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1 | INTRODUCTION

Slash-and-burn agriculture, also known as swidden agriculture or shift-
ing cultivation, is the dominant driver of forest loss in large parts of
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Abstract

Slash-and-burn agriculture is an important driver of tropical forest loss and typically
results in a mosaic of land uses. However, there is little quantitative information about
the hydrological effects of long-term slash-and-burn agriculture and how such mosaics
affect the rainfall-runoff response at the catchment scale. We monitored streamflow
responses at two points along a perennial stream in a 31.7 ha catchment in eastern
Madagascar that was monitored previously between 1963 and 1972. Land cover in
2015 consisted of degraded grasslands, shrub and tree fallows at various stages of
regrowth (64%), eucalypt stands for charcoal production (30%), and rice paddies and
wetlands in the valley-bottom (3%). For the majority (60%) of the events during the
study period, the ratio between the total amount of stormflow and rainfall was <3%,
suggesting that for these events runoff was generated in the valley-bottom only. Events
for which an antecedent soil moisture storage plus rainfall (ASI 4 P) threshold was
exceeded had much higher stormflow ratios (up to 50%), indicating that a certain wet-
ness was required for the hillslopes to contribute to stormflow. Stable isotope sampling
for four small to moderate events indicated that stormflow was dominated by pre-event
water. Total stormflow and annual water yield in 2015 were higher than in the 1960s,
despite much lower rainfall in 2015. We attribute these differences to changes in soil
physical properties caused by the repeated burning and loss of top-soil, which has
resulted in a reduction in the depth to the impeding layer. The changed runoff-processes

(less infiltration, more saturation-excess overland flow) thus affect local water resources.

KEYWORDS
runoff generation processes, saturation-excess overland flow, stable isotopes, stormflow,
swidden agriculture, threshold response

Africa and South-East-Asia, and, to a lesser extent Latin America (Cur-
tis et al., 2018; Feng et al., 2021; Heinimann et al., 2017). The practice
typically produces a mosaic of land uses, including cultivated fields,

vegetation at various stages of regrowth, and in extreme cases, fire-
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maintained grasslands (Chazdon, 2014; Mukul & Herbohn, 2016; Van
Vliet et al., 2012). Repeated burning generally leads to decreases in
soil faunal biomass and activity, organic carbon content, and root den-
sity (Fragoso et al., 1997; Huon et al., 2013; Lavelle et al., 2001; Zieg-
ler et al., 2009), with corresponding reductions in soil infiltration
capacity and the near-surface saturated soil hydraulic conductivity
(Ksa; Patin et al., 2012; Shougrakpam et al., 2010; Zhang et al., 2019;
Ziegler et al., 2004; Zwartendijk et al., 2017). This can lead, in turn, to
an increase in the frequency and magnitude of overland flow (Bonell
et al., 2010; Lacombe et al., 2018; Podwojewski et al., 2008; Toky &
Ramakrishnan, 1981; Zwartendijk, Ghimire, et al, 2020, Zwartendijk,
van Meerveld et al., 2020), with ensuing increases in surface erosion
and loss of soil fertility (Malmer et al., 2005; Patin et al., 2018; Sande-
voir et al., 2023; Ziegler et al., 2009), and increased risk of down-
stream flooding and sedimentation (Brookhuis & Hein, 2016; Valentin
et al, 2008). However, top-soil infiltration rates normally improve
again during vegetation regrowth, resulting in less overland flow and a
diminished or more delayed runoff response to rainfall (Chandler &
Walter, 1998; Fritsch, 1993; Lozano-Baez et al., 2018; van Meerveld
et al, 2019). Thus, in catchments with slash-and-burn agriculture,
where the landscape is characterised by a mosaic of degrading
cropped fields and regenerating fallows, hydrological processes can be
expected to vary accordingly, both spatially and temporally (Bailly
et al, 1974; Gafur et al, 2003; Ribolzi et al, 2018; Sandevoir
et al., 2023; Toky & Ramakrishnan, 1981; Ziegler et al., 2004).

Plot-scale runoff responses for the different land uses depend on
the K, profile of the soil (Chappell et al., 2007; Elsenbeer
et al.,, 1999; Zwartendijk, Ghimire 2020, Zwartendijk, van Meerveld
et al., 2020), which depends, in turn, on the past land use. Previous
land use affects the K¢ profile directly in terms of the degree of pre-
vious soil degradation and compaction, and indirectly through the loss
of top-soil via erosion (Chandler & Walter, 1998; Lozano-Baez
et al., 2018; Patin et al., 2012; Zhang et al., 2019; Ziegler et al., 2004).
The shallower the depth to an impeding layer, the lower the storage
capacity of the soil and the greater the likelihood that hillside satura-
tion-excess overland flow (SOF) becomes an important runoff mecha-
nism during times of high rainfall (Birch et al., 2021b; Bonell, 2005;
Elsenbeer et al., 1992; Zwartendijk, Ghimire, et al., 2020, Zwartendijk,
van Meerveld et al., 2020).

However, the runoff response at the catchment scale cannot sim-
ply be deduced from the sum of the responses of individual vegeta-
tion patches or hillslopes (Uchida et al., 2005; Uchida & Asano, 2010).
It also depends on hillslope topography and morphology (Janeau
et al., 2003; Lapides et al., 2020; Ribolzi et al., 2011), the presence of
roads and footpaths (Rijsdijk et al., 2007; Sandevoir et al., 2023; Zieg-
ler et al., 2004), and the hydrological connectivity between the differ-
ent patches or hillslopes and the stream (Asano & Uchida, 2018;
Ribolzi et al., 2018; Robinson et al., 1995). The degree of connectivity
also depends on rainfall characteristics and antecedent wetness condi-
tions (Ries et al, 2017; Tobdén & Bruijnzeel, 2021; Western
et al., 1999; Xu et al, 2019). Numerous studies have reported the
existence of a wetness threshold for catchment-scale runoff
responses, which is conventionally interpreted to reflect the increase
in hillslope-stream connectivity as the catchment wets up (e.g., Birch

et al, 2021b; Gomi et al., 2008; Litt et al., 2015; Tobdn & Bruijn-
zeel, 2021; Zhang, van Meerveld, et al., 2018).

Although changes in K, dominant flow paths, and runoff
responses after converting tropical forest to pasture, agricultural crop-
ping, or extractive plantations are well-documented (Birch et al., 20213,
2021b; De Moraes et al., 2006; de Vries et al., 2022; Liu et al., 2011;
Nespoulous et al., 2019; Recha et al., 2012; Scheffler et al., 2011; Too-
hey et al., 2018; Zimmermann et al., 2006), integrated work in tropical
catchments that have experienced multiple cycles of slash and burn agri-
culture is rare (Bailly et al., 1974; Ribolzi et al, 2018; Sandevoir
et al, 2023; van Meerveld et al, 2019; Zhang, van Meerveld,
et al., 2018). Therefore, we examined the effects of soil- and hillslope
characteristics on catchment-scale stormflow generation in an upland
catchment in eastern Madagascar that had been investigated in the
1960s by French researchers (Bailly et al., 1974) and has experienced
slash-and-burn agriculture ever since. In addition, parts of the catchment
are in use for charcoal production by repeated coppicing and burning of
Eucalyptus trees. Our previous work in the area has revealed important
differences in near-surface K., between the different land covers
(Zwartendijk et al., 2017), which result in distinctly different perched
water table and overland flow responses (van Meerveld et al., 2021;
Zwartendijk, Ghimire et al., 2020, Zwartendijk, van Meerveld et al.,
2020). In this follow-on study, we examine the runoff response at the
catchment scale and address the following research questions:

e What are the dominant sources of streamflow during rainfall
events of different magnitude and intensity?

e |s there a wetness threshold above which stormflow increases
markedly, and above which hillslopes are more likely to contribute
to stormflow?

e Has the rainfall-runoff response intensified since the 1960s as a
result of long-term slash-and-burn activity and associated soil

degradation?

