous agriculture land (54% of the to- charges and ambient temperature. The point meteorological
tal new forest plantation), and areas with shrubs and nativéneasurements were spatialized in order to generate precipi-
forest (56%). The shrub coverage diminished by 50%, oftation data for each subbasin. The methodology incorporated
which one half was occupied by forest plantations and ondn ArcSWAT was followed, i.e. rainfall data for runoff calcu-
half by agricultural production. The native forest diminished lation were obtained from the precipitation station located
in 40000 ha, i.e. the 30% of the area covered in 1979. Ofclosest to the subbasin centroid. Alternativelly, Thiessen
this, 75% was replaced by forest plantations. Table 3 show$olygons could be applied for this purpouse. For the present
the landuse transition matrix, i.e. the changes of landuses fogtudy case, no significant differences in resulting precipi-
different years. The total of each column and row indicatestations arised because neglegible rainfall gradients between
the area of the land covers for the years 1979 and 1994, réneterological stations forming each Thiessen polygon were
spectively. Column values indicate the land cover change®bserved in the lower and middle part of the watershed. In
occurred between 1979 and 1994 (e.g. 30428 ha of nativéhe upper part Thiessen polygons would underestimate real
forest for a total of 133 096 ha were converted to forest plan-Precipitation, weighting measured values at the central val-
tations). The values of the diagonal indicate the area thatey and the Andean Mountain Range. Figure 5 shows the
remained the same during the period (e.g. 92 533 ha of nativéubbasins and the precipitation stations used for assignment
forest from a total of 133 096 ha were maintained during theOf precipitation data.
period 1979-1994).
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Table 4. Mean monthly discharges fhs~1] at the different control points in the Vergara basin (1977—2002).

Tijeral Rehué Renaicé Mininco Malleco

Maximum mean monthly discharge 162.37 (July) 17.17 (July) 88.75 (July) 40.02 (July) 59.17 (July)
Minimum mean monthly discharge  7.39 (February) 0.22 (February) 6.89 (March) 2.16 (February) 3.81 (March)
Mean annual discharge 57.52 6.07 42.63 15.81 26.58

2 Measured discharge data since July 199Measured discharge data since July 1982.
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Fig. 4. Location of hydrometeorologic stations and available record
periods.

Figure 6 shows the location of the five gauging stations * ©augingStations only 1994-2002 o 10 20 w0 .
. . + Gauging Stations 1977-1982 and 1994-2002 ey km
and corresponding drainage area.
Figure 7 shows the existing hydrograph_s _for the per_lodFig_ 6. Gauging stations in the watershed.
1977-2002 recorded at Tijeral, Rehue, Mininco, Renaico,
and Malleco gauging stations.
Table 4 indicates maximum, minimum and mean monthly . .
. . . 4 Generation of probable land use scenarios
discharges for all gauging stations.
Observed discharges diminish from Tijeral to Renaico,
Malleco and Mininco. Rehue is a nested basin of Tijeral,
presenting the smallest discharges.

Probable land use scenarios were generated following two
approaches based on heuristic rules and using the logistic re-
gression model. The heuristic rules are based on assump-
tions of land use restrictions for limitation of a watershed

www.hydrol-earth-syst-sci.net/14/1963/2010/ Hydrol. Earth Syst. Sci., 14, 1963-2010
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Table 5. Results of the adjustment of the logistic regression for forest plantation sprawlp(** 6.01).

Variables B(i) Standarderror WaRl p
Elevation —0.00193 0.000096 404.52 **
Slope —0.00653 0.001926 11.48 **
Distance from native forest —0.00097 0.000053 341.39 **
Distance of forest plantations —0.00005 0.000003 271.19 **
Distance from urban areas 0.00006 0.000003 314.29 **
Size ownership —0.00001 0.000001 66.08 **
Constant o) 1.13899 0.049907 520.85 **

2\Wald test is used to test the statistical significance of each coeffigigimt the model

Table 6. Ranking of the four most sensitive parameters in Tijeral, Rehue, Renaico, Mininco and Malleco.

