
 

UNIVERSIDAD DE CUENCA 

FACULTAD DE INGENIERÍA 

DEPARTAMENTO DE RECURSOS HÍDRICOS Y CIENCIAS AMBIENTALES 

 

“Impact of tussock grass removal on the soil water dynamics of a tropical 

mountain hillslope”  

Trabajo de titulación previo a la obtención del título de Magister en 

Ecohidrología 

 

Autor: 

Ing. Paola Fernanda Montenegro Díaz 
CI: 0106984453 

 

Director: 

Ing. Rolando Enrique Célleri Alvear, Ph D. 
CI: 0602794406 

 

Tutor: 

Ing. Ana Elizabeth Ochoa Sánchez, M Sc. 
CI: 0104162243 

 

 

 

 

Cuenca – Ecuador 

 

2018 

 



Universidad de Cuenca 
 
 
 

2 
Paola Montenegro Díaz 

1. RESUMEN 

La humedad del suelo (SWC) se relaciona con procesos ecohidrológicos y servicios ambientales 

de los ecosistemas. Sin embargo,  su estudio es escaso en ecosistemas húmedos de montaña, 

como los páramos andinos, donde las actividades humanas pueden alterar la dinámica de SWC 

y la capacidad de regulación de los suelos. Nuestro objetivo fue analizar la influencia del pastoreo 

extensivo en SWC de una ladera de páramo andina con cobertura nativa de pajonal. SWC fue 

monitoreada mediante pares de reflectómetros de contenido de agua en suelo (WCRs) ubicados 

a diferentes profundidades (10 – 75 cm) en ocho perfiles a lo largo de dos transectos. Luego de 

5 años la vegetación de un transecto fue podada – simulación de pastoreo extensivo – y los dos 

transectos se monitorearon por 10 meses. Los cambios en SWC se exploraron mediante 

diferencias entre los pares de WCRs durante tres subperiodos seleccionados de acuerdo a las 

características de la precipitación (cantidad, intensidad y distribución). Inmediatamente después 

del corte (2 meses) y durante el periodo seco (2 meses) la SWC de la capa superficial (10 cm) 

en la parte alta y media-alta se incrementó y disminuyó, respectivamente; y la variabilidad 

espacio-temporal de SWC de ambas partes disminuyó. No hubo impactos durante el periodo 

lluvioso, 8 meses después del experimento. Las pocas variaciones en SWC se atribuyeron a 

cambios en la intercepción y a la muerte y rebrote de raíces. Los resultados sugieren que los 

impactos del pastoreo extensivo son pocos cuando no hay destrucción del suelo, especialmente 

durante periodos lluviosos. 

 

Palabras clave: humedad del suelo (SWC); Andosol; pastoreo extensivo; escala de ladera; 

pajonal; pastizales; ecosistemas de páramo; montañas húmedas.   
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2. ABSTRACT  

Soil water content (SWC) is related to the ecohydrological processes and environmental services 

of ecosystems. However, SWC studies are scarce in mountain humid ecosystems, such as the 

Andean páramos, where human activities can alter their SWC dynamics and perhaps their water 

regulation capacity. Our objective was to analyze the influence of extensive grazing in the SWC 

of an Andean páramo hillslope with native tussock grass vegetation. The SWC of a hillslope was 

monitored through paired water content reflectometers (WCRs) placed at different soil depths (10 

– 75 cm) in eight soils profiles along two parallel transects.  After 5 years the vegetation was cut 

out from one transect – as an emulation of extensive grazing – and both transects were monitored 

for 10 months. Changes in SWC were explored through differences in SWC between the paired 

WCRs during three subperiods after the experiment, selected according to the precipitation 

characteristics (amount, intensity and distribution). Immediately after the vegetation cut out (2 

months) and during the dry subperiod (2 months) we noticed that in the superficial soil layer (10 

cm depth) at the top and middle-top of the hillslope the SWC increased and decreased 

respectively, while their SWC spatio-temporal variability decreased. No impact was detected 

during the rainy subperiod, 8 months after the experiment. Nevertheless, these few changes were 

attributed to changes in interception and to grassroots death-regrowth. Results suggest that the 

impact of extensive grazing is low as long as the soils are not destroyed, especially during rainy 

periods. 