2 | STUDY SITE DESCRIPTION

The 31.7 ha Marolaona catchment is located near Andasibe in the
Ankeniheny Zahamena corridor in eastern Madagascar (18.970°S,
48.422°E; Figure 1). It is drained by a 920-m long perennial stream.
Land use in the catchment and the region is dominated by small-scale
subsistence farming based on slash-and-burn practices (Styger
et al., 2007). Typically, rain-fed rice is grown for one or two seasons,
sometimes followed by root crops like cassava for one or two more sea-
sons before the fields are abandoned until the next slash-and-burn
cycle begins. Due to increased population pressure and limited available
land, the time between successive cycles in the area has decreased
from the traditional 8-15 years to 3-5 years (Styger et al., 2007).

The catchment's land use in the 1960s included agricultural fields,
and a mixture of shrub- and tree fallows (Bailly et al., 1974). Land use
was still very patchy during the 2015-2016 follow-up study (Figure 1)
and consisted mainly of tree fallows (< 15 years old, 43%), irregularly
coppiced and burned eucalypt plantations for charcoal production
with an understorey dominated by Imperata cylindrica and Atristida
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FIGURE 1 Map of the Marolaona catchment showing the land use in 2015, and the locations of the rainfall gauges, stream gauges

(i.e., weirs), soil moisture sensors, shallow groundwater wells, and overland flow plots. Inset: catchment location in Madagascar. Imagery: True
Marble 500 m (Unearthed Outdoors, 2007 http://www.unearthedoutdoors.net/global_data/true_marble/download, downloaded on 2 October
2015). Photos of the main land covers in the catchment: coppiced Eucalyptus (a), degraded grassland (b), shrub fallow (c), and tree fallow (d).
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similis grasses (30%), and shrub fallows (<5 years old, 19%). The
remaining 8% of the catchment was covered by small patches of fire-
related grassland (2%), semi-mature forest (>20 years old, 2%), agricul-
tural fields (rain-fed, 1%), and irrigated rice cultivation (1%) and wet-
lands (2%) in the flat valley bottom (Figure 1). The stream, the rice
paddies and the wetlands occupied ~3% of the total catchment area
(and 25%, 17% and 58% of the valley-bottom area, respectively). The
dominant tree species in the tree fallows were native Psiadia altissima
and Harungana madagascariensis, plus the native shrub Clidemia hirta,
the fern Pteridium aquilinum and the invasive shrubs Lantana camara
and Rubus moluccanus (Zwartendijk, Ghimire et al., 2020, Zwartendijk,
van Meerveld et al., 2020; cf. Styger et al., 2007).

Mean annual rainfall at the Andasibe weather station (990 m a.s.
l; ~5 km from the study catchment) between 1983 and 2013 was
1625 mm (range: 1124-2068 mm). Monthly rainfall totals between
December and March exceed 200 mm on average, and are <100 mm
between April and October (Météo Madagascar, unpublished data).
The wettest month during the study period was February 2015, with
403 mm of rain. The average temperature was 15°C during the dry
season (April-October 2015) and 22°C during the wet season
(November 2014-March 2015; Ghimire et al., 2022).

The elevation in the catchment ranges from 930 to 1025 m a.s.l.
(Figures 1 and S1). Slopes are moderate to steep (10-50°, average
21°), relatively short (60-300 m), and generally convexo-concave.
Depth to the underlying Precambrian metamorphic and igneous bed-
rock exceeds 6 m (Zwartendijk, Ghimire et al., 2020, Zwartendijk, van
Meerveld et al., 2020). The soils (Tropudults) have a sandy clay loam
to clayey texture (up to 45% clay at the surface, increasing slightly
with depth; Andriamananjara et al., 2016). K,; decreases rapidly with
depth (catchment-wide median values of ~500 mm h~? at the sur-
face, ~20 mm h~! at 10-20 cm, and ~2 mm h~?! at 20-30 cm; Zwar-
tendijk, Ghimire, et al., 2020) and differs between land-cover types.
The highest surface K, values are associated with eucalypt stands
and tree fallows (median values of ~960 and ~460 mm ht, respec-
tively) and the lowest with degraded grasslands (median of
42 mm h™%; Zwartendijk, Ghimire, et al., 2020).

3 | METHODS

3.1 | Field and laboratory measurements

3.1.1 | Rainfall

Rainfall was measured between 3 February 2015 and 3 March 2016
using two tipping-bucket rain gauges (Rain Collector Il, Davis Instru-
ments, Hayward, USA; 0.2 mm per tip) connected to HOBO Pendant
event loggers (Onset Computer Corporation, Bourne, USA). The
gauges were installed at ~1.2 m above the soil surface to avoid
ground-splash effects (see Figure 1 for locations). Differences in
recorded rainfall amounts for the two gauges were very small (0.8%
difference for total amount; cf. Zwartendijk, van Meerveld,
et al., 2020). Since the record for the rain gauge near the catchment
outlet was complete, only those data were used in this study.

3.1.2 | Streamflow
Suppressed (rectangular) broad-crested weirs were constructed in the
early 1960s to measure streamflow at the catchment outlet and for
an upstream sub-catchment (7.1 ha) (Bailly et al., 1974; see Figure 1
for locations). We repaired the weirs and replaced the upper weir by a
90° sharp-crested V-notch. Stream water levels were measured at 5-
min intervals. Due to sensor failure, water level data are only available
for two periods: (i) 15 February-13 May 2015 (88 days); and
(i) 12 December 2015-2 March 2016 (82 days).

During the first period, water levels were measured with a CTD-
10 sensor (Decagon Devices, Pullman, USA) connected to an EM50-
logger (Decagon Devices). During the second period, water levels
were measured with an STS DL/N 70 pressure transducer (Sensor
Technik, Sirnach AG, Switzerland). Streamflow at the lower weir was
measured using the salt-dilution-slug-injection method (Moore, 2004;
Moore, 2005) over a range of flow conditions to establish the rating
curve (Supporting Information section 2.1). The rating curve for the
upper weir was based on the equations for a truncated triangular
sharp-crested weir (Bos, 1989; Jan et al., 2006), validated by volumet-

ric measurements (Supporting Information section 2.2).

3.1.3 | Soil moisture and groundwater levels

Volumetric soil moisture contents were measured at 5, 15 and 30 cm
depth in three hillslope plots: TF2 (young tree fallow, 1.58 ha), EUC
(irregularly coppiced Eucalyptus robusta trees with degraded fire-
related grassland, 0.05 ha) and TSF (terraced shrub fallow, 1.93 ha)
(Zwartendijk, van Meerveld, et al., 2020). The three depths for the soil
moisture sensors were based on the rapid decline in Ks,; with depth
below the surface (Zwartendijk, Ghimire, et al., 2020). Perched water
tables (PWT) were measured in three fully screened wells in the TF1
(young tree fallow, 0.05 ha), EUC and TSF plots, and one well in the
TF2 plot (see Figure 1 for locations). Further details are provided by
Zwartendijk, van Meerveld, et al. (2020). The PWT time-series
for plots TF2 (lower slope position) and EUC (mid-slope) were used

for statistical comparisons with the discharge time-series.