Parameter Description Tijeral Rehue Mininco Renaico Malleco
GWQMN Threshold water depth in the shallow aquifer for flow 2 3 2 4 2
GW_REVAP  Groundwater revap coefficient 4

CN2 Initial SCS CN Il value 1 2 1 1 1
SOLAWC Available water capacity 3 4 2 3
rchrg.dp Deep aquifer percolation fraction 4 1 3 3 4

portion that could be covered by a certain land use. Gener—P(
ated scenarios with this approach simulated the existence of
laws for conservation of native forest, causing that (1) the ac- ) - _ _
tual native forest coverage does not change and the rest of tH#here,P (y = 1|x) is the Probability; are the different vari-
watershed become covered by introduced forest species, ar@P€S,fo is a Constantf; are the variable coefficients and n
the inexistency of adequate land use planning instruments aPumber of variables.

lowed a deliberated land use in the watershed causing that

(2) the native forest coverage does not change, but the rest

of the watershed becomes completely covered by agricultur® Soil and water assessment tool, SWAT

land. The regression model was based on observed infor-

mation available in the satellite images of 1979 and 1994The physically based hydrologic model SWAT computes
for the prediction of patterns of forest expansion, deforestafunoff, infiltration, percolation and groundwater flows at a
tion advancing, and substitution of native forest generatingdaily scale for long-term response analysis. In the model, the
a scenario where (3) observed patterns of land use Changé@terShEd is divided in subbasins, which for semi-distributed
between 1979 and 1994 continue with the same tendencygomputation of flows are again internally subdivided into hy-
Scenario 3 was obtained using a set of prediction variableglrologic response units with relative homogeneous topogra-
such as elevation, slope, distance from native forest, disPhy, soil type, and land use. For computations, SWAT re-
tance of forest plantations, distance from urban areas anguires a digital elevation model, soil type and land use maps
size ownership. To quantify the relationship between landas well as precipitation and ambient temperature.

cover changes and its causal factors, the maps of 1979-1994 Surface runoff was computed with the curve number
were sprawl and the results were related to a set of predictomethod. Several previous studies show the applicability of
variables (change and non change) that were selected bas#fie SCS CN approach for the study region. The SCS CN
on current knowledge of landuse change process in the Vermethod has been extensively tested and modified in order to
gara watershed as presented in Echéaetral. (2006, 2007), represent local conditions. For details, please refer to [®oum
Altamirano et al. (2007) and Aguayo et al. (2009). Table 5etal. (1999), Saavedra and Stowhas, (2003), Stowhas (2003)
shows these variables. An appropriate binary response varand Pizarro et al. (2006).

able was constructed from the observed forest expansion pat- A rainfall-runoff model based on the curve number
tern and a logistic regression model was used to predict thenethod is very sensitive against CN values, which control
probability of land cover change depending on the variousthe portion of rainfall that is converted to runoff. The CN
predictor variables (Eq. 1; Table 5). value depends on land cover, soil type, slope and antecedent

eﬁO"‘Z;l:lﬂixi
y=1lx) = 1 (1)

4 ePotYicaBixi
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Table 7. Sensitive parameters obtained in the referred studies.

Author Country  Most sensitive parameters

Kannan et al. (2007) UK AWC, Sdf, ESCO, GWQMN and CN2
Spruill et al. (2000) USA SoK, Alpha Bf

Arnold et al. (2000) USA CN2, Sohwc, ESCO

Holvoet et al. (2005) Belgium CN2, surlag, rchdg, GWQMN

Van Griensven et al. (2006) USA CN2, Gwgmn, AlpB§ Sol_Awc, Sol.z, Smfmx, ESCO, CANMX
White and Chaubey (2005) USA CN2, ESCO, 30VC,

