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Abstract. While tropical montane cloud forests (TMCF) under wet antecedent conditions, the event water contribution
provide critical hydrological services to downstream regionsin the pasture (34 % on average) was much higher than in the
throughout much of the humid tropics, catchment hydrol- forests (5% on average), indicating that rainfall infiltration
ogy and impacts associated with forest conversion in theseapacity of the pasture was exceeded. This result suggests
ecosystems remain poorly understood. Here, we comparthat despite the high permeability of the volcanic soils and
the annual, seasonal and event-scale streamflow patterns andderlying substrate in this TMCF environment, the conver-
runoff generation processes of three neighbouring headwategion of forest to pasture may lead to important changes in
catchments in central Veracruz (eastern Mexico) with sim-runoff generation processes during large and high intensity
ilar pedological and geological characteristics, but differentstorms. On the other hand, our results also showed that 20 yr
land cover: old-growth TMCF, 20yr-old naturally regener- of natural regeneration may be enough to largely restore the
ating TMCF and a heavily grazed pasture. We used a 2 yoriginal hydrological conditions of this TMCF.

record of high resolution rainfall and stream flow data (2008—
2010) in combination with stable isotope and chemical tracer

data collected for a series of storms during a 6-week period

of increasing antecedent wetness (wetting-up cycle). Our rel  Introduction

sults showed that annual and seasonal streamflow patterns

in the mature and secondary forest were similar. In contrast] he impact of land use change on hydrology is a major global
the pasture showed a 10 % higher mean annual streamfloWesearch issue (Foley et al., 2005). Decreases in rainfall in-
most likely because of a lower rainfall interception. Dur- terception, transpiration and surface soil hydraulic conduc-
ing the wetting-up cycle, storm runoff ratios increased at alltivities associated with forest disturbance, and conversion to
three catchments (from 11 to 54 % for the mature forest, 7 tg°@sture or agricultural lands modifies the terrestrial water cy-
52 % for the secondary forest and 3 to 59 % for the pasture)cle (Chhabra et al., 2006), and may have significant effects
With the increasing antecedent wetness, hydrograph separ®n catchmentwater yields and streamflow dynamics (Germer
tion analysis showed progressive increases of pre-event watéit al., 2009; Roa-Gata et al., 2011; Scheffler et al., 2011,
contributions to total stormflow (from 35 to 99 % in the ma- Zhang et al., 2001). In the tropics, these effects are amplified
ture forest, 26 to 92 % in the secondary forest and 64 to 97 99y the rapidity and extensiveness of the land cover change
in the pasture). At all three sites, rainfall-runoff responses(Lambin etal., 2003).

were dominated by subsurface flow generation processes for There is substantial evidence that the conversion of
the majority of storms. However, for the largest and mostforest to pasture or crops in the tropics is associated

of the lower evapotranspiration of the replacement
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vegetation (see Bruijnzeel (2004) for an overview).  How- by comparing three neighboring headwater catchments with
ever, at the same time, there have been reports of diminishesimilar pedological and geological properties, but different
streamflows during the dry season. The latter may occutand use/vegetation cover: old-growth TMCF, 20 yr-old nat-
when reductions in rainfall infiltration capacity due to urally regenerating TMCF, and a heavily grazed pasture. We
soil compaction by cattle or agricultural machinery, and use a 2 yr record of high resolution rainfall and stream flow
associated decreases in recharge of soil and groundwateiata (2008—2010) in combination with stable isotope and
reservoirs during the rainy season are large enough te@hemical tracer data collected for a series of storms during
offset the effect of lower evapotranspiration (Bruijnzeel, the 2009 wet season. We address the following research ques-
2004). Nevertheless, to date, there are very few studies thdtons:
have quantified the effects of land use change on runoff
. . . . 1. How does streamflow at annual, seasonal and event

generation processes and seasonal flows in the humid tropics timescales compare among land covers?
(Roa-Garta and Weiler, 2010; Roa-Gaecet al., 2011). '

In this respect, the effects of tropical montane cloud forest 2. How do runoff generation processes compare between
(TMCF) conversion on catchment hydrology are even less the secondary and mature cloud forest?
understood (Bruijnzeel et al., 2011). TMCFs are among the
world’s most valuable terrestrial ecosystems for biodiversity
and provisioning of hydrological services to society (Hamil-
ton et al., 1995; Tognetti et al., 2010; Zadroga, 1981). Nev-
ertheless, dramatic degradation and loss of TMCFs world-  \aterials and methods
wide have occurred over the last few decades (Scatena et al.,
2010). 2.1 Study site

Because of the generally rapid growth of young sec-
ondary vegetation in the humid tropics, a quick return to pre-The research was carried out in three adjacent headwater
disturbance hydrology during forest regeneration following catchments located between 2100 and 2500 m a.s.l. in the up-
deforestation may be expected in these regions (Bruijnzeelper part of the cloud forest zone in central Veracruz, Mexico
2004). However, despite the fact that secondary forests ar@-ig. 1). The catchments are situated in dissected mountain-
currently more widespread than old-growth forests in manyous terrain and are drained by first- or second-order peren-
tropical environments (Fox et al., 2000; Xu et al., 1999), thenial streams. Hillslopes are generally short and steep in the
available information is extremely scarcedsicher et al.,, forested catchments, whereas somewhat less steep gradients
2005), particularly in the case of TMCF (Bruijnzeel et al., characterize the pasture site (Table 1). Soils are classified as
2011). Umbric Andosols derived from volcanic ash (Campos Cas-

Much of our understanding of land use effects on runoff caredo, 2010; Van Osch, 2010) and having silt loam/silty clay
generation is derived from paired-catchment studies (mostlyoam as dominant textures. Surface soil in the forest sites are
in temperate areas), i.e. controlled, experimental manipucharacterized by lower bulk densities and higher porosities
lations of the vegetation cover (Bosch and Hewlett, 1982;(Marin-Castro, 2010; Mioz-Villers et al., 2012) as com-
Brown et al., 2005; Bruijnzeel, 1990; Fritsch, 1993; Malmer, pared to the pasture (Van Osch, 2010; Table 1). At all three
1992; Peel, 2009). However, because most of the remainingites, soil profiles are generally deeper at the hilltops com-
forests in TMCF areas are officially protected by conserva-pared to the near-stream areas. Soils in the forests are deeper
tion laws (Muioz-Piia, 2008; Scullion et al., 2011), experi- (2-3 m; on average) and better developed (A1, A2, A3, AB,
mental clearing for paired-catchment studies is generally noBw, BwC and C horizons) as compared to the pasture (1.5m
possible (Bruijnzeel, 2005). Hence, a common approach ion average; Al, A2, Bw and C horizons) (M@aCastro,
to compare the hydrology of catchments with different land 2010; D. Geissert, unpublished data). Field-saturated hy-
cover, but similar size, topography, soils, geology and cli-draulic conductivitiesKss) measured at various depths along
mate (e.g. Germer et al., 2009; Moraes et al., 2006iiddd 1.5 m soil profiles using a constant-head permeameter show
Villers et al., 2012; Roa-Gata et al., 2011). decreases from 1000 mmhat 0.1 mto 4mmht at 1.5m

In Mexico, about 50% of the original TMCF area has soil depth in the mature forest (Karlsen, 2010), whereas in the
been converted to other land uses (Cayuela et al., 2006; ChapastureK;s range between 30 mnth at 0.2m to 7 mmht
lenger, 1998). In the highlands of central Veracruz (central-at 1.5 m depth (Van Osch, 2010). The soils are underlain by
eastern Mexico), 26 % of TMCF has been cleared for thepermeable, moderately weathered andesitic breccias, under-
establishment of pasture for cattle grazing and agriculturalain, in turn, by permeable saprolite that has been weathered
lands in the last 30yr (Mipz-Villers and bpez-Blanco, from fractured andesitic-basaltic bedrock.
2008). In this study, we build upon previous work in the The mature forest (henceforth MAT) is an old-growth
TMCF zone of central Veracruz and quantify the impactslower montane cloud forest (LMCF) with relatively low
of land use change on annual and seasonal rainfall-runofflisturbance. The overstory of this forest is dominated
patterns and stormflow generation processes. We do thiby Quercus ocoteoifoliaClethra macrophylla Parathesis

3. What are the effects of forest conversion to pasture on
runoff response in this TMCF environment?
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Table 1.Topographic and soil physical characteristics of the three study catchments. Where available, the standard deviation (SD) is provided.