3.1.4 | Water sampling for stable isotope analysis
Samples of streamflow and overland flow (lined gutters of plots TF2,
EUC and TSF) were taken before, during and after rainfall events. A
rainfall sample was taken for every 13 mm of rain using a sequential
sampler (Kennedy et al., 1979) installed next to the recording rain
gauge near the catchment outlet (Figure 1). The sampler was emptied
before 10 AM on the day after an event. In January and February
2016 (wet season) daily bulk rainfall samples were taken from the rain
gauge at plot TF2 (emptied daily around 8 AM). In total, we collected
39 rainfall samples (26 from the sequential rainfall sampler and 13 bulk
samples), 209 streamflow samples (173 at the lower weir and 36 at
the upper weir), and 31 overland flow samples (6 at TF1, 10 at TF2,
8 at TSF and 7 at EUC).
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All water samples were analysed for the stable isotopes of oxygen
and hydrogen using a Cavity Ring-Down Spectroscope (L2130-i
(CRDS), Picarro Inc., Santa Clara, USA) at the laboratory of the Chairs
of Hydrology at the University of Freiburg (Germany). The isotope
ratios were expressed relative to the Vienna Standard Mean Ocean
Water using the delta notation. The stated precision was +0.16%. for
580 and +0.6%o for 8?H. All samples plotted on or near the local
meteoric waterline, suggesting that the samples were not affected by

isotopic fractionation (Figure S7).

3.2 | Analyses of field data

3.2.1 | Event definition

To determine streamflow response characteristics, rainfall events
were defined as periods with more than 5 mm of rainfall, followed by
a dry period of at least three hours (cf. Ghimire et al., 2014; Zwarten-
dijk, van Meerveld, et al., 2020). For inclusion in the analysis, stream-
flow responses at either weir had to exceed an arbitrary threshold
value of 0.02 mm h™1.

There were 25 rainfall events during the first period (15 Febru-
ary-13 May 2015; total rainfall: 537 mm). For two events, stream
responses at the catchment outlet did not meet the criterion for mini-
mum flow increase. Also, there were no reliable stormflow data for
the upper weir for ten events during the first period due to blockage
of the air vent. Hence, complete streamflow data during this period
were available for 23 events at the catchment outlet and only
15 events at the upper weir. During Period 2 (12 December 2015-2
March 2016; total rainfall: 473 mm), there were also 25 rainfall
events but no clear streamflow responses were observed for
20 (lower weir) and (upper weir) events. Thus, complete streamflow
responses during the second period were available for only five
events at the outlet and for 19 events at the upper weir. The com-
bined data from the two periods (50 rainfall events, 28 streamflow
responses at the outlet and 34 at the upper weir) were used in the
analyses.

3.2.2 | Rainfall characteristics and antecedent
wetness conditions

For each rainfall event we computed the rainfall amount (P), duration,
average intensity, the maximum and median hourly and 5-min rainfall
intensities, and the time of the centroid of the event. As measures of
antecedent wetness conditions, we calculated the total rainfall during
the three (AP3) and seven days (AP-) prior to each event, stream dis-
charge at the start of the event (Qp), and an antecedent soil moisture
index (ASI) for the top 30 cm of the soil at the Eucalyptus plot (ASlgyc)
and the tree fallow plot (ASltr,). The ASI represents the total storage
in the upper 30 cm of the soil and is calculated as the sum product of

the volumetric moisture contents at the 0-10 cm, 10-22.5 cm and

22.5-30 cm depth intervals; (cf. Zwartendijk, van Meerveld,
et al., 2020).

3.2.3 | Streamflow response characteristics

For each rainfall event that produced a streamflow response, the end
of the response was determined using the ‘constant-k method’
(Blume et al., 2007). The total stormflow amount (Q,) was computed
by subtracting a constant baseflow rate (Qg) from the streamflow dur-
ing the response. The stormflow ratio is the ratio between the total
stormflow amount and event rainfall (Q./P). The stormflow ratio is
equivalent to the so-called Minimum Contributing Area (MCA), that is,
the fraction of the catchment that would yield the measured storm-
flow if it contributed 100% of the rainfall it received (Dickinson &
Whiteley, 1970). The total stormflow and stormflow ratio were calcu-
lated for individual events and for the two observations periods. We
similarly calculated the total streamflow amount (Q) and the runoff
ratio (Q/P) for the considered individual events and the entire obser-
vation period.

We, furthermore, determined for each event the maximum flow
rate (peak-flow; Qp), and the following timing-related response charac-
teristics: response lag time (time between the start of rainfall and the
first increase in stream water level), lag to peak (time between start of
rainfall and peak flow), stormflow duration (the time between the start
and end of stormflow) and centroid lag time (the time between the

centroids of rainfall and streamflow).

3.24 | Hydrograph separation
Only four of the sampled rainfall events had a sufficient number of
stream water samples, a noticeable streamflow response, and con-
trasting 880 values for rainfall and baseflow. For these events we
applied a two-component hydrograph separation to determine the
event-water (Qc) and pre-event water (Qpe) contributions to streamflow
(Klaus & McDonnell, 2013; Sklash & Farvolden, 1979). The 680 value
of the baseflow prior to the event was used to represent the pre-
event stream water composition. For events for which only a single
bulk rainfall sample was available, the isotopic composition of this
sample was taken as the event-water composition. For events for
which multiple rainwater samples were available, the event-water
composition was based on the incremental weighted mean (McDon-
nell et al., 1990). The uncertainty in the event-water contribution to
streamflow was calculated following the method of Genereux (1998).
We used linear interpolation of the event-water contribution (i.
e., the percentage of event water in streamflow) between the individ-
ual isotope sampling times to obtain a continuous time series of event
water and pre-event water (van Meerveld et al., 2019; von Freyberg
et al., 2018) and to determine the average event-water contribution (i.
e., the average percentage of event water in streamflow; Q.,/Q). We

furthermore, determined the percentage of rainfall that became
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TABLE 1
Period 1: 15 Feb-13 Simulated: 14 May 2015-
May 2015 11 Dec 2015
Rainfall (mm) 537 398
Total 372 1747
streamflow
(Q) (mm)
Runoff ratio (Q/ 69 442
P) (%)
Stormflow (QJ) 4 2@
(mm)
Stormflow ratio 8 1°
(Qs/P) (%)

*Model-derived values.
BIncludes field-based and model-derived data.

streamflow (Q./P; the event-water fraction of rainfall; von Freyberg
etal., 2018).

