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Abstract 

Land use/cover change (LUCC), and more specifically deforestation and multi-decadal 
agriculture, is one of the various controlling factors of water fluxes at the hillslope or 
catchment scale. We investigated the impact of LUCC on water pathways and stream 
stormflow generation processes in a subtropical region in southern Brazil. We monitored, 
sampled and analyzed stream-, pore-, subsurface- and rainwater for dissolved Silicon 
concentration (DSi) and 18O/16O (δ18O) signature to identify contributing sources to the 
streamflow under forest and under agriculture 

Both forested and agricultural catchments were highly responsive to rainfall events in terms of 
discharge and shallow groundwater level. DSi vs. δ18O scatter plots indicated that for both 
land use types, two runoff components contributed to the stream discharge. The presence of a 
dense macropore network, combined with the presence of a compact and impeding B-horizon, 
led to rapid subsurface flow in the forested catchment. In the agricultural catchment, the rapid 
response to rainfall was mostly due to surface runoff. A two-component isotopic hydrograph 
separation indicated a larger contribution of event water to total event runoff in the 
agricultural catchments. We attributed this increase to a decrease in topsoil hydraulic 
conductivity associated with agricultural practices. The chemical signature of the old water 
component in the forested catchment was very similar to that of the shallow groundwater and 
the pore soil water: it is therefore likely that the shallow groundwater was the main source of 
old water. This is not the case in the agricultural catchments where the old water component 
had a much higher DSi concentration than the shallow groundwater and the soil pore water. 
As the agricultural catchments were larger, this may to some extent simply be a scale effect. 
However, the higher water yields under agriculture and the high DSi concentration observed 
in the old water under agriculture suggest a significant contribution of deep groundwater to 
catchment runoff under agriculture, suggesting that LUCC may have significant effects on 
weathering rates and patterns. 



1. Introduction 

The dynamics, extent and consequences of land use/cover changes (LUCC) have been 
intensively studied for several decades (Lambin et al., 2003; Foley et al., 2005). Some of its 
impacts, such as a significant contribution to anthropogenic carbon emissions (Houghton et 

al., 2012), soil degradation (Lal, 2001; Vanacker et al., 2007), loss in biodiversity (Haines-
Young, 2009) or changes in regional climate through changes in water balance and energy 
budgets (Webb et al., 2005; Salazar et al., 2015), are now well documented.  

LUCC can also have an impact on the hydrological cycle. Most studies indicate an increase in 
water yields after conversion of forest to agricultural land (e.g. Hibbert, 1967; Brown et al., 
2005; Molina et al., 2012; Dias et al., 2015), with a greater impact in high-rainfall areas such 
as (sub) tropical environments (Bosch and Hewlett, 1982). The increase in annual streamflow 
is mainly linked to an increase in baseflow due to reduced evapotranspiration (ET), especially 
in the dry periods (Blackie and Edwards, 1979; Dias et al., 2015). The results compiled by 
Bruijnzeel (2004) indicate that changes in stormflow contribute only to a lesser extent to the 
observed changes in water yield.  

LLUC does not only affect total runoff amounts, but also causes changes in stormflow and 
runoff pathways. These changes will in turn affect other processes. Several studies have 
highlighted the importance of a strong hydrologic control of solute fluxes (Chappell et al., 
2007; Godsey et al., 2009; Clymans et al., 2013; Van Gaelen et al., 2014; Ameli et al., 2017). 
Water pathways and fluid residence time are also a primary control on chemical weathering 
rates (Maher, 2010; Brantley et al., 2017; McIntosh et al., 2017). Thus, changes in water 
pathways due to LUCC will not only affect the functioning but also the further evolution of 
the Critical Zone (CZ - Anderson et al., 2007; Brantley et al., 2007; Brooks et al., 2015). 
Understanding these changes is therefore critical for our understanding of the impact that 
natural and human-induced LUCC may have on CZ functioning and development. 

Elsenbeer and Vertessy (2000) presented a first conceptual framework of preferential water 
pathways in humid forested ecosystems based on series of case studies. They observed a 
predominance of lateral pathways within the soils, mostly caused by changes of soil hydraulic 
conductivity with depth. Bonell (2004) applied this framework to tropical environments and 
highlighted the importance of subsurface stormflow (SSF), as already observed in temperate 
forested catchments by other authors  (e.g. McDonnell., 1990; Sidle et al., 2001; Blume et al., 
2008). This rapid SSF is linked to the presence of soil macropores and pipes in the upper soil 
horizon, due to roots and biological activity (Uchida et al., 2001; Bachmair and Weiler, 2011; 
Beven and Germann, 2013). Macropores, high top soil infiltration rates and the presence of 
perched water tables are probably also the cause of the higher frequency of saturation 
overland flow compared to infiltration excess overland flow in forest environments (Elsenbeer 
and Vertessy, 2000; Bonell, 2004; Germer et al., 2010).  