1050 Tijeral existent meteorological stations the Hargreaves method was
o employed. The Hargreaves method has shown good results
€ 600 in different type of climates (Jensen et al., 1990; Allen et
g0 al., 1998; Antonioletti et al., 1998; Droogers et al., 2002;
& 150 Jl N Saghravani et al., 2009). Moreover, Jensen et al. (1990)
o A compared 20 different evapotranspiration methods against
Feoy “ lysimeter data. Of all methods that required only air tem-
~§ w0l perature the Hargreaves method showed the best results.
= ol SWAT split groundwater into two aquifer systems: a shal-
a "] ' low, unconfined aquifer which contributes return flow to
a0 I strt_aams Within the subbasin, and a deep, conﬁned aquifer
@ 250 4 which contributes return flow to streams outside the sub-
i basin (Arnold et al., 1993). Water percolation under the root
£ 100 | | zone is partitioned in two fractions — each fraction becomes
5 501 U .)U\,[UL 'UJUMK recharge contributing to one of both aquifers. In addition to
ke ] return flow, water stored in the shallow aquifer may replenish
7600 1 Renaico moisture in the soil profile in very dry conditions or be di-
"53332 rectly removed by plants. The model considers transfer from
:222 the shallow to the deep aquifer. In snow accumulation and
& 100 melt modelling each sub-basin generated in SWAT is divided
o into 10 elevation bands in order to incorporate temperature
”?jzz Malleco and precipitation variations with respect to altitude (Hartman
isoo et al.,, 1999). For each sub-basin, different lapse rates for
2o precipitation plaps (mm O km~1) and temperature tlaps
8100 MMMMM (°Ckm™1) were defined, which were then used to account
0 for the differences in precipitation and temperature between

SEEESSESEESSSFSSEEESS 86 & these elevation bands.
S eSS eess The Latin Hypercube Sampling/One-at-a-Time, LH-OAT
analysis incorporated in SWAT2005 (Van Griensven et al.,
Fig. 7. Hydrographs based on daily mean discharges for the pe-2006) allows the identification and ranking of the model’s
riod 1977—2092 recprded at Tijeral, Rehue, Mininco, Renaico, andygst sensitive parameters. OAT (Morris, 1991) design in-
Malleco gaugin stations. tegrates a local to a global sensitivity method. LH-OAT
sensitivity analysis assures that all the parameter range has
been sampled and changes in the output of each model run is
soil moisture. Water is routed using the kinematic wave ap-uniquely attributed to the input change. The automated cal-
proach, using Manning’s relation for estimation of the runoff jpration procedure Parameter Solution Method (PARASOL;
speed. Van Griensven et al., 2003) was used for calibration of the
SWAT includes three different methods for computation of most sensitive parameters. This procedure used the Shuf-
evaporation/evapotranspiration, namely: Penman-Monteithfle Complex Evolution Algorithm as optimization method,
Priestley-Taylor and Hargreaves. As there are no records ofvhich is a global search algorithm for the minimization of a
wind speed, relative humidity and solar radiation in the basin,single function for up to 16 parameters (Duan et al., 1992). It
but maximum and minimum temperatures are available fromcombines the direct search method of the Simplex procedure

www.hydrol-earth-syst-sci.net/14/1963/2010/ Hydrol. Earth Syst. Sci., 14, 1963-2010
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For flow computation 51 subbasins with 272 hydrologic re-

sponse units were defined. For calibration, the time series
Fig. 8. Observed and simulated mean monthly discharges during®f years 2000-2002 were used. A novel validation process
years 2000—2002 at Tijeréd), Rehug(b), Mininco (c), Renaicqd) ~ Of the calibrated model was conducted. Performance of the
and Malleca(e). model was evaluated for two periods with different domi-

nant land uses, namely period 1977-1982 with the land use
map of 1979, and period 1994-1999 with the land use map

Month

°
3
EY
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Table 8. RMS error, absolute error, efficiency, determination coef-
ficient and percentage of Bias calculated for the period 2000-2002
after calibration.
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of 1994, in order to check if the model is able to adequately
reproduce the catchment hydrology under different land use
scenarios, i.e. if model performance significantly varies with
land use change. Computed and measured monthly dis-
charges were compared at Tijeral, Rehue, Renaico, Mininco
and Malleco and model performance was evaluated through
RMS error, absolute error, Nash-Sutcliffe’s efficiency, deter-
—e— Observed mination coefficient, and percent bias.
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6.1 Sensitivity analysis

@
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Table 6 shows the ranking of the four most sensitive parame-

ters obtained with LH-OAT analysis for basin Tijeral, Rehue,

Renaico and Mininco for years 2000-2002. The subbasin

Malleco was not analysed, because there are insufficient dis-

charge records between the years 2000-2002. As Malleco is

d) a subbasin of Tijeral, identical parameter values were con-
0 o Spserved sidered for both.