MAT SEC PAS
Area (hafP 25 12 10
Mean slope {)2:P 33 31 18
Mean slope length (rf)° 123 105 68
Length of river channel (knﬁ‘)b 1.2 0.7 0.6
Mean slope of river channe‘rxa’b 20 17 15
Aspect-P NW-SE W-E NW-SE
Mean soil bulk density,)®9 (g cm—3) 0.25+£0.17 0.45-0.11 0.48:0.05
Mean soil porosit§ﬂd 0.89+0.08 0.89+-0.03 0.814+-0.02
Surface soil saturated hydraulic conductivifgs)®§mm h_l) 7771931 615+ 690 30+ 14
& Mufoz-Villers (2008) and Miioz-Villers et al. (2012); for the MAT and SEC catchments.
L. E. Mufoz-Villers, unpublished data; for the PAS catchment.
¢ Marin-Castro (2010); the average and SD of the values at 0.05 m depth for the MAT and SEC catchments.
4D, Geissert, unpublished data; the average and SD of the values at 0.1 m depth for the PAS catchment.
€ Van Osch (2010); the average and SD of the values at 0.2 m depth for the PAS catchment.
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Fig. 1. Location of the study area in central Veracruz, Mexico, and maps of the study catchments showing the instrumentation and experi-
mental sites. Sources: Topographic data from the Instituto Nacional de$gtadGeograa e Informatica (INEGI;1993) (1:250 000 scale:

Mexico) and INEGI (2000) (1:50 000 scale: Mexico). Catchment boundaries of the forests friozMillers (2008).

melanostictaand Alchornea latifolia(Garda-Franco et al., an average height of about 20 mm (L.E. fMuz-Villers, un-

2008). The 20yr-old regenerating forest (henceforth SEC) igpublished data). Approximately 10 % of the PAS is covered
a mixture of equal proportions of LMCF recovered naturally by Baccaris confertaa secondary perennial shrub species of
from a wildfire in 1990 and a pasture land that was aban-about 1.2 m height; once a year, different parts of this shrub

doned around the same timglnus jorullensisis the over-
story species whil€lethra macrophylla Alchornea latifo-
lia andMiconia glaberrimacharacterize the mid- and under-
story. More details on the vegetation characteristics of themid with abundant rains during the summerdfipen clas-
MAT and SEC can be found in GaecFranco et al. (2008)

and Muioz-Villers et al. (2012).

are burned to establish temporal croplands (mostly maize and

beans).

The climate at the study site is classified as temperate hu-

sification modified by Garcia, 1988). Average annual rain-
fall at this site was 306% 414 (SD) mm over the period

The original vegetation in the pasture (henceforth PAS)2005-2010 (F. Holwerda, unpublished data), of which 80 %
catchment was LMCF, which was cleared approximatelytypically fell as convective storms during the wet season
70yr ago (local inhabitants, personal communication). SincMay—October), when the region is under the influence of
then, the pasture has been heavily grazed by goats, sheepe easterly trade wind flow. Dry season (November—April)
and horses. The dominant grass speciesAamopus com- rainfall is generally associated with cold fronts and charac-
pressus (Sw.) P. BeauandAlchemilla pectinata Kunthwith terized by light rains and/or drizzle (Holwerda et al., 2010;
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Munoz-Villers et al., 2012). Monthly mean temperatures areThe FDC describes the distribution of probabilities of
about 15.4 and 134C on average for the wet and dry sea- streamflow being greater than or equal to a specified magni-

sons, respectively (Holwerda et al., 2010). tude plotted on a semi-log scale. As a measure of flow vari-
_ ability, the slope of the FDC ¢ [—]) between the 5th and
2.2 Hydrometeorological measurements 95th streamflow percentiles was calculated using the method

) o of Zhang et al. (2008) modified by Sawicz et al. (2011):
Rainfall was measured at one site in the MAT (BP1) and PAS

(TG1) catchments, and at two sites in the SEC (SECP, BSléF _In(Qs) —In(Qgs)
catchment (Fig. 1). Additionally, two rain gauges were in- b= "0.95-0.05

stalled at the weather stations (labeled “VPco” and “VPtg” in Additionally, the mean annual high (MAHF [mmi) and low

Fig. 1). The rain gauges used were of the type ARG100 (En-
vironmental Measurements), Casella CEL and RG2M (On-ﬂoW (MALF [mm]_) were calculated as th.e mean of the 1st
and 99th percentiles of the FDC, respectively.

t) (all with luti f 0.2 . The signals f .
set) (all with a resolution of 0.2mm). The signals from the The MRC was constructed from daily dry season stream-

stand-alone rain gauges were stored using custom-built (Vl+ : . .
: . low data using the matching strip method (Toebes and
University, Amsterdam) and HOBO pendant event (Onset)Strang 1964). gThe MRC wasgdesceibed using( linear reser-

loggers, whereas those from the gauges at the weather sta-. )
tions were recorded with CR1000 data loggers (CampbellVOIrtheory (Chapman, 1999):

)

Scientific). All gauges were dynamically calibrated to ac- g, ggexp(—t/7) =Qok’, ©)
count for the variable error associated with the loss of water
during bucket rotation (Calder and Kidd, 1978). where Qg and Qq are the flows (mm day') at time 0 and

Streamflow was measured using V-notch weirs at ther (days), respectively; is the turnover time of the ground-
catchment outlets (3Cangle for the MAT and 53%for the ~ water storage (days) ards the recession constant. The ini-
SEC and PAS). Water levels were registered every 2 mirtial discharge valug)o and recession constaktwere ob-
using Schlumberger LT F15/M5 water level sensors pairedtained from linear regression analysis using log-transformed
with F5/M1.5 barometric pressure recorders. Water levelsdischarge data. Since all MRCs showed departures from lin-
were converted to streamflow (EY) using the experimen- earity towards the end of the recession, indicating catchment
tal stage—discharge relationship for these weirs (Kindsvateteakage (Fig. 2; c.f. Chapman, 1999), the baseflow recession
and Carter, 1957), calibrated with field-derived rating curvesparameterg)o andk (Eq. 3) were obtained from that portion
generated via volumetric- and salt dilution measurements obf the MRC where the relationship between lag,) and¢
discharge (c.f. Hongve, 1987). Further details on instrumenwas linear (Miioz-Villers et al., 2012).
tation and calibration procedures can be found infivlz+ Hourly data were used to graphically separate streamflow
Villers et al. (2012). Rainfall and streamflow measurementsinto quickflow (Qq; the direct flow in response to a rainfall
in the MAT and SEC started in July 2005, whereas data col-event) and baseflond; the delayed flow from storage) fol-

lection in the PAS began in June 2008. lowing the approach of Hewlett and Hibbert (1967). The hy-
_ _ _ drograph separation was performed using a slope constant of
2.3 Hydrologic metrics analysis 0.030 mmh! (Mufioz-Villers, 2008). Storms were defined

i . as periods with more than 0.2 mm of rainfatk(), separated
To intercompare the annual and seasonal hydrologlcaby a dry period of at least 3 h (cf. Gash, 1979).

regimes of the three catchments, basic hydrologic statistics " 11e Baseflow Index (BFI{]) was calculated from the in-

and several indices were calculated using hourly (denoted bygred values of0p and measuredy, using (Armnold et al.
subscript h) and daily (denoted by the subscript d) streamflov\iggg): '

and rainfall data@n, Qq, Pn and Py, respectively; all in units

of mm) collected from 1 June 2008 to 31 May 2010. For each | — > Obf
catchment, the following parameters were calculated using Y Qp°
the daily discharge record)(): mean annual flow (MAF), ) ) i
mean runoff ratio (MRR), coefficient of variation of stream Finally, the Richards-Baker Flashiness Index (F])[was

discharge (C\), flow duration curve (FDC) and master re- calculated as a metric of the frequency and rapidity of short-
cession curve (MRC). term changes in runoff values (catchment responsiveness).