Only a limited number of studies investigated the impact of LUCC on stormflow pathways in 
a (sub) tropical setting (Bonell, 2004). Generally, studies report an increase in overland flow 
when the forest cover is reduced (Sandstrom, 1996; Ziegler et al., 2004; Chandler, 2006; 
Moraes et al., 2006; Germer et al., 2010; Muñoz-Villers and McDonnell, 2013; Salemi et al., 
2013). In most cases, this is due to an increase in infiltration excess overland flow (Ziegler et 

al., 2004; Chandler, 2006; Germer et al., 2010; Muñoz-Villers and McDonnell, 2013) but an 
increase in both saturation and infiltration overland flows is also possible (Moraes et al., 
2006). This change in stormflow generation has often been associated with larger quick flow 
volumes being measured over the long term for agricultural catchments (Grip et al., 2004; 
Moraes et al., 2006; Muñoz-Villers and McDonnell, 2013). These changes are linked to the 



impact of LUCC on soil properties, more specifically to a decrease of the soil saturated 
hydraulic conductivity (Ksat) (Godsey and Elsenbeer, 2002; Bonell, 2010; Don et al., 2011). 
Zimmermann et al. (2006) measured a reduction of Ksat with increasing land use intensity, 
especially at the soil surface, leading to a strong increase of the probability of surface runoff 
for large rainfall events. The reduction in Ksat following forest conversion is due to the 
reduction in macro-porosity (Zhou et al., 2002) and the increase in bulk density (BD) caused 
by the compaction and crusting associated with agricultural practices (Sandstrom, 1996; Don 
et al., 2011). While all studies showed an increase in stormflow after forest conversion, they 
reported very different magnitudes of change and identified different mechanisms of 
stormflow generation (e.g. Sandstrom, 1996; Chaves et al., 2008; Germer et al., 2010; 
Muñoz-Villers and McDonnell, 2013). More research is therefore needed to better estimate 
the impact of LUCC on stormflow generation and to evaluate the effect of changes in soil 
properties on event water contribution to streamflow (Bonell, 2004).  

Most studies on the hydrological effects of LUCC made use of environmental tracers to assess 
changes in the water balance and in the provenance of the stream water (Kendall and 
McDonnel, 1998). Stable isotopes of oxygen (e.g. Muñoz-Villers and McDonnell, 2013) and 
hydrogen (e.g. Uhlenbrook et al., 2008) are very effective tools to infer water origin, 
pathways, movement or residence time (Sklash, 1990). Other chemical constituents, such as 
dissolved organic carbon (DOC – e.g. Van Gaelen et al., 2014) or dissolved silica (DSi – e.g. 
Stewart et al., 2007), have also been used. A major advantage of DSi as tracer is its low and 
negligible concentration in precipitation (Stewart et al., 2007; Clymans et al., 2013), 
providing a clear contrast with old water (Kendall and McDonnel, 1998). 

Thus, while we do have a basic understanding of how forest conversion may affect 
hydrological processes and pathways in (sub) tropical environments, the magnitude of change 
caused by LUCC as well the impact of these changes on solute fluxes and weathering remain 
poorly constrained for many environments. The objective of our study was therefore to 
evaluate the impact of deforestation and multi-decadal land degradation through agriculture in 
a subtropical area in southern Brazil with the combined use of oxygen stable isotopes of water 
and DSi. By comparing a forested catchment with limited human disturbances with a 
catchment converted to agricultural land at the beginning of the 20th century, we aim at 
improving the understanding of LUCC effects on stormflow generation in this environment. 
More specifically, we try to evaluate whether forest conversion led to a greater delivery of 
stormflow through more rapid flow paths.  

2. Material and Methods 

2.1. Study area 

Our study site is located in the Brazilian state of Rio Grande do Sul. It was initially covered 
by the Atlantic Forest which extended along the Atlantic coast of Brazil and, to a varying 
extent, also its inland (Morellato and Haddad, 2000). Following colonization and conversion 
to agricultural land use from the beginning of the 20th century onwards (Morellato and 
Haddad, 2000; Lopes, 2006), the forested area was reduced to 12% of its original area by 
2005 (Ribeiro et al., 2009). In Rio Grande do Sul, the deforestation process was accelerated 
around 1960 after the introduction of cash crops like tobacco or soybean (Lopes, 2006). 

We selected two small catchments located 15km apart within the Guapore river basin: a 0.03 
km² forested catchment (FOC - Fig. 1, 28°49'58.93''S 52°12'45.76"O) and a 1.19 km² 
agricultural catchment (ARC - Fig. 1, 28°55'53.41"S 52°6'33.65"O). We also studied a 0.14 
km² subcatchment of ARC (ARCsub - Fig. 1). All catchments are located on the edge of the 



Basalt Plateau of the Paraná Basin (Renne et al., 1992; Vieira et al., 2015). The lithology is 
mostly composed of rhyolitic and rhyodacitic rocks, although basaltic rocks dominate at lower 
altitudes (Caner et al., 2014; Vieira et al., 2015). The average monthly temperature varies 
between 12 to 22°C (averages from 2002 to 2017). The precipitation is well distributed along 
the year, without a dry season. The average annual rainfall is 1944 ± 336mm (2002-2017 
average). There is some seasonal variability of the rainfall intensity, with shorter and more 
intense rains during the spring and summer seasons (September to March) (Ramon et al., 
2017).  

FOC (Fig. 1) is located within a remnant of the original Atlantic forest. Its smaller catchment 
area is linked to the impossibility of finding larger intact fragments of the Atlantic Forest. The 
catchment witnessed only minor anthropogenic impacts due to its preservation by successive 
owners. It is only recently (around 10 years ago) that erva mate (Ilex paraguariensis) was 
planted in-between the native vegetation in a partial shade growing system (Eibl et al., 2000). 
Cultivation in the ARC catchment (Fig. 1) started around the beginning of the 20th century. As 
a result, it has today a heterogeneous land use, with areas cultivated for tobacco (Nicotina 

tabacum), soybean (Glycine max), maize (Zea mays), black oats (Avena strigose) and some 
erva-mate (Ilex paraguariensis). Some parts of the catchment are also occupied by reforested 
eucalyptus (Eucalyptus spp.), pasture and small rural properties. Poor agricultural practices, 
combined with steep slopes, have been causing considerable soil erosion and degradation 
(Minella et al., 2009). To reduce the soil erosion and the sediment delivery to the water 
system, soil conservation practices (e.g. minimum tillage system) have been introduced since 
1990s in governmental development programs (Minella et al., 2008b).  