3.2.5 | Statistical analyses and determination of
response threshold

The Kruskal-Wallis with Tukey's HSD post-hoc test was used to
determine whether the median values of the response characteristics
differed significantly between the two measurement locations (lower
vs. upper weir) and between the two periods (Period 1 versus Period
2). Spearman rank correlation (rs) was used to analyse the relations
between event characteristics (rainfall amount and intensity, anteced-
ent wetness) and streamflow response characteristics. Partial linear
regression (Jekel & Venter, 2019) was used to determine the presence
of any thresholds in these relations. Because streamflow response
characteristics are influenced by event size and antecedent condi-
tions, stepwise regression was applied to assess the influence of event
characteristics on Qs, Qs/P and Q. All statistical analyses were per-
formed using Python 3.7, using an arbitrary level of statistical signifi-

cance of 0.05.

3.3 | Determination of annual streamflow totals

For the period with missing streamflow data (14 May-11 December
2015; 212 days), total streamflow at the lower weir (i.e., the main
catchment outlet) was estimated using the HBV model (Lindstrom
et al., 1997; Seibert & Bergstrom, 2022), a frequently used bucket-
type hydrological model. The model was calibrated 50 times using a
genetic algorithm by optimizing the non-parametric efficiency (Pool
et al, 2018). The ensemble mean streamflow from the calibrated
parameter sets was used to estimate the missing streamflow (see Sup-
porting Information section 2.3 for details). These simulations were
only used to estimate streamflow for the period with missing data to
allow estimation of annual streamflow and stormflow totals for com-
parison with the data from the 1960s. The modelled data were not

Period 2: 12 Dec 2015-

Rainfall and streamflow totals at the lower weir (entire catchment of 31.7 ha) for different periods.

Year: 15 Feb2015- Year: 1 Mar 2015-

3 Mar 2016 14 Feb 2016 29 Feb 2016
466 1314 1103
116 640° 574°
25 48° 52°
16 57° 34
3 4b 3°

used for any other (statistical) analyses. Total rainfall for the period
with missing streamflow data was 398 mm (22 rain days
with P 2 5 mm).

Annual rainfall, streamflow and stormflow totals were derived for
two separate periods: 15 February 2015 until 14 February 2016 and
1 March 2015 until 29 February 2016. The rainfall totals for the two
periods differed considerably (1314 and 1103 mm, respectively;
Table 1), because February 2015 was very wet (403 mm of rainfall)
and February 2016 much drier (126 mm). The available streamflow
data did not allow computation of annual totals for the local hydrolog-

ical year (July-June; Bailly et al., 1974).

4 | RESULTS

4.1 | Total streamflow

Total streamflow (Q) as measured at the catchment outlet was
372 mm during Period 1 (69% of P) and 116 mm (25% of P) for Period
2. The corresponding stormflow totals (Qs) were 41 mm (8% of P) and
16 mm (3% of P), respectively (Table 1). Total streamflow and storm-
flow at the upper weir during Period 2 amounted to 100 mm (21% of
P) and 27 mm (6% of P), respectively.

Total streamflow for the intermediate period without measured
streamflow was estimated at 174 mm (44% of P), yielding an esti-
mated annual streamflow total at the lower weir between 15 February
2015 and 14 February 2016 of 640 mm (+64 mm) or 48 + 4% of
P (Table 1). Total stormflow for the intermediate period was estimated
at only 2 mm or 0.5 + 0.05% of P (Table 1, and Supporting Information
section 2.3).

4.2 | Eventresponse characteristics

The descriptive statistics of the rainfall and stormflow events are pre-
sented in Tables 2 and 3, respectively. Peak flows occurred earlier at
the upper weir compared with the lower weir (Table 3 and Figure 2):
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TABLE 2 Summary of the rainfall event characteristics (n = 50).
Lower quartile (Q1)

3 day antecedent rainfall (AP3) (mm) 9

7 day antecedent rainfall (AP5) (mm) 21

Total amount of rainfall (mm) 7

ASltez (mm) 104

ASlgyc (mm) 76

ASltez + P (mm) 113

ASlgyc + P (mm) 89

Rainfall event duration (T,) (min) 200
Rainfall event centroid (T,c) (min) 55
Maximum 5-min intensity per event (mm h™2) 12

Median 5-min intensity per event (mm h’l) 24
Maximum hourly intensity per event (mm h™%) 3.7

Median hourly intensity per event (mm h™?%) 0.7

Median Upper quartile (Q3) Maximum
33 53 79
65 121 165
12 24 71
115 135 151
82 86 93
139 152 200
95 106 148
320 475 1435
127 216 864
223 39 120
3.6 4.8 9.6
6.4 10 33
1.3 3.0 17

Note: ASl is the total amount of water stored in the top 30 cm of the soil at the start of the event.

TABLE 3 Summary of runoff event characteristics, as measured at the catchment outlet (lower weir; n = 27) and at the upper weir (n = 34).
Lower quartile (Q1) Median Upper quartile (Q3) Maximum
Lower Upper Lower Upper Lower Upper Lower Upper
weir weir weir weir weir weir weir weir
Response lag time (min) 5 5 15 18 65 61 300 215
Stormflow response duration 510 408 625 523 718 645 1680 1920
(min)
Lag-to-peak (min) 198 150 255 213 385 301 1120 665
Centroids-lag (min) 190 107 233 141 256 167 344 329
Baseflow (Qo) (mm h~?) 0.04 0.02 0.14 0.04 0.20 0.11 0.27 0.24
Peak flow (Qp) (mm h™1) 0.3 0.1 0.4 0.2 1.1 0.4 3.9 4.6
Stormflow (Qs) (mm) 0.2 0.2 11 0.4 2.6 0.6 9.8 12.7
Stormflow ratio (Qs/P) (%) 2 3 4 4 9 5 50 22

Note: For 23 and 6 events the streamflow response was insufficient at the lower and upper weir, respectively. These events were not included.

the median lag to peak time at the upper weir was 70 min shorter
than that at the lower weir. Soil moisture contents in tree fallow plot
TF2 also tended to peak earlier than streamflow at the lower weir, the
difference being larger (although not statistically significant) for soil
moisture measured at greater depth (Figure 2). For 12 out of
23 events, perched groundwater levels at TF2 also peaked earlier than
streamflow. However, perched groundwater levels in the Eucalyptus
plot, peaked later than the streamflow (by a median value of 327 min
for the eight events for which there was a response in both stream-
flow and groundwater levels; Figure 2).

The stormflow response lag time (i.e., the time between the start
of rainfall and the start of stormflow) at the lower weir was marginally
correlated with AP; (rs = 0.29, p = 0.05) and somewhat better with
rainfall event duration (r; = 0.35, p = 0.01) (Table S4). This was not
the case for the stormflow response lag time at the upper weir
(p = 0.8 and 0.13 for AP, and event duration, respectively). Instead,
the response lag times at the upper weir were correlated more

strongly with the rainfall centroid (rs = 0.44, p < 0.01), the response
lag time of soil moisture at 15 cm depth (rs = 0.72; plot TF2), and the
perched groundwater response lag time at the tree fallow plot TF2
(rs = 0.52, Table S5).