The most sensitive parameter is the CN2 value. Other sen-
sitive parameters are Gwgmn, Sakc and rchrgdp. This
results are in agreement with those by Arnold et al. (2000),
Spruill et al. (2000), White and Chaubey (2005), Holvoet
et al. (2005), Van Griensven et al. (2006), and Kannan et
al. (2007). Table 7 shows the sensitive parameters obtained
in the referred studies.

According to Table 7 a similar behaviour of SWAT for ap-
100 —e— Observed plications in the basins located in south-central Chile, i.e.
—<— Simulated .

Vergara and subbasins, to that reported for watersheds lo-
cated in the Northern Hemisphere is observed.
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6.2 Calibration of the model

Discharge (m° /')

The most sensitive parameters of the model were calibrated
for the years 2000-2002 in order to reproduce the observed
discharges at the available gauge stations: Tijeral, Rehue,
Renaico, Mininco and Malleco using the parameter solution
Fig. 10. Observed and simulated monthly discharges for the yeargnEthOd_ PARASOL. Figure 8 shows the observed E_md Qom'
1994-1999 at gauge stations Tijeta), Rehue(b), Mininco (c), puted discharges for the years 2000-2002 after calibration.
Renaico(d) and Malleco(e). The model satisfactorily reproduced the order of mag-
nitude of the observed discharges, and their changes ten-
dency in time. Nevertheless, the model underestimates peak
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Table 9. Parameters involved in the computation of surface runoff in the Vergara watershed.

Parameter Description Units Recommended range  Reference Range after
PARASOL

ALPHA_BF  Baseflow recession con- 0.01-0.05 Arnold etal. (1995); Arnold 0.01-0.05
stant and Allen (1999)

CN2 Initial SCS CN Il value 39-68 Muleta and Nicklow (2005) 35-92

EPCO Plant uptake compensation 0.001-1 Muleta and Nicklow (2005) 1
factor

ESCO Soil evaporation compensa- 0.13-0.95 Van Liew et al. (2005) 0.1-0.95
tion factor

GW_DELAY Delay time for aquifer days 0-380 Van Liew et al. (2005) 31
recharge

GW_REVAP  Groundwater revap coeffi- 0.02-0.2 Van Liew et al. (2005) 0.02
cient

GWQMN Threshold water depth in mm 0-3560 Van Liew et al. (2005) 0—200 mm
the shallow aquifer for base
flow

REVAPMN Threshold water depth in mm 0-100 Muleta and Nicklow (2005) 1
the shallow aquifer for re-
vap

RCHRGDP Deep aquifer percolation 0.01-0.75 Muleta and Nicklow (2005) 0.05-0.1
fraction

SFTMP Snowfall temperature °C 1.0 Escobar and Vidal (1992) 1.0

SMFMN South Hemisphere: Max- mm/(°C day) 6.5 Escobar and Vidal (1992) 6.5
imum melt rate for snow
during the year (occurs on
winter solstice)

SMFMX South Hemisphere: Min- mm/(°C day) 3.5 Escobar and Vidal (1992) 35
imum melt rate for snow
during year (occurs on sum-
mer solstice)

SMTMP Snow melt base tempera- °C —2-20 Muleta and Nicklow (2005) 0.5
ture

SOLAWC Available water capacity mm $O/mm soil 0.08-0.16 Kannan et al. (2003) 0.2-0.55

SOLK Saturated hydraulic con- mm/h 0-208 Liu et al. (2002) 1.5-208
ductivity

TIMP Snow pack temperature lag 0.5-1 Muleta and Nicklow (2005) 1
factor

PLAPS Precipitation lapse rate mm/km 0.5 Fontaine et al. (2002) 0

TLAPS Temperature lapse rate °Ckm1 —7.5--6.5 Pdia et al. (1985) -6

OV_N Manning's “n” value for 0.2-0.8 Muleta and Nicklow (2005) 0.15-0.8
overland flow