Soils in the forest can be classified as Acrisols and possess well-defined organic matter and 
Argic horizons (Fig. 2a). Some Leptosols can be found on the steepest slopes of the 
catchment. The soil depth is 1.33 ± 0.97 m on average, with large differences (0.01 to >4m) 
depending on the slope, which varied from 2 to 17°. The upper part of the ARC catchment, 
where ARCsub is located, has a gentle rolling topography. The soils are deep (>4m) and 
classified as Acrisols (Fig. 2c - Barros et al., 2014). The slope range in the ARC catchment is 
0.03 – 58° while it is only of 0.1 – 21° in the ARCsub catchment. The lower part of the 
catchment is indeed more incised into the basalt plateau and slopes are shorter and steeper. 
The soils on these slopes are shallower (0.01 to 1.55m) and mainly consist of Leptosols. 
Cambisols are found in limited parts of the agricultural catchments (Barros et al., 2014). The 
soils under both forest and agriculture are also not in direct contact with the bedrock as there 
is a thick layer of saprolite at the soil-bedrock interface (Fig. 2). In all catchments, an 
important characteristic of the Acrisol is the well-defined transition between the overlaying 
horizons and the Argic B horizon (Fig. 2). The latter has a much lower Ksat and higher BD 
(Fig. 2b,d) and there is therefore a clear discontinuity in water infiltration rate (Barros et al., 
2014; Barros, 2016). We observed this B horizon at an average depth of 90cm in all areas 
with sufficient soil depth for it to develop. Compared to agricultural sites, top soils under 
forest have a lower BD (Fig. 2b,d) and a higher Ksat (Fig. 2b,d - Barros, 2012, 2016) .  

2.2. Hydrometeorological measurements, monitoring and sampling  

We selected slopes with contrasting topographies and land uses for the installation of 
monitoring equipment and detailed soil analyses. The FOC gentle (FOG) and steep (FOS) 
slopes (Fig. 1) possess overall similar characteristics in terms of soil texture (Table 1). The 
gentle slope in the ARC catchment (ARG) is cultivated with soybean during summer. In 
recent years, a minimum tillage practice has been combined with a cover crop with black oat 
(Avena strigosa) during the winter period. The steep slope (ARS) is under tobacco cultivation 
with intensive conventional soil tillage and no cover crop in winter. ARS has lower clay 



content and higher sand content compared to ARG (Table 1). ARG is located in the upper part 
of the catchment. ARS is located just outside the border of ARC, but possesses similar 
characteristics to the adjacent steep slopes in the lower part of the catchment. 

We monitored rainfall using a pluviograph installed at a meteorological station in ARCsub 
(Fig. 1). We collected rainfall samples manually during rainfall events to avoid any 
fractionation due to evaporation at rainfall collectors installed at the outlet of FOC and ARC. 
We collected samples on 17 and 20 occasions in FOC and ARC respectively. We measured 
streamflow using Parshall flumes located at the outlet of each catchment (FOC, ARC, and 
ARCsub) (Fig. 1). We recorded water levels every 5 min using ISCO 720 Submerged Probe 
Flow Modules connected to ISCO 6712 Full-size Portable Samplers (Teledyne Isco, 
Nebraska, USA). We used flow-proportional sampling above a given threshold discharge for 
each catchment (0.28, 114.72 and 4.47 ls-1 for FOC, ARC and ARCsub, respectively). At the 
same locations, we collected samples manually during baseflow conditions, on average once a 
week. Between August and November 2015, we collected 63, 76 and 104 samples for FOC (7 
events), ARCsub (14) and ARC (8), respectively. For some large events in FOC, we were 
unable to accurately monitor the discharge due to flume overflow. 

To extract soil pore water along topographic transects in each selected slope, we installed 
suctions cups with a porous membrane of 0.45 µm pore size (Eijkelkamp, The Netherlands) at 
two depths (30 and 70cm) and three positions: Bottom (B), Middle (M) and Top (T) of the 
slopes (Fig. 1). In FOG, given the greater slope length, we replaced the middle position by a 
Lower Middle (LM) and an Upper Middle (UM) position (Fig. 1). We sampled each position 
nine time on average from August to October in 2015 but suction samples could not be taken 
at each time from all samplers as the soil was sometimes too dry. On average, we collected six 
samples per suction cup.  

To sample the shallow groundwater, we also installed observation wells in different 
topographic positions in FOG (FOGB, FOGUM, FOGT), FOS (FOSB, FOSM) (Fig. 1), ARG 
(ARGB, ARGM, ARGT) and ARS (ARSB, ARST) (Fig. 1). Due to logistical issues, we could 
not install observation wells in ARSM and FOST. The bottom depth of the observation wells 
corresponded to the soil-saprolite interface. For deeper soil profiles, we decided to reach a 
maximum depth of 2.50 m. The observation wells were screened over the lower 1.0 m. We 
recorded water level every 5-min using Mini-Divers (Eijkelkamp, The Netherlands) and we 
corrected them for atmospheric pressure using a Baro-Diver (Eijkelkamp, The Netherlands) 
installed in ARGT. We took shallow groundwater samples manually from the observation 
wells during dry and rainfall conditions between August and October 2015. On average, we 
sampled each observation well seven times during that period. Given the characteristics of the 
observation wells installed, and more specifically their screened length, it is not possible to 
use those data to discriminate hydraulic heads at different depths along the screen. Instead, 
they measure an integrated water pressure along the entire screened length. 