The MAF [mm day 1] was determined by calculating the The Fl index was calculated as the sum of the absolute val-
arithmetic mean of all the individual daily flows recorded €S Of hour-to-hour changes @ divided by the sum of the

over the 2yr study period. The MRR [] was calculated ashourly discharges (Baker et al., 2004):
the ratio of total streamflow to total precipitation (Olden and

(4)

Poff, 2003): 2 1’Qh,i—Qh,i—1|
Fl == , (5)
>0 n
MRR = . 1 i
> Pg @) ingh’
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2.4.2 Storm water sampling and collection

To identify the sources and pathways of stormflow in the
three study catchments, samples of rainfall, throughfall, soil
and stream water were collected for as many as storms as
possible during the 6-week wetting-up cycle period for water
isotope §2H or §180) and chemical (electrical conductivity,
EC) analysis. These samples were then used as end-members
T e p B & 106 and tracers for storm hydrograph separation (HS) analysis
Time flow exceeded [%] (see Sect. 2.4.4).
100 10 Because wet season rainfall in this area is primarily of con-
B T vective origin (Baez et al., 1997), this type of rain-producing
system was particularly targeted for the rainfall-runoff sam-
pling. The following criteria were used to decide whether a
storm event sampled was considered for isotope analysis: (1)
rainfall had to be greater than 20 mm to ensure a substantial
rise in the stream hydrograph, and (2) the sampling should
S have covered the entire stream hydrograph and include at
least one baseflow sample before the storm started.

Rainfall was collected in 5 mm increments using two pas-
Fig. 2. (a)Flow duration curves for each of three study catchments;sive sequential samplers (Kennedy et al., 1979). One of the
and(b) master recession curves (dashed lines) and fitted recessiosamplers was paired with the rain gauge located in between
equations (solid lines) of the for@ = Qgk! (see text for further the MAT and SEC catchments (SECP; Fig 1), and the other
explanation). Note that data are plotted on a semi-logarithmic scalegne \was placed next to the rain gauge at the outlet of the

PAS catchment (TG1). At the same locations, bulk samples
where On; and On,_1 are the hourly discharges of hour _of rainfall were c_ollected using a rainwater sampler con_sist-
and houti — 1, respectively. ing of a 95 mm diameter funnel assembled_ to a 40 mm diam-

eter and 400 mm long transparent collection tube. The tube
contained a float to minimize evaporation. The rain gauge
was inserted in 75 mm diameter PVC pipe wrapped by bub-
ble foil insulation to protect the collected water against di-
rect sunlight and minimize temperature variations. No at-
To assess stream response to precipitation and the influempt was made to collect sequential samples of throughfall
ence of antecedent wetness conditions on runoff generabecause of the difficulties involved in getting a representa-
tion processes in the study catchments, several storm eventye sample due to the large spatial variability of through-
were examined during a 6-week period (1 August to 14fall in tropical forests (e.g. Holwerda et al., 2006). However,
September 2009) of increasing antecedent wetness. For eathilk samples of throughfall in the MAT and SEC were col-
storm, the following parameters were calculated: total rain-lected for comparison with rainfall using ten collectors dis-
fall (Pey [mm]), maximum hourly rainfall intensitylgo max  tributed randomly in each forest. Further details on rainwater
[mmh~1]), event duration T, [h]), the ratio between total and throughfall collection methods can be found infde-
runoff and rainfall Ot/ Pey), the ratio between quickflow and Villers and McDonnell (2012).
event rainfall Qqf/Pey), peak discharge (fpeadmm h=1]) Stream water was collected during the storms using 3700C
and the antecedent precipitation index (Afhm]), calcu-  automatic water samplers (Teledyne ISCO, Inc., USA) in-
lated as the sum of daily rainfall amounts for the 7 days priorstalled at the streamflow gauging stations (Fig. 1). The three
to the rainfall event weighted by the recession constant samplers were programmed to start sampling at the same fre-
(Viessman et al., 1989). Furthermore, the lag time, definedjuency and time, approximately 1 to 2 h before the storm was
as the time between peak rainfall and peak discharge, andxpected to initiate (to include at least one sample of stream
the time to peak, defined as the time between the onset dbaseflow). In addition, in each catchment grab samples of
storm discharge and peak discharge (Mosley, 1979) were cabaseflow were collected once a week.
culated. For the latter analysis, 10 min rainfall and stream- Soil water was collected prior to the storms from porous
flow data were used. cup lysimeters (Soil Moisture Equipment, Corp., USA), us-
ing a suction of about 60 kPa. In the MAT and SEC,
the lysimeters were installed at three topographic locations
(Fig. 1). At the ridge top and midslope positions, four lysime-
ters were installed at 0.3, 0.6, 0.9 and 1.2 m depth, meanwhile

Q [mmday’]

o
o
=

-
=

=== QMAT =——QMAT (fitted)

Time [days]

-

n
RN - 04

QSEC, PAS [mmday”]
[ Aep ww] 1vID

e

9
’

s

0.01 0.01

2.4 Storm runoff analysis

2.4.1 Stream event responses
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three lysimeters were installed in the near-stream valley affable 2. Coefficient of variation of stream discharge (g)/ mean
0.3, 0.6 and 0.9 m depth. In the PAS, lysimeters were in-annual high flow (MAHF) and mean annual low flow (MALF; all

stalled in the midslope and near the stream at 0.3, 0.6 and 0.8xpressed in mm) plus mean annual flow (MAF [mm d&ly and
m depth. slope of the flow duration curve ggc[—]) for each of the study

catchments over the period June 2608ay 2010.

2.4.3 Sample analysis

MAT SEC PAS
Samp_lgs for Water_|sotope analysis were s_tored in 30ml MAF (+ SD) 3.5 (5.0) 3.9 (5.2) 43 (5.6)
borosilicate glass vials with a polycone sealing cap to pre- CVp 14 13 13

vent evaporation. The samples were analyzedsfet and Seoc [ 4.9 41 5.4
8180 on a laser liquid-water isotope spectrometer (Version 2,  MAHF (£SD) 31(4.6) 32 (3.7) 33(9.5)
Los Gatos Research, Inc.) atthe Hillslope and Watershed Hy-  MALF (+SD)  0.07 (0.02) 0.21 (0.05) 0.02 (0.01)
drology Lab at Oregon State University, USA. The isotope
values of$?H and 5180 are expressed in permil (%o) rela-
tive to Vienna Standard Mean Ocean Water (VSMOW). They 45 quantified using the error propagation technique pro-
precision ofs?H ands80 measurements was 0.3 and 0.1%o, posed by Genereux (1998) at the 0.05 confidence level.
respectively.