The median stormflow amount (Q,) was higher for the entire
catchment (1.1 mm) than for the upstream sub-catchment (0.4 mm),
although the corresponding median stormflow ratios (Qs/P) were simi-
lar (Table 3). Both event total stormflow amount (Q,) and the storm-
flow ratio (Qs/P) at the main outlet were strongly correlated with the
antecedent soil moisture plus precipitation index (ASlkfs + P)
(rs = 0.80 and 0.84, respectively; Figure 3a, Table S4). They were also
highly correlated with the maximum perched groundwater level in the
tree fallow plot (PWT+gp; rs = 0.90 and 0.82 for Qs and Q./P, respec-
tively) (Figure 4a and Table S4). Total stormflow amount was also cor-
related with event total rainfall amount (rs = 0.78), event maximum
hourly rainfall intensity (r, = 0.55), and event duration (rs = 0.51)
(Table S4). Although the event total stormflow amount at the upper
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Rainfall (n=28) 2 A

Streamflow at upper weir (n=18) 2> 4

Soil moisture at TF2: 5 cm (n=28) ? 1

i

Soil moisture at TF2: 15 cm (n=28) b¢ -

Soil moisture at TF2: 30 cm (n=27) ¢

Perched groundwater at TF2 (n=23) ¢ -

Perched groundwater at EUC (n=8) be 4
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FIGURE 2 Box plots showing the time between peak streamflow at the lower weir (t = 0), and the time of the centroid of the rainfall, peak
flow at the upper weir, peak soil moisture (SMC) at 5, 15 and 30 cm below the surface in tree fallow plot TF2, and peak perched groundwater
levels (PWT) in the tree fallow TF2 and Eucalyptus (EUC) plots. Negative values indicate a peak response that is earlier than the peak flow at the
lower weir. n = number of events. Note that outliers < —360 min (SMC) and >360 min (PWT) are not shown for visual clarity. Responses that
share a similar letter after the name do not have a significantly different median value (p > 0.05).
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FIGURE 3 Scatterplots of the relation between the total amount of stormflow per event measured at the catchment outlet (a, c) and at the
upper weir (b, d) and the antecedent soil moisture plus event rainfall index with soil moisture measured in the tree fallow TF2 (ASltg2 + P) (a, b) or
the Eucalyptus (EUC) plot (ASlgyc + P), (c, d). The colour of the symbols reflects the maximum hourly rainfall intensity. The red line shows the best
fit based on partial regression analysis. No line means that no significant relation was found.
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Scatterplots of the relation between the amount of stormflow per event measured at the catchment outlet (a, c) and at the upper

weir (b, d) and maximum perched groundwater levels measured in the tree fallow TF2 (a, b) or the Eucalyptus (EUC) plot (c, d). The colour of the
symbols reflects the maximum hourly rainfall intensity. The red line shows the best fit based on partial regression. No line means that no

significant relation was found.

weir was also correlated with the maximum perched groundwater
level in the tree fallow plot (r; = 0.77), neither the total stormflow
amount nor the stormflow ratio were correlated with ASlyg, + P
(re = 0.28, p = 0.10 for Q,; and ry = 0.32, p = 0.06 for Q,/P; Table S5,
and Figure 3b). Event total stormflow at the upper weir was correlated
most strongly with rainfall amount (rs = 0.82) and, to a lesser extent,
the maximum hourly rainfall intensity (r; = 0.69), but not with rainfall
event duration (r, = 0.25, p = 0.16, Table S5).

Peak flows were generally higher at the lower weir than at the
upper weir (upper quartiles of 1.1 and 0.4 mm h™%, respectively)
(Table 3). The peak flow rate was highly correlated with the total
stormflow amount (rs = 0.93 and 0.77 for the lower and upper weir,
respectively; Tables S4 and S5). Not surprisingly, the peak flow rates
(Qp) were also correlated with the antecedent soil moisture plus pre-
cipitation index (r; = 0.88 for the lower weir and r, = 0.52 for the
upper weir). The peak flow rate was furthermore correlated with the
maximum perched groundwater level in the tree fallow plot (r, = 0.84,

and r, = 0.75 for the lower and upper weir, respectively), and with the

maximum hourly rainfall intensity (rs =0.44, and rs=0.72 for
the lower and upper weir, respectively).

The stepwise linear regression confirmed the importance of ante-
cedent wetness (either represented by the ASI or pre-storm baseflow
Qo), and event size (P) as dominant predictors of total stormflow
amount Q. Conversely, rainfall intensity had only a small influence on

the stormflow amount and peak flow rate (Tables S4 and S5).

4.3 | Thresholds for stormflow

Clear threshold relationships were identified between the antecedent
soil moisture plus precipitation index (ASI + P) and event stormflow
amount (Q.) at either weir. Stormflow at the lower weir has an
ASltgo + P-threshold value of 150 + 6 mm (standard error) and 99
+ 3 mm for ASlgyc + P (Figure 3a, c). The ASlgyc + P-index also
showed a clear threshold for stormflow at the upper weir (111
+ 1 mm; Figure 3). This was not the case for the ASltg, + P: the
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threshold value for the entire time-series (~140 mm; Figure 3b) was
not significant (p = 0.10), but those derived separately for the two
measurement periods were significant (147 and 137 mm for the first
and second period, respectively; Figure 3b, Supporting Information
section 5).

There was a similarly clear threshold in the relation between the
maximum perched groundwater levels in the tree fallow plot TF2 and
total event stormflow at either weir: PWTyg, = 10.8 £ 0.1 cm at the
lower weir (Figure 4a) and 9.4 + 0.2 cm at the upper weir (Figure 4b).
Thresholds for perched groundwater levels in the EUC plot were not
significant (lower weir: r = 0.08; upper weir: partial regression,

p = 1.0; Figure 4c, d, Supporting Information section 5).

4.4 | Event water contributions to streamflow

The four rainfall events for which a two-component hydrograph sepa-
ration could be applied (Table 4) covered a fairly representative range
of events (cf. Table 2) in terms of rainfall amount (5-37 mm), maxi-

mum 5-min and hourly rainfall intensities (up to 120 and 33 mm h™2,

respectively), and antecedent wetness conditions (AP5: 0.2-53 mm;
ASltep: 90-144 mm). However, the stormflow ratios for the four
events were small (2%-4% at the lower weir, 1%-4% at the upper
weir) and the corresponding equivalent minimum contributing areas
(MCA) were similar to the fraction of the catchment occupied by the
valley-bottom wetlands and paddy fields (3%).

Event-water contributions for these four events ranged from 2%
to 16% at the lower weir, and from 6% to 32% at the upper weir
(Table 4). The maximum event-water contribution (66 + 19%) at the
lower weir was derived for the largest rainfall event
(no. 48, P = 37 mm), which also had the highest 5-min rainfall inten-
sity and the driest antecedent condition amongst the four events. The
event-water contribution as a percentage of rainfall was low (0.5%)
(Table 4). The largest event-water contribution as percentage of rain-
fall (1%, lower weir) was found for event no. 24 (P = 34 mm), which
had both the highest (ASltg, + P)-value (139 mm) and the highest
maximum hourly rainfall intensity (33 mm h~%; Table 4).

As shown in Figures 5 and 6, the difference in antecedent wet-
ness conditions between events number 24 (‘moist’) and 48 (‘dry’)

resulted in contrasting responses to rainfall, despite comparable

TABLE 4 Event- and pre-event water contributions at the lower and upper weir for the four examined events.