2.3. Laboratory analysis 

We filtered all water samples with 0.45μm polycarbonate filters within a day of sampling and 
kept them sealed at 3°C before analysis. We analysed the samples for DSi concentration (DSi) 
by ICP-AES at the Earth and Life Institute, Environmental Sciences, Université Catholique de 
Louvain (Belgium) for the pore water samples and at the Institute of Bio- and Geosciences, 
IBG-3: Agrosphere, Forschungszentrum Jülich GmbH (Germany) for the river and shallow 
groundwater samples. 

We analysed all water samples for oxygen isotopic signature at the Institute of Bio- and 
Geosciences, IBG-3: Agrosphere, Forschungszentrum Jülich GmbH (Germany) with cavity 



ring-down spectroscopy (L2130-I, Picarro Inc., Santa Clara, CA, USA). We measured water 
samples together with internal laboratory standards calibrated against international isotopic 
reference materials (Brand et al., 2014). The isotopic compositions are expressed as δ-values 
in per mil (‰) as follows:  	 1⁄ ∗ 1000  ( 1 ) 

with Rsample and Rstandard as isotope ratios (18O/16O) of sample and standard, respectively. 
Isotope values are normalized to the Vienna Standard Mean Ocean Water (VSMOW) - 
Vienna Standard Light Antarctic Precipitation (VSLAP) scale. Analytical precision as 
determined from internal standards was better than ±0.08 ‰. We only analysed rainfall 
samples for δ18O, as DSi in rainfall is typically negligible (Laudon and Slaymaker, 1997; 
Holloway and Dahlgren, 2001; Blecker et al., 2006; Clymans et al., 2013) and was considered 
as null in the subsequent analyses. We realized the statistical comparison between different 
groups using the Kruskal-Wallis test. 

2.4. Two-component hydrograph separation 

Stable isotopes have been widely used to perform hydrograph separation (see reviews of 
Buttle, 1994, and Klaus and McDonnell, 2013). Based on results obtained through the 
analysis of the environmental tracers (see 3.2), a two-component hydrograph separation 
method appeared to be best suited to infer the contribution of the major water pathways. Two-
component isotopic separations can be used to infer the contribution of pre-event and event 
water to the streamflow via the following equations: 

     ( 2 ) 	 		 	 	 	3	 	
where Q, C and X are the discharge, concentration and event fraction of the streamflow, 
respectively, and the subscript t, p and e represent the total streamflow, the pre-event and 
event components, respectively. We used the average δ18O signature of baseflow samples to 
characterize pre-event water and the average δ18O signature of the rain during every rainfall 
event to characterize new water. We calculated the relative contribution of event water to the 
streamflow for each stream water sample collected. We calculated the uncertainty of the two-
component hydrograph separation using the method developed by Genereux (1998). This 
method is based on the application of a general uncertainty propagation technique. We 
performed all the analyses presented in the study in the MATLAB environment (MathWorks, 
2015) 

3. Results 

3.1. Hydrological measurements 

The total amount of rainfall (668.6mm) during the monitoring period (August – November 
2015) was slightly higher than the average amount observed in other years (549.4±157.4mm), 
as was the total annual rainfall amount in 2015 (2496.45mm) compared to the 2002-2014 
average (1901.0±549.4mm).  The first half of the monitoring period was relatively dry: during 
this period, discharges in FOC were very low or even zero. It highlighted the non-perennial 
status of the stream. All catchments had significantly different mean standardized discharges 
(FOC =2.7±6.6, ARCsub = 4.0±10.6 and ARC = 3.7±10.3 mm day-1). Median values of the 
standardized discharges also showed higher discharges for ARCsub (1.1 mm day-1) and ARC 



(1.2 mm day-1) compared to FOC (0.6 mm day-1). Both high and low flows in FOC were 
lower than in ARCsub and ARC.  All catchments were highly responsive to rainfall events 
(Fig. 3a), with a very short time delay between the rainfall and the peak in streamflow. 
Shallow groundwater levels rose quickly in all fields and catchments after rainfall events (Fig. 
3b).  

3.2. Tracer signatures and relations with discharge 

DSi concentrations in stream water were significantly lower in FOC (4.1±1.5 mg l-1) than in 
ARCsub (10.0±2.9 mg l-1) and ARC (8.3±2.4 mg l-1). For ARCsub and ARC, the stream water 
DSi concentration was significantly higher than the shallow groundwater DSi concentration 
(3.4±0.3 mg l-1) and the soil pore water DSi concentration (3.4±0.7 mg l-1) This was not 
systematically the case in FOC (groundwater: 4.8±0.6 and soil pore water: 6.0±2.1 mg l-1). 
We address possible reasons for this difference in the subsequent discussion. Shallow 
groundwater and soil pore water DSi concentrations were significantly higher in FOG 
(4.3±0.5, 6.6±2.9 mg l-1) and FOS (5.3±0.7, 5.4±1.3 mg l-1) than in ARG (3.1±0.3, 3.4±0.8 
mg l-1) and ARS (3.6±0.7, 3.4±0.6 mg l-1). We could not identify any distinct spatial patterns 
in DSi concentration along the different slopes for either shallow groundwater or soil pore 
water (not shown).  

We observed a dilution of stream DSi with increasing discharge for all catchments (Fig. 4). 
For every catchment, we observed a linear relation in log-log space with a slope coefficient 
well higher than -1 (-0.1, -0.17 and -0.16 for FOC, ARCsub and ARC respectively). Thus, the 
DSi dilution was not directly proportional to the increase in stream discharge. In FOC, some 
samples had a considerably lower DSi concentration than other samples collected at similar 
middle-range discharges. These samples corresponded to stream peak discharges occurring 
after a relatively dry period with only small rainfall events (on 17-09-2015 (15.52mm), 08-10-
2015 (18.77mm) and 20-10-2015 (15.16mm)). Prior to these events, the groundwater levels 
were very low, below the sensing depth of the observation wells. 