CANMX Maximum canopy storage mm 2-6.5 Muleta and Nicklow (2005) 1.9

SURLAG Surface runoff lag coeffi- 0.53-4 Van Liew et al. (2005) 0.75

cient

discharges during high water events. Table 8 shows the RMS The parameters involved in the computation of surface
error (RRMSE), absolute error (ABSERR), Nash-Sutcliffe’s runoff in the Vergara watershed from precipitation data with
efficiency (EF), determination coefficienk{), and percent SWAT are shown in Table 9. After calibration of the model
of Bias (PBIAS) for the years 2000—2002. following PARASOL (van Griensven and Bauwens, 2003),

Overall, calculated and measured discharges are well cora modified range of SWAT parameters is obtained that bet-
related. The model was able to reproduce the flow regime irter reproduce discharges from precipitation data in the study
the watershed. region.
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Fig. 11. Land use maps according to observed scenario in year (B9®éseline(b) scenario 1(c) scenario 2(d) scenario 3.

Table 10. RMS error, absolute error, efficiency and determination Table 11. RMS error, absolute error, efficiency, determination coef-
coefficient calculated for the period 1977-1982. ficient and percentage of Bias calculated for the period 1994—-1999.

Tijeral Mininco Malleco
Tijeral Rehu& Mininco Renaico Malleco
RRMSE 0.39 0.61 0.44
ABSERR 11.76 5.27 7.96 RRMSE 0.31 0.63 0.33 0.42 0.38
EF 0.88 0.74 0.77 ABSERR  8.24 2.15 2.98 9.12 5.07
R2 0.91 0.79 0.80 EF 0.93 0.75 0.92 0.82 0.86
PBIAS 10.95 19.47 17.15 R? 0.93 0.89 0.94 0.83 0.88
PBIAS 2.77 32.75 9.13 7.88 10.38

2 Measured discharge data since July 1997

6.3 Validation of the model

Figure 9 shows the observed and computed discharges fror. Nash-Sutcliffe’s efficiency, determination coefficient,
years 1977—1982 at Tijeral, Mininco and Malleco, using the@nd percentage of bias calculated for the years 1977-1982.

land use map of 1979. Note that gauge stations Renaico and Overall, simulated and observed discharges are well cor-

Rehue did not operate in this period. related. The model reproduced with sufficient efficiency the
With the calibrated parameters, the model was able to corflow regime in the subbasins for the validation period. Fig-

rectly reproduce the order of magnitude of the observed distre 10 shows the observed and computed discharges for years

charges in the years 1977-1982, as well as their change ted994-1999 using the land use map of 1994.

dency in time. Again, peak flows were not precisely repro- The model was able to correctly reproduce the order of

duced by SWAT. Table 10 shows the RMS error, absolutemagnitude of the observed discharges, as well as their change
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Table 12. Percentage of area covered by the different land uses for the Vergara watershed and its subbasins: Tijeral, Rehue, Mininco, Renaicc
and Malleco in baseline and scenarios 1, 2, and 3.

Land use Tijeral Rehue Mininco Renaico Malleco Vergara
Agriculture 20.92 22.22 39.12 6.48 11.89 21.11
Native forest 22.64 3.07 9.49 61.03 60.25 23.37
Baseline  Forestry plantation 3599 40.45 49.07 23.95 23.81 39.44
Shrubs and grassland  19.72  33.90 231 5.33 3.79 14.46
Others 0.74 0.36 0.00 3.21 0.25 1.62
Agriculture 0.00 0.00 0.00 0.00 0.00 0.00
Native forest 22.64 3.07 9.49 61.03 60.25 23.37
Scenario 1 Forestry plantation 77.36  96.93 90.51 38.97 39.75 76.63
Shrubs and grassland  0.00 0.00 0.00 0.00 0.00 0.00
Others 0.00 0.00 0.00 0.00 0.00 0.00
Agriculture 77.36  96.93 90.51 38.97 39.75 76.63
Native forest 22.64 3.07 9.49 61.03 60.25 23.37
Scenario 2 Forestry plantation 0.00 0.00 0.00 0.00 0.00 0.00
Shrubs and grassland  0.00 0.00 0.00 0.00 0.00 0.00
Others 0.00 0.00 0.00 0.00 0.00 0.00
Agriculture 5.71 7.80 0.54 8.73 241 7.70
Native forest 11.53 0.99 60.40 0.00 51.93 16.03
Scenario 3 Forestry plantation 67.53 81.29 32.92 72.84 42.94 62.87
Shrubs and grassland  15.12 9.86 6.10 18.30 2.47 13.26
Others 0.12 0.07 0.04 0.13 0.24 0.15