Event-number

Date

AP (mm)

AP5 (mm)

Rainfall (P) (mm)

Rainfall event duration (min)

Maximum hourly rainfall intensity (mm h™2)
Maximum 5-min rainfall intensity (mm h~1)

AS|T|:2 + P (mm)

Stormflow response duration (min) Lower weir
Upper weir
Base flow (Qo) (mm h~?%) Lower weir
Upper weir
Peak flow (Qp) (mm h™1 Lower weir
Upper weir
Total stormflow (Qs) (mm) Lower weir
Upper weir
Stormflow ratio (Qs/P) (%) Lower weir
Upper weir
Average event water contribution (Q./Q) (% of streamflow) Lower weir
Upper weir
Uncertainty in pre-event water contribution (%) Lower weir
Upper weir
Maximum event water contribution (% of streamflow) Lower weir
Upper weir
Event water fraction of rainfall (Q./P) (% of rainfall) Lower weir
Upper weir

3 24 48 50
17 Feb 2015 1 April 2015 28 Feb 2016 1 March 2016
33 0 3 53
92 6 9 55
5 34 37 16
50 75 225 115
5 33 28 10
14 84 120 36
149 139 127 130
2 560 535 510
340 215 575 305
0.16 0.15 0.03 0.05
0.05 0.09 0.02 0.06
2 0.3 0.3 0.2
0.7 0.6 0.7 0.4
2 0.6 1.2 0.6
0.2 0.4 1.6 0.6
2 2 2 4

3 1 4 4
2b 16 13 7

6 32

11 9 27 42
10 8

3° 36 66 39
8 48

0.2° 1.0 0.5 0.5
0.5 0.6

@Constant-k method was not applied because the streamflow responses were too small. Empty cells indicate no water samples were available for analysis.
PEstimate based on time-series of Q. and Qpe due to low number of water samples.
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FIGURE 5 Time-series for the 33 mm rainfall event on 1 April 2015 (event no. 24): (a) streamflow, 5-min rainfall intensity, 5*80 in streamflow
(circles), and the calculated contributions of pre-event water and event water at the lower weir (outlet) and (b) at the upper weir, (c) volumetric

soil moisture contents at 15 cm below the surface in the tree fallow (T
tree fallow (TF2) and Eucalyptus (EUC) plots. The weighted mean &80

maximum hourly rainfall intensities (33 and 28 mm h™2, respectively)
and total rainfall amounts (33 and 37 mm, respectively). Total storm-
flow for event no. 24 was 0.6 mm (MCA: 2%) at the lower weir and

0.4 mm (MCA: 1%) at the upper weir (Figure 5a, b). Peak streamflow

F2) and Eucalyptus (EUC) plots; and (d) perched groundwater levels in the
of the rainfall was —2.67%o.

was higher at the upper weir (0.6 mm h™2) than at the lower weir
(0.3 mm h™Y). The event-water contributions during peak streamflow
were 23 + 2% and 19 * 2%, respectively (Figure 5a, b). About 31 mm
(91%) of the rain during this event fell at intensities exceeding the
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FIGURE 6 Time-series for the 37 mm rainfall event of 28-29 February

2016 (event no. 48): (a) streamflow, 5-min rainfall intensity, 680 in

streamflow (circles), and the calculated contributions of pre-event water and event water at the lower weir and (b) at the upper weir,

(c) volumetric soil water contents at 15 cm below the surface in the tree fall
groundwater levels in the tree fallow plots TF1 and TF2, the terraced shrub
of the rainfall was —7.45%o.

catchment median K at 10-20 cm depth (20 mm h™2), causing the
development of a shallow perched water table rising up to ~12 cm

below the soil surface (Figure 5d). Some overland flow was observed

ow (TF2) and Eucalyptus (EUC) plots; and (d) average perched
fallow (TSF) and the Eucalyptus (EUC) plot. The weighted mean 80

at the runoff plots: <0.01 mm for the terraced shrub fallow plot,
0.21 mm in tree fallow plot TF2 and 0.25 mm in the EUC plot
(no observations were available for tree fallow TF1).
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Event no. 48 (Figure 6) lasted longer than event no. 24 (225 min
vs. 75 min; Table 4) and included a burst of very high rainfall intensity
(maximum 5-min intensity of 120 mm h~1). Peak streamflow in
response to this burst was faster and higher at the upper weir
(0.7 mm h™Y) than at the lower weir (0.2 mm h™%). Event water con-
tributed up 30 + 8% of streamflow at the lower weir (no data available
for the upper weir; Figure 6a, b). Rainfall subsequently continued at a
lower intensity (<8 mm h™1), leading to a rapid recession at the upper
weir (Figure 6b) and eventually a broad second peak (0.3 mm h™%) at
the lower weir (Figure 6a). Event water made up 10 + 3% of this sec-
ond peak. Total stormflow was 1.2 mm (MCA: 2%) at the lower weir,
and 1.6 mm (MCA: 4%) at the upper weir. Almost three quarters
(72%; 27 mm) of the rain fell at intensities above 20 mm h™2, causing
top-soil saturation and a perched groundwater table that in some
plots almost reached the soil surface (Figure 6d). Overland flow was
observed on all four plots, notably in the two tree fallows (20.5 mm in
TF2 and 23.3 mm in TF1; amounts under-estimated because the col-
lectors overflowed; Zwartendijk, van Meerveld, et al., 2020). There
was less overland flow at the Eucalyptus plot (0.2 mm) and the ter-
raced shrub fallow (0.01 mm). Overland flow from the plots was isoto-
pically more enriched than the streamflow. The difference between
the isotopic composition of the flow collected during the high inten-
sity burst of rainfall and the period with lower intensities was largest
for the EUC plot (Figure 6a).

5 | DISCUSSION

5.1 | Threshold relationships

Numerous studies in the humid temperate and tropical zones have
shown that stormflow volumes and runoff coefficients increase much
faster after a certain rainfall event size and/or antecedent wetness
threshold is exceeded (Asano & Uchida, 2018; Detty & McGuire, 2010;
Litt et al., 2015; Penna et al., 2015; Tobdn & Bruijnzeel, 2021; Zhang,
Bruijnzeel, et al., 2018). A few studies have shown that stormflow vol-
umes and runoff coefficients increase with event size and rainfall
intensity (Blume et al., 2007; Norbiato et al., 2009; Zhang, van Meer-
veld, et al., 2018). Thresholds for increased stormflow occurrence are
usually interpreted as the onset of hillslope contributions to stream-
flow (Detty & McGuire, 2010; McGuire & McDonnell, 2010; Penna
et al,, 2015). For the Marolaona catchment, stormflow volumes seem
to be primarily related to the sum of antecedent moisture in the top
30 cm of the soil and event rainfall (ASI + P), and only to a small
degree to rainfall intensity (Figure 5a). This suggests that a certain soil
water storage capacity needs to be filled before hillslopes contribute
measurably to stormflow (cf. Penna et al., 2015; Saffarpour
et al., 2016; Tobon & Bruijnzeel, 2021).