Stream discharge (-4.83±0.85, -4.19±0.86 and -4.23±0.94‰ for ILO, ARCsub and ARC, 
respectively) and shallow groundwater (-4.17±0.88, -5.30±0.95, -4.47±1.39, -3.72±0.80‰ for 
FOG, FOS, ARG and ARS, respectively) had relatively similar isotopic signatures while the 
δ18O signature of the soil pore water was in general significantly lower (-5,77±0,76, -
5,50±0,80, -5,60±1,22 and -5,65±1,06‰ for FOG, FOS, ARG and ARS, respectively). While 
having a similar mean value, the stream δ18O signature of FOC was then also significantly 
lower than for ARC and ARCsub, as for the DSi concentrations. 

The δ18O signature of the rainfall (-2.66±1.56‰) was significantly higher than the respective 
δ18O signature of all other hydrological components. The opposite is often observed due to 
isotope fractionation because of evaporation (Kendall and McDonnel, 1998; Leibundgut et 

al., 2009). We attributed our observations to seasonal variations of the δ18O signature in the 
precipitation. The δ18O signature measured at the Global Network of Isotopes in Precipitation 
(GNIP) station of Porto Alegre (150 km East from our study site) during the period of the year 
corresponding to our sampling period (August – November) is similar to what we measured in 
the rainfall (-3.10±1.19‰). The average rainfall δ18O signature in the months prior to this 
period is much lower (-5.25±1.60‰ on average for May, June and July). This suggests that 
the groundwater and pore water consisted of a temporally integrated mixture of recent and 
older rainwater. Accordingly, the input of 18O enriched rainfall led to an increase of the 
stream water δ18O signature with increasing discharge in all catchments (Fig. 4). The 
relationship of δ18O with stream discharge was weaker than for the stream DSi-discharge 



relationships (Fig. 4), especially for ARC. This can be attributed to the temporal variability of 
the δ18O rainfall signature. 

We did not perform measurement to evaluate the potential changes in the isotopic signature of 
the rain in FOC caused by interception of the vegetation. However, there was no significant 
difference between the δ18O signature of the precipitation collected in FOC (-2.80±1.69‰) 
compared to the precipitation collected in ARC (-2.74±1.81‰). 

3.3. DSi and δ18
O relations  

Looking more closely at the DSi and δ18O signature relationship (Fig. 5), it appeared that the 
relationship between stream DSi and δ18O signature during a single rainfall event was similar 
for all catchments. At low discharges, DSi was high and δ18O signatures converged to similar 
low values for all events. During a rainfall event, stream water composition varied mainly 
along a single line towards lower DSi and a higher δ18O signature. We fitted individual linear 
regressions for each rainfall event using the corresponding stream water samples. Using the 
obtained equations, we extrapolated the δ18O signature corresponding to zero DSi (which we 
assumed to be representative for the rainfall). The comparison of measured and extrapolated 
rainfall δ18O signature not only showed a very high correlation and R² for ARCsub (0.90) and 
ARC (0.91), but the extrapolated δ18O values were also very similar to the values measured 
for the rainfall of the same event (Fig. 6). The correlation was weaker for FOC (R² = 0.58) but 
the trend was similar despite the lower number of observations. 

In FOC, we observed a counter-clockwise hysteresis loop for stream DSi and a clockwise 
hysteresis loop for stream δ18O signature (Fig. 7a). Meanwhile, in ARCsub (Fig. 7b) and ARC 
(Fig. 7c), we observed for most event clockwise and counter-clockwise loops for DSi and 
δ18O signatures, respectively. However, for some large rainfall events (not shown), hysteresis 
loops similar to FOC were observed in ARC. 

3.4. Hydrograph separation 

We applied a two-component hydrograph separation of stream discharge to all stream samples 
used in the DSi vs. δ18O signature analysis (Fig. 5). We obtained total contribution of event 
water to the streamflow of 46.0±3.7% in FOC, 52.9±10.6% in ARCsub and 60.3±11.2% in 
ARC for the sampled events. Thus, while the contribution of event water was important in all 
catchments, it was more important in ARCsub and ARC than in FOC. The maximum 
contribution of new water to the streamflow often corresponded to the peak discharge (Fig. 
7d, e, f) and was on average 53.5±13.3% in FOC, 59.6±1.2% in ARCsub and 67.9±1.0% in 
ARC. The correlation coefficient (R²) between discharge and the fraction of event water was 
0.57 in FOC, 0.69 in ARCsub and 0.66 in ARC.  

4. Discussion 

4.1.  Changes in water yield after deforestation 

Our data indicate that conversion of forest to agricultural land led to an increase in 
streamflow, with, in particular, higher baseflow volumes in ARCsub and ARC in comparison 
with FOCError! Reference source not found.. These results should be considered with care 
given the relatively short monitoring period compared to other similar studies (e.g. Molina et 

al., 2012; Muñoz-Villers and McDonnell, 2013). However, other studies in comparable 
environments observed similar increase in streamflow, with the greatest change associated 
with the baseflow component and attributed to lower ET in non-forested catchments (Bosch 
and Hewlett, 1982; Bruijnzeel, 2004; Dias et al., 2015). The small size of the FOC catchment 
could also have caused a lower baseflow volume through catchment leakage or losses to deep 



groundwater, two processes that can affect small headwater catchments in particular 
(Bruijnzeel, 1989; Niedzialek and Ogden, 2012). The smaller contributing area to the stream 
in ILO could also lead to a smaller channel initiation (Montgomery, 1994), and hence lower 
discharge compared to ARC and ARCsub. 