Table 13. Percentage of change respect to the baseline scenario for mean annual, wet season (May—October) and dry season (November

April) flows.
Vergara Tijeral Rehue Mininco Renaico Malleco
Year Wet Dry Year Wet  Dry Year Wet Dry Year Wet Dry Year Wet Dry Year Wet  Dry
Scenariol —4.09 -483 024 -186 -281 293 -1061 -1067 -9.94 -857 -—-902 -442 -232 -281 0.06 —-169 -248 1.19
Scenario 2 5.08 541 3.06 7.30 7.28 6.32 7.23 7.70 1.55 2.38 2:63.06 1.13 127 081 1.86 137 3.86
Scenario3 —240 -286 0.28 -048 -125 321 -937 -934 -983 -630 -655 -403 -162 -196 0.07 —-166 -246 1.26

tendency in time. Peak flows were not precisely reproducedation and ambient temperature for the years 1994-1999 as
by the model. Table 11 shows the RMS error, absoluteinput. Consequently, each simulation differed from the base-
error, Nash-Sutcliffe’s efficiency, determination coefficient, line only in the land use conditions.

and percentage of bias calculated for the years 1994-1998 at Figure 11 shows the 1994 land use map, i.e. baseline,
the different gauge stations. and the three generated scenarios according to the described

The double validation process demonstrates that the modénethodology. Note that land uses generated with the logis-
was able to compute the hydrologic response of the Vergar#C regression model (Fig. 11, map d) show a strong growth
watershed under different land use scenarios with at least acf forest plantations over most part of the watershed, occupy-
ceptable performance, i.e. EF0.75. Thus, it is assumed ing agricultural areas and substituting native forest at the east
that the model can be applied for analysis of the hydrologichills of the Coastal Mountain Chain and the foothills of the

response of the Vergara watershed to land use changes. ~Andes Mountain Chain. Table 12 indicates the percentage of
area covered by the different land uses for the Vergara wa-
tershed and its subbasins: Tijeral, Rehue, Mininco, Renaico
and Malleco in baseline and scenarios 1, 2, and 3.

Figure 12 shows the changes of mean annual discharges
The hydrologic response of the watershed to land useat Tijeral, Rehue, Renaico, Mininco and Malleco under land

: Lo . use scenarios respect to the baseline.
changes was simulated, maintaining the observed precipi-

6.4 Modelling the hydrologic response to land use
changes
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15 1 at Tijeral, Rehue, Mininco, Renaico and Malleco under dif-
I Scenario 1 it H 7
aoenare 2 fere_nt Iant_j use conditions sausfact_orlly. _

10 EEEE Scenario 3 Simulations of probable scenarios showed that substitu-

tion of agriculture areas, shrubs and grassland with planta-
tions of introduced species cause a reduction of annual mean
discharge in up to 10%, while substitution of introduced for-
est plantations, shrubs and grasslands with agricultural land
increases the annual mean discharge in up to 7%. Based on
the observed tendency of landuse change in the period 1979—
1994, a reduction of the mean annual discharge is expected.
Thus, forestation of areas with introduced specieshikais
radiata andEucalyptus globulugight be regulated in order

to protect the water resources of the watershed.

% of Flow Change

-15 T T T T T
Tijeral Rehue Renaico Mininco Malleco
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