The ASltg, + P threshold for increased stormflow at the upper
weir at Marolaona was somewhat higher during the first measurement
period (February-May 2015; 147 mm) than for the (drier) second
period (December 2015-March 2016, 137 mm; Table S8). Since the
first period was wetter (Table 1), one would have expected the associ-
ated threshold to be lower than that for the drier, second period. This

counterintuitive result may be explained by the fact that stormflow
amounts at the upper weir were affected by the burning and coppic-
ing of the eucalypt stands in the upper sub-catchment in December
2015 (i.e., during the second period). Eucalypts made up ~38% of the
land cover in the upper catchment, with tree fallows roughly covering
the remainder (60.5%) (Figure 1). Although the water use of eucalypts
under normal conditions would exceed that of the local tree fallows
(Ghimire et al., 2018, 2022; Sikka et al., 2003), coppicing caused a
temporary drop in soil water uptake (transpiration), leading to tempo-
rarily increased soil moisture contents, a correspondingly reduced soil
water storage capacity, and hence a lower threshold value for runoff
generation. Further, it cannot be excluded that burning the eucalypt
fields caused surface soils to become temporarily more hydrophobic
(Doerr et al., 2000) and produce infiltration-excess overland flow dur-
ing times of high rainfall intensity (e.g., in January and February 2016;
Zwartendijk, van Meerveld, et al., 2020). Because no major changes
occurred in the tree fallows of the upper sub-catchment, the observed
dual relationship between stormflow and antecedent wetness in the
tree fallows (Figure 3b) must be regarded an artifact of the drastic
changes that took place in the eucalypt stands.

Interestingly, the (ASI + P)-thresholds associated with increased
stormflow at the main catchment outlet are slightly higher than
reported by Zwartendijk, van Meerveld, et al. (2020) for overland flow
at the plot scale: that is,150 mm vs. 137 mm for ASltg> + P and 98 vs.
87 mm for ASlgyc + P, respectively. Such differences across scales (cf.
Spence, 2010) may reflect differences in slope gradients and/or inter-
actions with topography (Caviedes-Voulliéeme et al, 2021; Ribolzi
et al., 2011), in particular the re-infiltration of overland flow as it
moves downslope (Vigiak et al., 2008; Woolhiser et al., 1996). This re-
infiltrated water may reach the stream as shallow subsurface storm-
flow (SSSF) or return flow, depending on slope morphology and
changes in soil physical characteristics with depth (Birch et al., 2021a;
Birch et al., 2021b; cf. McDonnell et al., 2021). Some support for the
interpretation that hillslope SSSF rather than return flow/foot-slope
SOF may be the dominant runoff contributing process at Marolaona
during larger storms may come from the observation that overland
flow was estimated to increase by only 0.05 mm and 0.01 mm for
every extra mm of ASI+ P in the TF2 and EUC plot, respectively
(Zwartendijk, van Meerveld, et al., 2020). This is roughly an order of
magnitude smaller than the corresponding increases in stormflow
observed at the main catchment outlet (0.16 and 0.18 mm, for every
extra mm of ASI+ P in the TF2 and EUC plots, respectively;
Figure 3a, c). Furthermore, correlations between stormflow amounts
(at both weirs) and soil moisture contents and perched water table
occurrence were much stronger than those with rainfall intensity
(Tables S4 and S5).

5.2 | Runoff generation processes and hillslope-
stream connectivity at Marolaona

Stormflow ratios (Qs/P) and equivalent minimum contributing areas
(MCA) were smaller than 3% for most events and roughly matched
the percentage of the catchment covered by the stream channel and
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adjacent wetlands and rice paddies (Figure 1). Thus, for the ~60% of
all events, for which the antecedent moisture storage and rainfall
amount were less than the ASI + P-threshold, stormflow was likely
only generated in the riparian zone (cf. Birch et al., 2021a; Bruijn-
zeel, 1983; Detty & McGuire, 2010; Penna et al., 2015). During wetter
conditions or larger events, the storage capacity of the soil above the
shallow impeding horizon (Zwartendijk, van Meerveld, et al., 2020)
was gradually filled and perched water tables developed (Figure 6), so
that the hillslopes became increasingly connected to the stream via
rapid lateral subsurface flow and saturated overland flow (Birkel
et al,, 2021; Bonell & Gilmour, 1978; Saffarpour et al., 2016; Tobdn &
Bruijnzeel, 2021; Zhang, Bruijnzeel, et al., 2018). Similar findings have
been reported for secondary forests in Panama, where lateral prefer-
ential flow within the top 20-30 cm of the soil was the dominant
source of storm runoff during large events and (saturation-excess)
overland flow only occurred during the largest storms (Birch
et al,, 2021a, 2021b).

The Ksy profiles of the soils at Marolaona (Zwartendijk
et al., 2017; Zwartendijk, Ghimire, et al., 2020) imply that for more
degraded areas within the catchment (notably those covered by
recently abandoned cropped fields under low shrub cover, or fire-
related grasslands), saturated overland flow may be a dominant con-
tributor to stormflow. Indeed, van Meerveld et al. (2021) reported
annual overland flow fractions of 11% of incident rainfall for a nearby
degraded grassland site versus only 2% for a tree fallow and a more
mature secondary forest. The median Kg,; at 20-30 cm depth in the
coppiced eucalypt plot (7 mm h™%) was much higher than that in tree
fallow TF2 (0.6 mm h1 Zwartendijk, van Meerveld, et al., 2020),
implying a later onset of perched water tables—and therefore a later
onset of subsurface flow and overland flow there than at TF2. This
contrast is also reflected in the threshold-type relation between
stormflow amount and the maximum perched water table level in
TF2, whereas no such threshold was identified for the EUC plot (Fig-
ure 6). As such, stormflow at the lower weir may be related more
closely to the runoff response of tree fallow sites (covering 43% of
the catchment) than to sites with eucalypts (30%). This is also shown
by the large difference in the lag-to-peak times between the tree fal-
low and eucalypts plots (Figure 4). Streamflow at the lower weir
peaked after soil moisture (Figures 2c, 3c and 4; cf. Wilson
et al., 1990), whereas the perched water tables at EUC peaked later
(and were much less pronounced) than stormflow at the lower weir
(Figures 2d and 3d). Perched water tables at EUC also occurred much
less frequently than at TF2 (n = 8 vs. 23, respectively; Figure 4). All
this suggests that subsurface flow from areas with coppiced eucalypts
was not an important contributor to peak streamflow in the
study area.

Hillslope-stream connectivity at Marolaona required the develop-
ment of shallow perched water tables on the hillslopes, which were
observed as far as 160 m from the stream (<40 m from the divide).
The largest stormflow amount measured at the catchment outlet
(10 mm, Table 3) was produced during the event of 17 January 2016
(P =57 mm) which occurred after a relatively wet period (ASI
+ P12 = 169 mm, AP; = 99 mm). The stormflow ratios for this event,

and thus the associated MCAs, were 22% for the upstream sub-catch-
ment and nearly 50% for the entire catchment. Such values imply
extensive runoff contributions from the hillslopes in the form of SSSF
and SOF, particularly from areas under tree fallow (rather than euca-
lypts; cf. Figures 5 and 6; Zwartendijk, van Meerveld, et al., 2020).
Van Meerveld et al. (2019) reported similarly high maximum MCA-
values (46%-49%) for a degraded grassland and a reforested catch-
ment on comparatively shallow soils in the Philippines in response to
(very) high rainfall. However, overall and maximum event-water con-
tributions were much higher for the grassland catchment (where
stormflow was dominated by infiltration-excess overland flow; Cheng
et al,, 2023), than for the reforested catchment, where stormflow con-
sisted mostly of SSSF and foot-slope SOF (van Meerveld et al., 2019).