More data and longer measurement periods are required to improve the estimation and 
quantification of changes in water yield after deforestation. Monitoring the catchments during 
the summer period would also provide valuable information given potential ET variability 
over the year (varying from approximately 40 to 150 mm/month, calculated using New 
LocClim (FAO, 2005; Grieser et al., 2006)), changes in field coverage due to agriculture 
practices (Barros et al., 2014) or varying rainfall intensities (Ramon et al., 2017). 

4.2. Water pathways changes after LUCC 

The small peak flow response time (Fig. 3) and the similar DSi dilution (Fig. 4) observed in 
all catchments suggested that LUCC did not lead to a drastic change in water pathways. 
However, visual observations showed that important changes did take place: during rainfall 
events, no surface runoff occurred in FOC, contrary to the two agricultural catchments (Fig. 
8a). We only observed surface runoff in FOC during the largest, most intense rainfall events. 
In addition, sediment concentrations were clearly higher in the stream water in the agricultural 
catchments. Such observations were indications that LUCC in our study area did have an 
impact on water pathways. The combined use of DSi and δ18O signature scatterplots, 
hysteresis loops and two-component hydrograph separations allowed us to better understand 
the differences in hydrological processes between the different catchments. We used these 
observations to build a conceptual model of the hydrological pathways under forest and 
agricultural land uses (Fig. 9).  

First, the near-linear relationship between DSi concentration and δ18O signature we found in 
all catchments (Fig. 5 and 6) supported the use of a 2-component model to describe water 
dynamics. Evidently, this linear relationship is no proof: it only shows that, while in principle 
three components can be distinguished using two tracers, we can only identify two from our 
data. During an event, stream water was composed of a mixture of a pre-event component 
(Fig. 9a.0, b.0) characterized by high DSi and a low δ18O signature and of an event 
component characterized by low DSi and a high δ18O signature. We identified the latter as the 
direct contribution of the event rainfall. This hypothesis is supported by the close 
correspondence of the rainfall δ18O and the extrapolated δ18O from the DSi and δ18O 
signatures in the stream discharge (Fig. 6). In FOC, DSi concentration and δ18O signature of 
the pre-event baseflow component were similar to the composition of the pore water and 
shallow groundwater (Fig. 5Fig. 6). In ARCsub and ARC however, the pre-event component 
was more enriched in DSi than the pore water and shallow groundwater.  

The two-component hydrograph separation results demonstrated an important direct 
contribution of event water to the streamflow in all catchment during rainfall events. We also 
observed both a fast rise and a fast recession of the shallow groundwater levels after rainfall 
events (Fig. 3b), indicating a quick displacement of the water in the soil. These observations 
combined suggest rapid subsurface flow was a major process contributing to peak discharges 
in all catchments (Fig. 9a.1, b.2b). The first reason for such significant subsurface flow was 
most likely the presence of a clay-rich water-impeding B-horizon in most locations in all the 
catchments (Fig. 2a). This causes a discontinuity in the Ksat profile of the soil leading to the 
generation of a perched water table and lateral subsurface flow (Elsenbeer and Vertessy, 
2000; Godsey et al., 2004; McDaniel et al., 2008). The importance of discontinuity in the soil 
profile in our study area was already highlighted by the modelling approach of de Barros et al. 



(2014). Under forest, this discontinuity in further enhanced by  the presence of macropores 
associated to the dense channel network left behind by decayed roots (Uchida et al., 2001; 
Bachmair and Weiler, 2011; Beven and Germann, 2013).Visual observations in opened soil 
pits confirmed the role of these macropores in the rapid delivery of subsurface water to the 
streams (Fig. 8b).  

The higher contribution of event water observed in ARCsub and ARC is explained by the 
lower infiltration rates under agricultural land use,leading to the generation of surface runoff 
(Fig. 9b.2a). de Barros (2016) measured top soil Ksat almost five times larger under native 
forest (980.59 mm h-1) than under agricultural land (198.78 mm h-1). Surface runoff could 
however not be distinguished or separated from the shallow subsurface flow using DSi and 
δ18O signature as tracers. Besides visual observations, much higher sediment concentrations 
in agricultural catchments support the importance of surface runoff on agricultural land, with 
values typically reaching around 1200 mg l-1 during peak discharges (Minella et al., 2008a; 
Barros et al., 2014). No sediment concentration data were available for the forested 
catchment, but the well-established links between soil conservation practices and sediment 
yield in ARC (Merten and Minella, 2006; Merten et al., 2010) constitute a fair indicator of the 
importance of surface runoff in agricultural catchments in our study area. Similar impacts of 
deforestation and agriculture have been observed in multiple cases  and, as in our study, were 
often associated to a decrease in surface Ksat due to agricultural practices (Zhou et al., 2002; 
Moraes et al., 2006; Muñoz-Villers and McDonnell, 2013; Salemi et al., 2013).  

The analysis of the hysteresis loops (Fig. 7) showed opposite hysteresis evolution results 
during small and moderate events for FOC on one hand and ARCsub and ARC on the other 
hand. It appeared that the contribution of event water to streamflow at the beginning of a 
rainfall event was higher in FOC than in ARCsub or ARC. We believe the main reason for 
these opposite temporal evolutions was the scale difference between the catchments. The 
agricultural catchments are larger than the forested catchment so that new event water needed 
more time to reach the stream. The old water dominating the hydrograph  in the beginning of 
rainfall events in the agricultural catchment is likely coming from wet areas closer to the 
stream (Fig. 9b.1 - McDonnell, 1990; McGlynn and McDonnell, 2003; Clymans et al., 2013). 
In ARC, the hysteresis loop was reversed during the largest rainfall events, which also 
occurred after a very wet period. The higher contribution of event water at the beginning of an 
event, similarly to FOC, may be due to a larger generation of surface runoff during these 
events, which reduced travel times due to greater water depths and overland flow velocities.   