 

Keywords: Soil moisture (SWC); Andosol; extensive grazing; hillslope scale; tussock grass; 

grasslands; páramo ecosystems; humid mountains. 
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3. INTRODUCTION  

There is a growing interest by the scientific community to understand the soil water content (SWC) 

influence in the ecohydrology (Chen et al., 2007; Garcia-Estringana et al., 2013; Rodriguez-Iturbe, 

2000) since the SWC is related to precipitation (Koster et al., 2004; Lawrence et al., 2007), runoff 

(Entin et al., 2000; Penna et al., 2011), evapotranspiration, soil-productivity (Garcia-Estringana et 

al., 2013; Wilson et al., 2003), and biological and geochemical processes (Dobriyal et al., 2012; 

Seneviratne et al., 2010). Furthermore, it is one of the main controlling factors for flood and 

drought occurrence around the world (Brocca et al., 2010; Entin et al., 2000; Joshi and Mohanty, 

2010). For these reasons, several studies report the SWC importance in arid and semi-arid 

regions ( e.g. Chen et al. 2007; Fu et al. 2003; Gao et al. 2014; Martinez-Fernandez & Ceballos 

2003), but only few studies have been conducted in humid (e.g. Li et al. 2015) and mountain 

regions (e.g. Li et al. 2017; Viviroli et al. 2007). Given that climate change and land use change 

will have a high impact on mountain areas (Messerli et al., 2004; Viviroli et al., 2007) it is highly 

necessary to study the SWC spatio-temporal variability for improving their water resources 

management. 

 

Wet páramo ecosystems, located between 3500 to 4500 m a.s.l in the Andean mountains, are 

the main water source for Andean communities, due to a combination of its climate, soil properties 

and vegetation characteristics. The páramo soils, mainly Andosols and Histosols (USDA, 2014), 

have high water-storage capacity (>60 v/v %) due to its high organic content (>30 v/v %) (Buytaert 

et al., 2006, 2005), while their dense native tussock grass cover (Podwojewski et al., 2002) 

diminishes evaporation from the soil surface (Buytaert et al., 2006). Scientific knowledge about 

the páramo ecohydrology comes mainly from comparisons of water-balance studies from paired 

catchments (e.g. Crespo et al. 2010; Mosquera et al. 2015; Ochoa-Tocachi et al. 2016) or plots 

with different land use or vegetation cover (e.g. Buytaert et al. 2005; Podwojewski et al. 2002; 

Sarmiento 2000). They have concluded that the high water-holding capacity of the pristine páramo 

soils is responsible for the sustained year-round base flow available for the Andean population 

living downstream. This characteristic differentiate the páramo ecosystems from other mountain 

ecosystems like those found in the Alps and the Rocky Mountains, where snow plays a key role 

in water regulation (Fontaine et al., 2002; Marshall et al., 2011; Viviroli et al., 2007) until the spring 

melt (Grant et al., 2004).  

 

Nevertheless, páramos are subject to continuous land use change due to anthropogenic activities 

(Buytaert et al., 2006) that influence the SWC. For example, grazing is an activity (Podwojewski 

et al., 2002) usually done to provide fresh food for the cattle or sheep (Hofstede, 1995). Grazing 

alters the hydrological regime (Buytaert et al., 2006) because of two factors. First, grazing leads 

to soil compaction, increasing the soil bulk density (Célleri and Feyen, 2009) and reducing the 

soil water storage (Podwojewski et al., 2002) and water yield with respect to the original state 

(Crespo et al., 2010). Second, tussock grass are almost completely eaten by the livestock, leaving 

the land in almost bare soil conditions. The extensive grazing is the most common activity in the 

páramo ecosystems (Buytaert et al. 2007) and cause the vegetation lost without soil compaction. 