The results of the isotope-based hydrograph separations for the
four examined rainfall events indicated that stormflow at Marolaona
was dominated by pre-event water (Table 4), but event-water contrib-
uted substantially during and after peak flows for some of the events
(Figures 5 and 6). The four rainfall events were modest in size (P = 5-
37 mm) and their stormflow ratios and peak flow rates as measured at
the lower weir were less than the respective median values for all
events (Tables 2-4). The sampled events, therefore, represent situa-
tions with a limited degree of hillslope-stream connectivity (cf. Ribolzi
et al., 2018; Spence, 2010). In other words, event-water contributions
might be higher for larger events with greater connectivity between
the hillslopes and the stream and larger contributions by rapid SSSF
and SOF. However, event-water contributions to stormflow can be
relatively high for small events as well, for example, when the storm-
flow response is mainly caused by rain falling on the stream channel
and surrounding saturated areas (Gburek, 1990). During larger storms,
event-water contributions tend to be small initially (i.e., once hill-
slope-stream connectivity is established and SSSF supplies pre-event
water), until subsurface flow and (saturated) overland flow gradually
contribute more event-water to the stream as the catchment wets up
(Birch et al., 2021a, 2021b; Mufioz-Villers & McDonnell, 2013; Penna
et al., 2015; Saffarpour et al., 2016; Zhang, Bruijnzeel, et al., 2018).

Streamflow responded faster at the upper weir than at the outlet
(Table 2). We attribute this to the small size of the upper sub-catch-
ment and the proximity of a wetland directly upstream of the upper
weir (Figure 1). The slower response downstream also highlights the
dampening and delay of streamflow as it flows through the
channel (Asano & Uchida, 2018; Uchida et al., 2005) and the modulat-
ing effects of riparian wetlands and rice paddies (Bullock &
Acreman, 2003).

5.3 | Comparison with previous observations in
the 1960s

Streamflow in the Marolaona catchment was measured for eight years
in the 1960s. Similar measurements were made in a nearby relatively
undisturbed rainforest catchment (101 ha) representing baseline con-
ditions (Bailly et al., 1974). Rainfall during our one-year study period
(15 February 2015-14 February 2016: 1314 mm; Table 1) was
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noticeably lower than during the driest hydrological year (July 1966-
June 1967) studied by Bailly et al. (1974) (1517 mm; Figures 7b and
S11). Although one would, thus, expect the total water yield in 2015-
2016 to be lower than in 1966-1967, the reverse applied: ~48% ver-
sus 29% of rainfall, respectively (Figure 7b and S11). In the 1960s, the
Marolaona catchment was dominated by dense shrubs and tree fal-
lows, whereas in 2015, coppiced eucalypts covered 30% of the catch-
ment (Figure 1). Before coppicing, the water use of coppiced
eucalypts can be expected to be higher (Calder et al., 1993) than for
shrubs and young trees (Ghimire et al., 2018; Ghimire et al., 2022)
because of the more developed root system of the former (Sikka
et al., 2003). Also, prior to the burning of the eucalypts in December
2015, soils under the eucalypts were generally drier and produced less
overland flow (Figures 5d and 6d; Zwartendijk, van Meerveld,
et al., 2020) and therefore contributed (presumably) less to overall
stormflow. As such, one would have expected stormflow ratios to be
lower in 2015-2016 than in the 1960s. However, the opposite was
found instead (Figure 7).

—— Marolaona: lower weir

— - Marolaona: upper weir Uncertainty

Although it is not clear how Bailly et al. (1974) exactly determined
the end of a storm event (rendering a 1:1 comparison of stormflow
ratios somewhat difficult), the stormflow ratio (Q./P) was higher in
2015-2016 than for the two driest years in the 1960s, that is, 4%
in 2015-2016 versus 1% in 1965-1966 and 3% in 1966-1967
(Figures 7c and S11). The higher total water yield and stormflow ratio
at Marolaona in 2015-2016 may thus reflect an increase in stormflow
production due to progressive land degradation during the additional
40-50 years of slash-and-burn practices (Giertz et al., 2005; Toky &
Ramakrishnan, 1981; Zhang, van Meerveld, et al., 2018; Ziegler
et al.,, 2004). Erosion during repeated cropping cycles likely stripped
part of the permeable upper soil (cf. Zhang et al., 2019); see also the
difference in Kg,-profiles between degraded grassland and fallow
sites in Zwartendijk et al. (2017) and Zwartendijk, Ghimire, et al.
(2020). This reduces the soil water storage capacity of the upper soil
and results in a more rapid development of perched water tables and
associated production of SSSF and SOF (Zwartendijk, van Meerveld,
et al., 2020; cf. Giertz et al., 2005), thereby increasing the difference
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FIGURE 7 Annual rainfall (a), total streamflow (b) and total stormflow (c) for the Marolaona catchment during the 1960s (red lines) and for
this study (2015-2016, blue line with an assumed 10% measurement uncertainty for streamflow indicated in grey). For comparison, the data for a
nearby forested reference catchment are shown as well (black lines). Data from the 1960s were taken from Annex Il in Bailly et al. (1974).

Additional information is presented in Supporting Information section 6.
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in runoff response with the forested reference catchment (Figures 7c
and S11). This can affect local water resources, i.e. increase of down-
stream flooding and sedimentation (Brookhuis & Hein, 2016; Valentin
et al., 2008).

However, due to the seasonality of rainfall at Marolaona these
results need to be interpreted with additional caution. Rainfall in the
wettest month (February) tends to vary greatly between years (122-
449 mm between 1983 and 2013; Metéo Madagascar, 2013). About
280 mm of rainfall were recorded in the second half of February in
2015, but only 55 mm during the same period in 2016. The choice of
the starting and ending dates will affect the annual stormflow total
(Table 1). Thus, in addition to continued slash-and-burn, one can prob-
ably attribute at least part of the observed differences in annual
streamflow and stormflow between 2015 and 2016 and the mid-
1960s to differences in the timing of rainfall as well (cf. Lacombe
et al., 2016).

6 | CONCLUSIONS

We examined rainfall-runoff relationships in the 31.7 ha Marolaona
catchment in upland eastern Madagascar, where slash-and-burn agri-
culture has been practiced for more than 70 years. For the majority of
the examined events, the stormflow ratio was <3%. Valley-bottom
wetlands and rice paddies likely generated most of the stormflow for
these events. However, there was a distinct threshold relation
between event total stormflow and antecedent moisture storage in
the upper 30 cm of the soil plus precipitation (ASI + P). Stormflow
ratios were much larger for events that exceeded this threshold,
reflecting an increase in hillslope-stream connectivity during wetter
conditions. Peak flow generally occurred after the onset of perched
groundwater tables in the upper 30 cm of the soil on the hillslopes
(mostly beneath tree fallows, the dominant land-cover). Stable isotope
results for four events that were examined in more detail, indicated
that stormflow was dominated by pre-event water (overall event-
water contribution <16%), but instantaneous event-water contribu-
tions were occasionally as high as 66%. Comparison of the streamflow
responses at the catchment outlet and at an upstream weir (draining
22% of the total catchment area) suggested that the headwater catch-
ment responded faster due to a direct connection with riparian wet-
lands. Land cover (notably fallows versus coppiced eucalypts) and
historic soil erosion influenced the spatial pattern of stormflow
generation. Despite the lower rainfall during the study period, annual
stormflow and total streamflow (i.e., annual water yield) were higher
than recorded for the driest years during the 1960s. This increase in
stormflow is most likely due to a reduction in the soil water storage
potential caused by the progressive loss of top-soil via erosion during
continued slash-and-burn.
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