Under forest, the presence of a dense network of macropores allowed rapid SSF, bypassing 
the soil matrix. This explains why the proportion of older water richer in DSi was higher 
during the falling limb of the hydrograph. The old water was delivered more slowly to the 
catchment outlet than new event water (Fig. 9a.2). Such direct feeding of subsurface flow by 
precipitation was also observed by Kienzler and Naef (2008). During the falling limb, rapid 
SSF became less important and the contribution of old water, displaced by event water 
infiltrating in the soil matrix, became more important.  

The saturation overland flow we observed in the forested catchment during very intense 
rainfall events can be expected to have a chemical signature similar to that of rapid SSF and 
therefore cannot be distinguished from the latter (Fig. 9a.3).  

4.3.  Higher DSi export from agricultural catchments 

We observed relatively large differences in DSi concentrations between catchments with 
different land uses. Overall, we measured much lower DSi concentrations in the streamflow 
under forest. We have shown that in all catchments the event component consisted mainly of 



new water with low DSi (see 4.2). The difference in DSi in stream water was therefore mainly 
due to a difference in baseflow conditions. We also observed that the stream DSi 
concentration was also significantly higher than the shallow groundwater and the soil pore 
DSi concentrations in ARC and ARCsub, but not in ILO. This is a clear indication that, in 
ARCsub and ARC, a baseflow discharge component with a high DSi concentration was 
present, the source of which we did not measure directly in this study. The most likely 
candidate for the presence of such DSi-rich water is a deep groundwater component.  

A possible explanation for the presence of this deep groundwater component in ARC and 
ARCsub and not in FOC is catchment size. In the larger catchments, flow paths with longer 
residence times may be present (McGlynn et al., 2003; McGuire et al., 2005) and lead to 
higher DSi concentrations (Maher, 2010, 2011). These flow paths may also drain deeper 
substrate with different weathering signatures, as suggested by Germanium-Silicon (Ge-Si) 
ratio analyses (Ameijeira-Mariño, 2017). However, we need longer time series of isotopic 
data to better quantify the catchment residence times.  

Another possibility might be an increased DSi mobilization following deforestation (Conley 
et al., 2008; Struyf and Conley, 2012). Topsoils under agriculture in our study area are indeed 
depleted in biogenic Si (BSi) compared to forest (Unzué-Belmonte et al., 2017). The lower 
DSi concentration in soil pore water in agriculture compared to forest is probably related to 
this BSi depletion.  It is however unlikely that this is the main mechanism in the catchments 
we studied. An increased DSi production in the topsoil would also lead to high DSi during 
peak flow, which we did not observed. It is more likely that the reduction in ET due to 
deforestation (Blackie and Edwards, 1979; Dias et al., 2015) has led to a significant increase 
in soil moisture and deep water percolation. Deep-water percolation will be further enhanced 
by the destruction of the topsoil macropore network under agriculture. This deep water may 
drain less weathered substrates from which more DSi can be mobilized through weathering. 
Observations on the Ge-Si ratio in the different catchments are consistent with this hypothesis 
(Ameijeira-Mariño, 2017). 

5. Conclusion 

Hydrological measurements and tracer analysis allowed us to build a conceptual model of 
how water pathways in the study area responded to forest conversion. Under both land use 
types, a two-component model can explain the basic characteristics of the rainfall-runoff 
response: an old water component, enriched in DSi and with a lower δ18O signature and new 
water, which is essentially the direct contribution of the event rainfall to event runoff. Both 
under agriculture and under forest there is a very quick response of runoff to rainfall. Under 
both land uses, a decrease in DSi concentration and a rising δ18O signature accompany the rise 
in discharge.  

At first sight, it therefore appears that, in our study area, LUCC does not have a strong impact 
on water dynamics.  However, this broad similarity hides important differences. Under forest, 
we rarely observed overland flow and the rapid response of runoff to rainfall can be attributed 
to rapid subsurface flow. On agricultural land, agricultural practices destroyed the macropore 
network that allows for rapid subsurface flow. Here, the rapid response is due to overland 
flow generation, which leads to a significant sediment export from agricultural catchments. It 
also explains the higher total contribution of event water to the stream discharge in the 
agricultural catchments compared to the forested catchment. The geochemical signature of the 
stream water suggested that rapid subsurface flow travels rapidly, leading to counterclockwise 
hysteresis for DSi. The fact that clockwise hysteresis was observed under agricultural land use 



(at least for moderate events) is likely to be related to the larger surface area of the 
agricultural catchments.  

While the chemical characteristics of the baseflow from the forested catchment were very 
similar to those of the pore water and the shallow groundwater (suggesting that the latter may 
be the reservoir producing most of the base flow), this was not the case for the catchments 
under agriculture. Here the baseflow was much more strongly enriched in DSi than the pore 
water and shallow groundwater. This enrichment is unlikely to be related to an enhanced 
dissolution of DSi in the topsoil as the latter would also result in high DSi concentrations in 
the pore water. It is much more likely that this water is coming from a deep groundwater 
source. The importance of this deep groundwater source under agricultural land use may 
again be related to catchment size, but it is also likely that deep groundwater flow has become 
more important after forest conversion due to (i) a reduction in ET and (ii) the destruction of 
the macropore network within the topsoil. The fact we measured a significantly higher 
standardized water yield under agriculture in comparison to forest also suggests that the 
reduction in ET due to forest conversion is important. 