Measurements of electrical conductivity (EC) were ob-
tained in situ for each water sample collected for isotope3 Results

analysis using a portable EC meter (Oakton, Model 300 Se-
ries). 3.1 Rainfall characteristics

2.4.4 |sotope-chemical hydrograph separation During the two-year study period (1 June 2008-
31 May 2010), mean annual precipitatio®)(was very

In addition to the graphical HS analysis, a one-tracer two-similar between the forest catchments (3371 mm for the

component HS analysis was conducted to separate storlAT and 3326 mm for the SEC) and only slightly lower

runoff into its pre-event and event water sources using then the pasture (3159 mm). Annua? was 3476 mm in

following mass balance equation (Pinder and Jones, 19692008/2009 and 3095 mm in 2009/2010 (averages across all

Sklash and Farvolden, 1979): sites). On average, 82% of the annualfell during the
wet season (May—October). Average monthly precipitation
OtCr= QpCp+ QeCe, (6) during the rainy season (435239 (SD) mm) was five times

where 01, Qp and Qe refer to total streamflow, pre-event that observed during the dry season {987 mm). Average

and event water volumes, respectively, aid Cp and Ce daily rainfall was 15t 20mm (range: 0-111 mm) for the
are the corresponding?H or §180 isotope ratios. The ay- W€t season versus=87mm (range: 0-56 mm) for the dry
erage of the tracer concentrations in the baseflow sample$€@S0n across all sites.

taken prior to the storm was taken as representativ€of
(Sklash and Farvolden, 1979)e at a specific time was cal-

culated as the weighted mean of the isotopic composition Oburing the study period, mean annual streamflow was higher
the rainfall samples up to that time (McDonnell et al., 1990). in the pasture (1554 mm, on average) compared to the MAT
Furthermore, a two-tracer three-component HS analysis Waﬁ268mm) and SEC (1414 mm). The higher streamflow in
performed to examine the contributions of soil water andy,o pas was also reflected in the value of the mean runoff
groundwater (both components of pre-event water) to storny (MRR), which was 0.50 on average for the PAS ver-
runoff, using the measureifH or §1°0 is_otope ratios and g5 .38 and 0.43 for the MAT and SEC, respectively. In
EC concentrations (Ogunkoya and Jenkins, 1993): each catchment, baseflow§s) accounted for the majority

_ of streamflow (91, 87 and 93 % in the MAT, SEC and PAS,
Q1C1=QeCet OsCstQgCo. 3 respectively); expressed as a percentagk,adps was 34 %
where Oy, Qe, Qs and Qg are the assumed components of for the MAT, 37 % for the SEC and 46 % for the PAS. To-
total storm runoff (streamflow, event, soil and ground watertal quickflow (Qqf) was very low in the three studied catch-
volumes, respectively), an@;, Ce, Cs andCy are the corre-  ments; expressed as a percentage 0of 4 was 4, 6 and 4 %
sponding tracer concentrations. In this stuflywas calcu- in the MAT, SEC and PAS, respectively.
lated as the average value of the tracer concentrations across The mean monthly flow during the wet season was high-
soil depths and topographic positions in the catchmégt. est in the PAS (2153 168 (SD)mm), followed by SEC
was assumed equal to the average tracer concentration ¢195+ 148 mm) and then by MAT (18& 141 mm). Stream
baseflow measured prior to the storm (i&). The uncer-  flow during the dry season consisted almost entirely of base-
tainty associated in the calculation of the pre-event fractiondlow in each study catchment; mean monthly streamflow

3.2 Streamflow and hydrologic metrics
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for this period was very similar for the PAS (4435 mm) cle (1-25 August 2009), the pasture produced average
and SEC (41 18 mm), but considerably lower for the MAT rainfall-runoff ratios ¢/ Pey) that were significantly lower
(28+ 19 mm). (0.09+0.08 (SD); p <0.001) than those generated by the
Although the mean annual flow (MAF) was higher in the MAT (0.194+0.10) and SEC (0.1%0.07). Correspond-
PAS compared to the forests, the three catchments displayedg quickflow event ratios Qq¢/ Pey) Were 0.03:0.03 and
similar variations around their mean values (&Wable 2). 0.03+ 0.04 for the MAT and SEC, respectively, whereas they
Flow duration curve (FDC) analysis showed that the great-were less than 0.01 in the pasture. In this same period, the
est variability in hydrological regime occurred in the PAS, pasture showed a mean peak discharge (0.2 m that
showing the highest and lowest discharge above the Q5 andias half those observed in the MAT (0.4 mmi and in
below Q95, respectively, as well as the steepest slogs{S the SEC (0.4 mmhl). Corresponding values of peak dis-
Fig. 2, Table 2). The SEC showed the flattest FDC, with dis-charge varianceo?) for the PAS (0.1 mmht!) were about
charges that were greater than those observed in MAT andine times lower than those for the MAT (0.9 mm¥# and
PAS below Q25. In agreement with the FDC analysis, mearSEC (0.9 mmh?). In contrast, in the second half of the
annual high flows (MAHF) were higher in the pasture in wetting-up period (from 25 August onwards), the pasture
comparison to the forests (Table 2), meanwhile mean annuadhowed higherQ:/ Pey ratios (0.42+ 0.14) than the forests
low flows (MALF) were the lowest in the PAS and highest in (0.304+0.13 and 0.3% 0.12 for the MAT and SEC, respec-
the SEC. tively). Although mean peak discharge and variance were
In all three catchments, Baseflow Indexes (BFIs) werehigher for all three sites compared to the first half of the
generally high (91 %, 89 % and 95 % for the MAT, SEC and wetting-up period, the PAS showed this time higher values
PAS, respectively), as well as the recession constaptsbt (mean peak dischargec?: 2+ 10.2mmh?l) as compared
tained from the master recession curves (0.95, 0.96 and 0.949 the MAT (1.3+2.3mmh 1) and SEC (1.2 3.2mmh1).
respectively), meanwhile corresponding Flashiness Indexes Over the entire wetting-up cycle, the PAS showed the
were very low (0.09, 0.11 and 0.07, respectively). All this re- shortest lag times (range: 10—-90 min) and time to peak dis-
flects stable flow regimes, with a dominance of groundwatercharges (range: 10-150 min) as compared to the MAT (20—

in streamflow. 140 min, 20—280 min, respectively) and SEC (10-140 min,
30-260 min, respectively). The lag time distribution of the

3.3 The 2009 wetting-up cycle MAT differed significantly from the PAS < 0.001) and
SEC (p =0.012), meanwhile no significant differences were

3.3.1 Catchment event response found between the PAS and SE@ ¥ 0.05). The distribu-

tion of time to peak discharges was not statistically different

During the 6-week wetting-up cycle (1 August-14 Septem-among sites g > 0.05). For all sites, peak flows correlated
ber 2009), total rainfall in each of the three catchments waswell with Pey (r2=0.72 on average) ankdg max (r>=0.75),
approximately 1200 mm, delivered by 46 discrete rainfall yet poorly with APk (r2<0.3). Lag times and times to
events in the forests and 43 events in the pasture. The fopeak discharge showed generally low correlations vt
est streams responded to 42 of the 46 storms identified. Dué-? < 0.2 on average)eo max(r? < 0.3) and AP} (r2 < 0.2).
to the temporary absence of the water level recorder in the
PAS, runoff data were available for only 36 of the 43 storms3.3.2 Selected storms for hydrograph separation
identified, from which 35 produced a response in the stream.
Note that the rainfall-runoff analysis presented below wasA total of nine storms out of thirteen sampled during
performed using only those storms for which data from all the wetting-up cycle fulfilled the earlier defined criteria
three sites were available. (Sect. 2.4.2). For the MAT and SEC, six out of these nine

During the 6-week wetting-up cycle, the seven-day an-events showed enough difference between event and pre-
tecedent precipitation index (APl increased from 9 to eventtracer concentrations to perform storm hydrograph sep-
319mm, indicating a shift from relatively dry to very aration. Due to the temporary absence of the water level
wet conditions. There was no statistically significant dif- recorder in the PAS (see Sect. 3.2), three out of the nine
ference p > 0.05) between rainfall event amount®e() storms had to be discarded; from the six storms remaining,
recorded at the three sited%, ranged between 1 and five were suitable for HS analysis.

118 mm (28t 24 mm; meant: SD), maximum hourly inten- Characteristics of the six storms analyzed in detail are pre-
sities (lsomay from 0.8 to 68mmh?! (16+15mm) and sented in Table 3. In general, the storms started during the
event durationsZ(,) between 1 and 15h ¢ 3 h). second half of the afternoon or early evening (between 15:00

It was observed that nearly equal rain event inputs pro-and 19:00LT). Average storm size, duration and maximum
duced very different streamflow responses in the pasturéntensity were 46 mm, 3 h and 29 mmb respectively.
as compared to the forests. Conversely, the forest streams For the stormsQ;/ Pey ratios ranged from 0.11 to 0.54 in
generated remarkably similar rainfall-runoff responses, aghe MAT, from 0.07 to 0.52 in the SEC and from 0.03 to 0.59
shown in Fig. 3. In the first half of the wetting-up cy- inthe PAS, and showed a progressive increase as antecedent
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Fig. 3. Hourly depths of rainfall P (top y axis; grey bars) and streamflo@, (bottomy axis; black lines), as measured at the three study
catchments from 1 May to 31 October, 2009 (left panels). The numbers denote the six rain storms analyzed using the HS techniques. Right
panels show the corresponding storm runoff event rati@gRev; Qqf/ Pev). The white squares show the event ratios of the six storms
investigated. The cyan-shaded area indicates the 6-week wetting-up cycle period studied (1 August to 14 September 2009).

wetness increased (Table 3). In all three catchments, the indes in rainfall samples were not statistically different be-
creases in the rainfall-runoff ratios were associated with in-tween the sampling locationg € 0.421 fors?H; p =0.548
creases in baseflow contributions to total stormflow (from 55for §180; and p =0.269 for EC). Although the samples of
to 92 % in the MAT, 53 to 87 % in the SEC and 50 to 97 % in throughfall taken in the MAT and SEC were somewhat en-
the PAS). riched in§180 ands?H (—4.4 and—19.5%. on average, re-
For all three catchments, the maximum rainfall-runoff spectively) as compared to rainfat-5.7 and—29.8%. on
event responses were observed during Storm 5, which waaverage, respectively), differences were not statistically dif-
the largest and most intense event observed during the studgrent (p > 0.05). In contrast to rainfall, the isotopic variation
period that occurred when antecedent wetness was high (Tan stream baseflow was very small (Table 4). The EC con-
ble 3). Peak flow discharge in this storm was almost twocentrations in storm runoff were generally low (range: 11 to
times higher in the PAS (11.8 mnTh) as compared to the 32 pS cntl) and statistically different among sitep ( <

MAT (6.4 mmtb1) and SEC (6.9 mmht). 0.001). The isotope ratios in samples of storm runoff from
the forests had very similar average and range 0.05),
3.3.3 End-members signatures?H, 180, EC) but were significantly more depleteg £ 0.001) and more

variable in the PAS. In all three catchments, soil water was
isotopically enriched as compared to stream baseflow (Ta-
ble 4). In the forests, the EC of soil water was higher com-
pared to stream baseflow, whereas the opposite was observed
in most of the storms in the PAS. Figure 4 shows that the

The isotope ratio in bulk rainfall samples of the storms an-
alyzed ranged from-88.7 to —10.3%. for $°H and from
—13.2 to —2.7%o for §180. Corresponding values of EC
ranged from 2.4 to 14.2 uS crh. Isotope ratios and EC val-
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Table 3. Summary of the rainfall and storm runoff characteristics of the six storms analyzed during the 6-week wetting-up period in the study
catchments.

| Storm 1 | Storm 2 | Storm 3 | Storm 4 | Storm 5 | Storm 6
Date | 3 Aug 2009 | 13 Aug 2009 | 14 Aug 2009 | 26 Aug 2009 | 30 Aug 2009 | 6 Sep 2009
Rain  producing| Tropical wave No. 19 Convection Convection Convection Tropical wave No. 27 Convection
system

| MAT SEC PAS | MAT SEC PAS | MAT SEC PAS | MAT SEC PAS | MAT SEC PAS | MAT SEC PAS
Pey, mm 35 30 23 21 44 47 31 - 101 111 34 27
160 mean MM 1 17 15 12 11 11 15 3 - 25 28 8 8
I60 max mm b1 33 27 16 16 23 20 20 - 63 68 18 15
Tp, h 2 2 2 2 4 3 9 - 4 4 4 3
Qgf, mm |17 085 015/ 08 054 00832 34 026|085 15 - |228 258 34526 32 042
Qt, mm |38 26 09 |45 39 18 [102 89 41 |101 86 - |544 527 650|146 171 159
Qqf/ Pev 0.05 0.02 0.00| 0.04 002 0.00|0.07 008 0.01]|003 005 - 0.23 0.26 0.32| 0.08 0.10 0.02
Ot/ Pey 0.11 0.07 0.03| 0.20 0.16 0.08| 0.23 0.20 0.09| 033 0.27 - 054 052 059|043 052 059
APl7, days | 9 |8 | 142 | 152 | 134 | 113 | 162 |- | 185 | 205 | 284 | 322
Time lag, min 40 40 40 50 70 30 80 70 40 80 20 - 40 20 20 70 40 20
Time to peak dis-| 70 70 60 80 80 30 100 90 40 120 40 — 70 40 20 120 130 20
charge, min

Table 4. Minimum/maximum values, and mea#sSD of the isotope ratioss¢H and $180) and EC concentrations of the different end-
members corresponding to the six storms analyzed using HS techniques.

82H, %o \ 5180, %o \ EC, puScnt!

MAT SEC PAS | MAT SEC PAS | MAT SEC PAS
Bulkrainfall ~ —29.8+24.4 —29.8+24.4 -38.1+29.1 | -57+£3.1  -57+31  -6.7+38 | 89+37 8.9+3.7 5.9+2.8

~76.6-10.3 -76.6-10.3 -88.7-16.1 | —11.6/-2.7 -11.62.7 -13.1/-3.4 | 3.4-14.2 3.4-14.2 24-97
Rainfall® ~28.8+£212 -28.8+21.2 -344+225 | -55+£27  -55+27  -6.1+28 | 6.7+£22 6.7£2.2 5.9+2.3

—68.5-9.7 -685~9.7 -715-128 | -105~29 10529 -10.7~-31 | 3.6-95 3.6-9.5 3.3-8.3
Soilwatef?)  —395+49  —422+7.9 -47.2+127 | -6.8+0.7  -7.1+£10  -7.6+16 | 325+48 35.3:6.0 20.8£7.7

-425/-325 -53.2/-31.2 -614/323 | -7.3-59  -86/58  -9.6/-57 | 27.5-37.0 28.0-44.2 8.0-28.0
Stormrunoff)  —39.9+3.6  —38.1+42 —46.9+47 | —6.9+05  —6.7+06  -7.6+£06 | 158+3.0 18.2£1.0 24.8£3.0

—46.1/-29.5 —46.2-24.7 -70.6/-33.6 | —7.7-54  -7-9/-48 -10.7-6.1 | 12.6-26.4 155-22.5 11.4-32.3
Baseflovi) ~43.2+£08 -413+16 —474+31 | -7.4+£03  -7.0+04  -7.7£03 | 14.9+10 18.9+:0.6 24.4£3.0

—44.4/-42.3 -429/-38.4 —49.4/-418 | —-7.8~711 -7.5-64  -7.9/-7.11 | 13.9-16.4 18.3-19.6 19.0-26.3

2 Average of volume-weighted mean values of rainfall collected with the sequential rain sampler (eight discrete samples of rainfall on average per storm).

b Average value across all locations and depths (six and eleven samples on average per storm in the forests and pasture, respectively).
¢ Average of the storm runoff water samples collected during rainfall (22 samples on average per storm).

d Average of base flow samples collected within the 2 h prior to the storm runoff sampling (three samples on average per storm).

samples of rainfall, soil water, baseflow and storm runoff all tions, the PAS generated much lower event water discharges
fall along the local meteoric water line (LMWL), with no ev- (38 %) than the MAT (66 %) and SEC (74 %,; Fig. 5); and
idence of evaporative enrichment of the water isotopes in thg€2) for Storm 5 sampled under very wet antecedent condi-
three catchments. tions, event water discharges in the pasture (28 %) were much
higher than those generated from the forests (1 and 6 % for
the MAT and SEC, respectively; Fig. 5).