Our study confirms that LUCC does not only affect the overall water balance but has also 
implications with respect to the pathways that water follows through the landscape. 
Understanding how such changes affect weathering patterns and rates remains an important 
challenge that needs to be addressed if to understand how human activities affect the Critical 
Zone.  
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Figures 

 

 

Fig. 1 – Detailed overview of A) the forested catchment (FOC) and B) the agricultural 
catchment (ARC) and its subcatchment (ARCsub). Interpolation of regional topographic 
curves with ArcGIS (ESRI, 2013) yielded the digital elevation model (DEM) for FOC. A 5m 



resolution DEM was obtained for ARC and ARCsub using a RealTek GPS with a mobile 
antenna (Realtek Semiconductor Corp., Hsinchu, Taiwan). 

 

 

Fig. 2 – A, B) Typical soil profiles of the ILO forested catchment and ARC agricultural 
catchment, respectively. The letters on the profiles correspond to different soil horizons 
classified according to the FAO guidelines  (FAO, 2006). C, D) Hydraulic conductivity (Ksat) 
and bulk density variations with depths of the soil profiles shown on A) and B), respectively. 

 



 

Fig. 3 – A) Stream discharge standardized by the catchment area for FOC (grey line), ARC 
(black line) and ARCsub (dashed black line); B) Water table depth measured within 
observation wells at ARGB (grey line), ARGT (dashed grey line), FOGB (black line) and 
FOSB (dashed black line). On both graphs, the rainfall amount was measured at the ARC 
meteorological station (grey bars). 

 

 

Fig. 4 - Scatter plots of discharge versus stream DSi for A) FOC, B) ARCsub and C) ARC, 
and discharge versus stream δ18O for D) FOC, E) ARCsub and F) ARC. Samples noted with * 
for FOC correspond to specific events described in section 3.2.   

 



 

Fig. 5 - Scatter plots of measured DSi versus δ18O signature for A) FOC, B) ARCsub and C) 
ARC. The different hydrological components represented are: the stream water (coloured 
squares), rainwater (coloured diamonds), subsurface water (black and white diamonds), pore 
water (black and white squares). Gentle slopes (ARG, FOG) are represented by black symbols 
and steep slopes (ARS, FOS) by white symbols. ARS is not shown for ARCsub as there are 
no steep slopes contributing to that catchment. For more clarity, not all rainfall samples are 
presented on this figure. We selected the rain samples corresponding to the beginning of each 
rainfall event. The error bars are the calculated standard deviations for the corresponding 
hydrological component. For rain and stream samples, the colours correspond to different 
rainfall events.  

 

 

Fig. 6 – Measured versus extrapolated rainfall δ18O signature for FOC (white squares), 
ARCsub (black diamonds) and ARC (grey circles). The 1:1 line is indicated by a dashed line. 

 



 

Fig. 7 – Hysteresis loops of DSi (black line) and δ18O (grey line) in function of the discharge 
for A) FOC, B) ARCsub and C) ARC. The arrows indicate the direction of the hysteresis 
loops and bring additional information regarding water pathways. Results of the two-
component hydrograph separation for D) FOC, E) ARCsub and F) ARC between the 
19/09/2015 12:00 and the 21/09/2015 06:00 with the total stream discharge (black line), the 
sampling time (squares) and the contribution of pre-event water (dark grey area) and event 
water (light grey area).  

 

 

Fig. 8 - A) Surface runoff in ARC; B) Concentred subsurface flow in macropores in an open 
soil pit in FOC. 

 



 

Fig. 9 – A) Conceptual model of water pathways in the forested catchment: 0) Baseflow (pre-
event water), 1) Event water delivery through subsurface flow, 2) Pre-event water delivery 
through topsoil pore water mobilization, and 3) Saturation overland flow. B) Conceptual 
model of water pathways in the agricultural catchments: 1) Rapid old water delivery from 
near-stream areas, 2a) Event water delivery through surface runoff, 2b) Event water delivery 
through subsurface flow. See section 4.2 for further descriptions.  

Tables 

Table 1 - Summary of the properties of the field selected for the installation of the monitoring 
and sampling equipment. The soil properties are averages from samples taken at 10cm depth-
interval in 9 soil pits located at 3 different positions (bottom, middle, top) in each field. The 
texture fractions were obtained by laser diffraction grain-size analysis using a Coulter LS-100 
(Beuselinck et al., 1998). 

 

Dominant 
Land Use 

Fields 
Clay Silt Sand 

Bulk Density 
(depth < 30cm) 

Avg. slope Positions 

% < 2 µm 2 µm < % < 60 µm 
60 µm < 

% 
g.cm-3 °      

Arable 
land 

Gentle (ARG) 22.4 ± 6.4 60.4 ± 5.8 17.2 ± 5.9 1.32 ± 0.13 5.9 ± 1.2 
Bottom (ARGB) 

Top (ARGT) 

Steep (ARS) 16.9 ± 3.0 58.7 ± 7.2 24.4 ± 9.3 1.17 ± 0.09 11.9 ± 4.7 
Bottom (ARSB) 

Top (ARST) 

Forest 

Gentle (FOG) 17.2 ± 3.5 69.6 ± 4.8 13.2 ± 5.6 1.06 ± 0.14 8.7 ± 2.4 
Bottom (FOGB) 

Top (FOGT) 

Steep (FOS) 16.6 ± 3.1 69.7 ± 4.0 13.7 ± 5.2 0.92 ± 0.17 14.1 ± 5.0 
Bottom (FOSB) 

Top (FOST) 

 

 