Interestingly, the highest pre-event water contribution to
The one-tracer 88H, §'80) two-component HS analysis total stormflow observed in the forests occurred during the
showed a progressive increase of pre-event water contribiargest and most intense rainfall event (Storm 5), whereas in
tions to total storm runoff from 35 to 99 % (on average, us-the pasture these occurred during Storms 2 and 6, which were
ing both§?H and §180) in the MAT and from 26 to 92%  considerably smaller and of much lower intensity compared
in the SEC as antecedent wetness increased (Table 5). Ato Storm 5 (Table 5).
though in the PAS, pre-event water contributions to storm |t should be noted that the differences between the pre-
runoff also increased across the wetting-up cycle (from 62 toevent fractions obtained wits?H or 180 were very small

97 %), there were marked differences with the forests: (1) for(4—5 % on average). The uncertainty in the derived pre-event
the first storm sampled under relatively dry antecedent condi-

3.3.4 Stormflow sources
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= 8.255180 +18.20 (Goldsmith et al., 2012); the solid line represents the global meteoric water line (GNRMLY8-5180 + 10.

water fractions (Sect. 2.4.4) fé#H was, on average, 9, 10 In agreement with the one-tracer two-component HS anal-
and 7 % in the MAT, SEC and PAS, respectively, and 16, 20ysis, the most pronounced differences found between the
and 20 % fors180, respectively. stormflow response of the forests and pasture catchments oc-
Two-tracer §2H, §180 and EC) three-component HS anal- curred under contrasting antecedent wetness conditions, and
ysis showed that at relatively dry antecedent wetness condiin the largest and most intense event sampled. At the begin-
tions, runoff during Storm 1 in the MAT and SEC was largely ning of the wetting-up period (Storm 1), event water sources
generated by event water sources (74 and 97 %, respectivelyn runoff were 5-fold and 7-fold higher in the MAT (74 %)
Fig. 6). However, as antecedent wetness increased (Storms @nd SEC (97 %) as compared to the PAS (15 %). During the
3 and 4), soil and groundwater contributions to storm runofflargest rainfall event occurring at the end of the wetting-up
increased, and groundwater became rapidly the largest coneycle (Storm 5), the event water contribution in storm runoff
ponent of the pre-event water fraction in both forest catch-from the PAS (40 %) was 6- to 20-fold higher compared to
ments (Table 5). When antecedent wetness was at the highlihe SEC (7 %) and MAT (2 %), respectively (Table 5; Fig. 6).
est (Storms 5 and 6), stormflow in the MAT and SEC was Regression analysis showed that the event water frac-
completely pre-event water dominated and consisted almogdion in stormflow from the pasture was strongly, positively
entirely of groundwater (82 and 86 % on average for Stormscorrelated with storm characteristics, such as total rain-
5 and 6, respectively). Surprisingly, in both forests, ground-fall, Pey (v2=0.91) and the maximum hourly rainfall inten-
water contributions to total stormflow were highest during sity, Iso max (r2=0.94), whereas no correlation was found
Storm 5 (90 and 88 % for the MAT and SEC, respectively; with APl (-2=0.01). In contrast, event water contributions
Table 5, Fig. 6), which was the largest and most intense stornto runoff from the forests showed a strong, inverse cor-
of the study period. relation with APk (+2=0.65 and 0.63 for the MAT and
For most of the storms, groundwater sources also domi-SEC, respectively), yet very poor relationships wikg,
nated the storm runoff in the PAS (Table 6), except for Storm(-2=0.12 and 0.10, respectively) and no correlation with
5 during which the pre-event water was calculated to be, or/gp max (-2 < 0.002).
average, 22 and 39 % of soil and groundwater, respectively

(Fig. 6).
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Fig. 5. The partitioning of storm runoff into its pre-event and event water sources using one-&%ﬁ@} wo-component HS analysis for
Storms 1, 3 and 5 sampled during the 6-week wetting-up cycle period for each of the three study catchments. Note that the)rainafall
streamflow Q) data for Storm 5 are plotted on different scales according to Storm 1 and 3 for a better representation.

Table 5. Pre-event water contributions to storm runoff as obtained using one-trés?dér&lBO) two-component HS, and corresponding
storm runoff contributing sources as derived from two—traé@nH( 8180 and EC) three-component HS analyses for each of the storms
analyzed in the three study catchments.

\ Storm 1 \ Storm 2 \ Storm 3 \ Storm 4 \ Storm 5 \ Storm 6
| MAT SEC PAS| MAT SEC PAS| MAT SEC PAS| MAT SEC PAS| MAT SEC PAS| MAT SEC PAS

Pre-event water

82H, % 31 - 64 | 79 79 91 | 72 63 75 | 88 84 - 99 93 71 | 92 92 96
5180, % 38 26 60 | 81 79 93 | 66 73 72 | 93 81 - 99 95 74 | 88 84 97
Stormflow

sources

82H and EC

Rainfall, % 74 - 15 | 19 22 1 25 21 11 | 13 22 - 1 3 39 | 8 11 1
Soil water, % 18 - 0 26 8 0 25 0 0 2 13 - 9 1 23 | 5 0 0
Groundwater, % | 8 — 85 | 55 70 99 | 50 79 89 | 85 65 - 90 96 38 | 87 88 99
§180 and EC

Rainfall, % 73 97 15 | 17 22 1 29 24 14 | 8 24 - 2 10 40 | 14 15 0
Soil water, % 21 2 0 25 8 7 26 0 0 5 14 - 9 10 20 | 10 2 0
Groundwater, % | 6 1 85 | 58 70 93 | 45 76 86 | 86 62 - 89 80 40 | 76 83 100
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Fig. 6. Storm runoff contributing sources using two-trac80 and EC) three-component HS analysis for Storms 1, 3 and 5 sampled during
the 6-week wetting-up cycle period for each of the three study catchments. Note that the r&inéaid(streamflow @) data for Storm 5
are plotted on different scales according to Storm 1 and 3 for a better representation.

3.3.5 Stream discharge-EC relations baseflow. Major differences in storm runoff characteristics,
flow sources and pathways between the two forests and the

Across the wetting-up cycle, the MAT showed consistently pasture catchments were only expressed under conditions of

positive discharge—EC relationships, i.e. increasing EC withhigh rainfall intensity and high antecedent wetness. For most

increasing storm discharge?=0.72 on average). In ad- events and at all three catchments, vertical soil water perco-

dition, a combination of discharge—EC hysteretic patternsation through the permeable volcanic soils and underlying

was observed: an anticlockwise loop from Storm 1 to 3 thatsubstrate promoted storm runoff responses that were domi-

shifted to a clockwise loop from Storm 4 onwards (Fig. 7). nated by subsurface flow processes.

In contrast, anticlockwise loops dominated in the SEC and

PAS (Fig. 7). Furthermore, both the SEC and PAS catch4.1 Similarities in runoff generation between the

ments showed a positive discharge-EC relationship from mature and secondary cloud forest

Storm 1 to 3 £2=0.29 and 0.26 on average, respectively),

meanwhile inverse relationships (i.e. decreasing EC with in-Annual runoff ratios Q/P) for the two hydrological years

creasing storm discharge) characterized Storms 4 to 6 in thwere on average 5% higher (145mm) in the regenerating

SEC ¢2=0.36 on average), and Storms 5 and 6 in the PASforest as compared to the mature forest catchment. Changes
(r2=0.32). in streamflow after cloud forest disturbance or conversion to

other land covers reflect concurrent changes in evapotranspi-

ration (ET) and cloud water interception (Bruijnzeel et al.,
4 Discussion 2011). Previous work at this site showed that inputs of cloud

water interception by the mature and secondary cloud forests
Our process-based hydrological work showed very simi-are very low & 2 % of annualP; Holwerda et al., 2010), so
lar catchment annual and seasonal streamflow regimes, arttiat the observed differences in streamflow most likely re-
storm runoff event responses for the 20yr-old regeneratindlect differences in ET. Miioz-Villers et al. (2012) showed
forest and the old-growth forest. For the 2yr study period,that while annual transpiration totals of both forests were
the pasture showed higher annual streamflows in comparinearly equal{790 mm), rainfall interception loss by the sec-
son to the forested catchments, mostly through an increase iandary forest{£280 mmyr1, 8 % of P) was about half that
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Fig. 7. Temporal dynamic in the relationship between storm runoff and electrical conductivity for Storms 1, 3 and 5 sampled during the
6-week wetting-up cycle period for each land cover catchment studied. The solid and open circles indicate the rising and falling limb of the
stream hydrograph, respectively. The arrows indicate the direction of the hysteresis pattern (clockwise or anticlockwise loops).

by the mature forest560 mmyr?, 16 % of P; Holwerda  ment on volcanic substrate at Hitachi Ohta Experimental Wa-
et al., 2010). The smaller loss observed for the secondaryershed, Japan, where Sidle et al. (2000) and Sidle (2006) ob-
forest was attributed to a lower canopy water storage capacserved that hillslope subsurface flow increased as antecedent
ity, related in turn to a lower leaf area index and lower epi- wetness increased.
phyte biomass (Holwerda et al., 2010). Hence, the small dif- Although sources and composition of stormflow were
ference in total annual streamflow found between the forestseemingly very similar between the two forests across the
most likely reflects a difference in interception loss @ba- wetting-up period, the stream discharge-EC relationships
Villers et al., 2012). suggest that there were subtle mechanistic differences in
The hydrological similarities between the forests were alsothe storm runoff generation. The mature forest showed a
reflected in their storm runoff generation mechanisms. Fromconsistent positive relationship between storm event runoff
our storm hydrograph separation analysis carried out durin@and stream conductivity. Conversely, the secondary forest
the 6-week wetting-up period, we observed that both foresshowed a shift from a positive to an inverse relationship from
catchments showed remarkably similar event runoff ratiosStorm 5 onwards. This change in the storm discharge-EC pat-
that, along with baseflow contributions to stormflow, pro- tern might appears to suggest a small increase in the contri-
gressively increased as the wetting-up cycle advanced. Weution of the shallow lateral sources to storm runoff in the
also observed almost identical contributions of pre-event wasecondary forest, and might have been triggered by the high
ter sources to total stormflow across the sequence of raimainfall intensity occurring under conditions of very high an-
events sampled in the regenerating forest and mature fortecedent wetness. We speculate that such change is due more
est. As antecedent wetness increased, the role of subsurfate catchment subsurface characteristics than to forest age or
water pathways increased in importance and groundwatestand characteristics. More work is needed to separate the
sources became ultimately the largest component of stornpedo-geological and vegetation influences.
runoff generation (as also shown by kr-Villers and Mc- Runoff generation processes at catchment scale in sec-
Donnell, 2012). These findings are consistent with hydromet-ondary tropical forest are virtually undocumented (Brui-
ric results obtained from a steep forested headwater catchjhzeel, 2004), despite it is becoming the dominant land

www.hydrol-earth-syst-sci.net/17/3543/2013/ Hydrol. Earth Syst. Sci., 17, 35486Q 2013



3556 L. E. Muioz-Villers and J. J. McDonnell: Land use change effects on runoff generation

vegetation cover in humid tropical regions (Giambelluca, Our 12% (286 mm) annual streamflow increment ob-
2002). However, some work has been carried out at the ploserved for the pasture catchment compares somewhat lower
scale to investigate the effects of forest regeneration on soilith the 17 % (377 mm on average) increment observed by
hydrologic properties. For example, the work of Hassler etGermer et al. (2010) for two adjacent zero-order stream mi-
al. (2011) in central Panama and Zimmermann et al. (2010krocatchments covered with undisturbed open tropical rain-
in Rondonia, Brazil both showed that soil saturated hydraulicforest and pasture on Ultisols in Rondonia, northwestern
conductivities can be recovered to pre-disturbance condition8razil.
during forest regeneration from pasture, but this process may Overall, our findings fall within the range of expected
take more than 8yr. increases in annual flows after converting forest to pasture
Our findings suggest that 20 yr of natural regeneration af-in tropical areas (150-300 mm, depending on rainfall;
ter forest disturbance may be sufficient to largely restore the-ritsch, 1993; Jipp et al., 1998), where the results from the
original catchment hydrology of this tropical forest ecosys- different regions seem to be mostly dependent on the ex-
tem. Rates of forest regrowth, and with it the rate of hydro-pected difference in ET (mainly evaporation) between the
logical recovery, depend largely on the duration and manageformer and new vegetation cover (Bruijnzeel, 2004, 2005).
ment intensity of the land use prior to regeneration and the Flow duration curves showed the greatest variability in hy-
associated degree of soil degradation (Ziegler et al., 2004grological regime in the pasture, with higher discharges at
Zimmermann et al., 2006). For the secondary forest undehigh flows in the rainy season and lower discharges at low
investigation, soil conditions prior to regeneration are un-flows during the dry period. Further, our event-based analy-
known. Hence, it remains uncertain whether the full 20 yr re-sis showed rainfall-runoff time responses that were generally
covery period was needed to restore hydrological behavior oshorter as compared to the forests. Likewise, the mean and
to what extent this was achieved before the present observasariance of peak flow in the pasture were higher, notably at
tions started. At any rate, the present results highlight the imhigh antecedent wetness. The lower rainfall interception of
portance of protecting and promoting naturally regeneratingthe pasture and its reduced surface soil hydraulic conduc-
forest to restore hydrological processes of ecosystems. Thisvities due to compaction by cattle grazing (Ma«Castro,
work also showed that despite the high ET of the forests, the2010) likely explains its greater responsiveness to rainfall
high rainfall amounts prevailing in the wet season along withduring the wet season. Several authors have discussed the
the high water percolation rates and high water storage poterimpacts of forest conversion to pasture on ET (Bruijnzeel,
tials of this forest ecosystem promote very important hydro-2004; Jipp et al., 1998) and soil hydraulic properties @rob
logical services to downstream regions, such as dry seasoet al., 2010; Ziegler et al., 2004; Zimmermann et al., 2006)
base flow sustenance and modulation of rainfall extremes. in the tropics. Both effects combined can modify the fre-
guency, timing and magnitude of catchment stormflow re-
4.2 Effects of forest conversion to pasture on runoff sponses (Chaves et al., 2008; Germer et al., 2009; RodaGarc
response et al., 2011) and runoff generation mechanisms, with a shift

o 0from subsurface to surface or near-surface flow pathways
The annual runoff ratio in the pasture was on average 12 ,/tChaves et al., 2008; Molina et al., 2007).

(286 mm) and 9% (145mm) higher than those observed in The nasefiow in the pasture at the end of the dry season

the mature forest and regenerating forest catchments, reSpefyarch—April) was about 35 and 70 % lower compared to the
tively. Again, the increase in streamfloyv amounts f0”0‘{V'”9 mature and secondary forest, respectively. A possible expla-
cloud forest conversion to pasture in this region mostly likely \o+ion for this is a lower recharge of subsurface water stor-

reflects changes in ET. Previous experimental data from this,geg quring the rainy season due to the lower rainfall infiltra-
site (Muhoz-Villers et al., 2012) showed that measured an-(on capacity of the soil in the pasture. Nevertheless, we can-
nual ET (transpiration plus rainfall interception loss) in the ¢ ry1e out a topographic control on these differences in dry
mature and secondary cloud forests were 1350 and 1065 M3 450 flows. In this regard, Sayama et al. (2011) showed for

respectively. While no direct measurements of transpirationyermeable bedrock substrates in California that catchments

and rainfall interception for the pasture are available, a FAO, iy, steep gradients tend to store more water than those char-

Penman-Monteith reference ET calculated for the pasturg,.(erized by gentle slopes, and can therefore sustain dry sea-
site would suggest an annual ET of 855 mm @a-Villers g4 fiows for longer periods. If so, the fact that forest catch-

et al., 2012). Furthermore, the fact that the grass was very,ants have steeper slopes and deeper soil profiles as com-

short (Sect. 2.1), and thus must have had a low water storya e tg the pasture might be an alternative explanation for

age capacity suggests that the interception loss by the pastufgei, higher baseflows during the dry season.

was very small _compared to the forests (cf. Gash and Shuttle- 5q it \was also shown for the forests, our storm hydrograph

worth, 1991). Finally, a lower ET of the pasture as comparedsenaration analysis in the pasture demonstrated progressive

to the forests is consistent with the increase in streamflow, raases of rainfall-runoff event ratio@{( Pey) across the

observed in the form of baseflow. wetting-up cycle, with stormflow compositions that were
entirely dominated by pre-event water sources. Although
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groundwater discharge was also the main source of the sulzould influence surface soil hydraulic conductivities, and ul-
surface stormflow in the pasture, it appeared to be deliveredimately contribute to produce some overland flow and/or
from a shallower subsurface compartment as compared to theseudo overland flow (McDonnell et al., 1991a, b), result-
forests. This is supported by the more depleted values anihg in the initial high event water response. Secondly, for the
greater variation observed of the isotopic composition of thelargest event of our study period (Storm 5), with a return pe-
storm runoff (Table 4; Fig. 4). riod of about 2yr (F. Holwerda, unpublished data), that oc-

Itis interesting that despite the one to two orders of magni-curred under wet antecedent conditions, the pasture showed
tude lower surface soil hydraulic conductivity in the pasture about seven times more event water contribution to storm-
as compared to the forests (Table 1), storm runoff in the pasflow (28-40 %) as compared to the forests (1-10 %). We at-
ture was also dominated by groundwater sources. A likelytribute this difference to a much lower surface soil infiltra-
explanation for this is that for most of our monitored storms, tion capacity of the pasture and, to a lesser extent, a much
the average rainfall infiltration rate of the soil was still higher lower rainfall interception loss as compared to the forests.
than the average rainfall intensity. In addition, the lower slopeWhere the forests were able to mitigate the impact of this
gradients of the pasture as compared to the forests could havarge and intense storm, despite the high antecedent wetness
played a role. Nevertheless, the high correlation found be-conditions, rainfall rates probably exceeded surface soil in-
tween the event water contributions and rainfall characteris{iltration capacities in the pasture, promoting overland flow
tics (amount and intensity) suggests that overland flow didand resulting in the higher event water fraction as compared
occur in the pasture in response to large storms of high intento the forests.
sity (see also below).

Our findings contrast with those obtained by Chaves et
al. (2008) and Germer et al. (2010) for undisturbed rainfor-5 Conclusions
est and pasture catchments (0.7-1.4 ha) in Rondonia, Brazil.
For a series of storms sampled in the wet season, Chaves ®fe found very similar annual and seasonal streamflow
al. (2008) found that event water contributions accounted foregimes, and storm runoff event responses in the mature and
79 and 67 % of the total stormflow in the early, and 51 andsecondary forest catchments. Conversely, the pasture catch-
57 % in the late wet season for the forest and pasture, rement showed 10 % higher mean annual streamflow, which
spectively. These results were mainly attributed to the strongnost likely reflects a lower rainfall interception. However,
decrease of hydraulic conductivity with depth that charac-at the end of the dry season, baseflow was lowest in the pas-
terizes the soils of their study area, favoring infiltrating wa- ture, possibly due to a lower soil infiltration capacity and thus
ter to be routed via surface and near-surface pathways, seduced recharge of subsurface water storages. A smaller
that saturation-excess overland flow was the dominant stormeatchment water storage capacity associated to lower slope
flow generation process in both land covers. In addition, thegradients in the pasture may also have played a role.
Brazilian catchments were much smaller compared to our During the 6-week wetting-up cycle, rainfall-runoff event
study catchments, which might also in part explain the highematios increased at all three catchments (from 7 to 55% on
event water contributions in these catchments (c.f. Brown etiverage). As antecedent wetness increased, pre-event water
al., 1999). contributions to total storm runoff also increased from 35 to

Comparing our results for the forests with those for the 99 % in the mature forest, 26 to 92 % in the secondary forest
pasture across the sequence of storms sampled, there wesad 64 to 97 % in the pasture. Our results also suggest that
two rain events that occurred under contrasting antecedenn all three catchments and for most of the storms, the per-
wetness for which clear differences in catchment responseneability of the volcanic soils and substrate led to vertical
and runoff generation mechanisms were observed. Firstlyrainfall percolation and recharge of deeper layers, promot-
in the first storm sampled under dry antecedent conditionsing stormflow responses that were dominated by groundwa-
the forests had much higher event water contributions comier from within the hillslope. However, for the largest and
pared to the pasture. A possible explanation for this mightmost intense storm sampled at high antecedent wetness con-
be a (temporal) difference in soil hydrophobicity among the ditions, the much higher event water contribution in the pas-
land cover types. Although no data on soil water repellencyture (28-40% versus 1-10% in the forests) suggests that
in the investigated catchments are available, studies on Anfor this storm the rainfall infiltration capacity of the soil in
disols in southern Chile have demonstrated that this propertyhe pasture was exceeded, causing overland flow to occur.
is strongest and more persistent in forested soils with highThe latter result shows that despite the high permeability of
organic carbon and nutrient contents in the upper horizonghe volcanic soils in this region, forest conversion to pasture
(Ellis et al., 2003). Campos Cascaredo (2010) showed thamight cause important shifts in runoff generation processes,
our mature forest site holds three times higher surface soisources and pathways during large and high intensity storms.
organic carbon (28 %) and inorganic nitrogen (2 %) concen-On the other hand, our results also showed the importance of
trations compared to the grasslands in this region (10 angbrotecting naturally regenerating forest to restore hydrolog-
0.8 %, respectively). The high nutrient contents of the forestdcal processes in this TMCF environment, which ultimately
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responses to high intensity storms in the wet season. Campos Cascaredo, A.: Response of soil inorganic nitrogen to land
use and topographic position in the Cofre de Perote Volcano
(Mexico), Environ. Manage., 46, 213-224, 2010.
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