This vegetation lost possibly affects the SWC and the water yield of the páramo ecosystems. It is 

due to the SWC rate is higher when the soil is covered by its dominant vegetation in the Andean 

mountains – tussock grass  (Hofstede et al., 2002) than in the condition of bare soil (Fernandez-

Monteiro et al., 2011; Hofstede et al., 1995). However, there is a lack of scientific information that 

allows that conclusion. 

 

Our objective is to analyze the SWC spatio-temporal variability at hillslope scale under the effects 

of extensive grazing experiment. First, the hillslope scale is considered the key landscape element 

where all the hydrometeorological variables can be observed (Windhorst et al., 2014), and helps 

to understand the soil water movement and the connectivity between the water source and the 

receiving water areas (Quinn, 2004). Second, this study aims to gain knowledge about the SWC 
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spatio-temporal variability under native tussock grass coverage. Third, an experiment where the 

tussock grass is cut out, as one impact of extensive grazing, allows to examine its influence in 

the SWC spatio-temporal variability. Finally, stakeholders can access to scientific information to 

answer questions about one of the most common types of land use change in the páramo 

ecosystems.  

 

4. MATERIALS AND METHODS 

4.1. Hillslope description  

The páramo hillslope is part of the Zhurucay Ecohydrological Observatory, located in southern 

Ecuador (UTM WGS84 696182 m E, 9661317 m S). The hillslope (Figure 1) is 23 m long x 17 m 

wide (391 m2), ranges between 3757 to 3780 m a.s.l, and has a uniform slope of 20%. There is a 

small stream running at its base. This site was selected in 2011 because it was representative for 

the Zhurucay catchment and its vegetation was natural, i.e. it had not been submitted to grazing 

activities or any other disturbances. Since then the hillslope was fenced.  

 

At the top of the hillslope, there is a flat area instrumented with a meteorological station. Data 

from 2012 to 2015 shows that the mean annual temperature is 6 0C, mean solar radiation is 14 

MJ m-2 day-1, mean relative humidity is 94% almost constant along the year, and mean wind speed 

is 3.60 m s-1. Mean annual precipitation is 1345 mm, with low seasonality; the wettest months are 

April and May and the driest ones are August and September in which the precipitation falls mainly 

as drizzle (Padrón et al. 2015). 

 

 
FIGURE 1 (a) Hillslope location in Zhurucay observatory (Coordinates are in UTM Zone 17S datum WGS 
84). (b) Hillslope area, soil profiles (A’/A – D’/D) and monitoring depths/sensors (10 – 75 cm) distribution 
along the soil profiles in the experimental (left) and control (right) transects. 

 

The catchment geology consists of Tertiary continental volcanic rocks with very low permeability 

deposited upon Cretaceous marine to fluvial sedimentary rocks, which in turn are deposited on 
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basement Paleozoic and Mesozoic metamorphic rocks (Cox et al. 2016). Taxonomically the 

organic horizon (Ah) of the hillslope corresponds to Andosols (USDA, 2014) with an average 

depth of 0.43 m, in which the first 0.10 – 0.15 m corresponds to the root zone. The Ah has a clay 

loam texture with a granular structure, without rocks. The organic matter content is 57.41% with 

high porosity and a density of 0.40 g cc-1, similar to other Andosols of this observatory (Quichimbo 

et al. 2012) and of the Andes  (Hofstede et al. 2002; Hincapié-Gómez & Tobón-Marín 2010). The 

wilting point is 0.5 cc cc-1 (pF = 4.2) and the saturation point is 0.8 cc cc-1 (pF = 0). There is no 

mineral horizon (C) at the hillslope top, but it increases along the hillslope reaching 1 m at the 

base. The C horizon has a low content of organic matter (6.52%), a sandy texture at the middle 

of the hillslope and a sandy-clay loam texture at the base of the hillslope. Its wilting point is 0.2 

cc cc-1 and its saturation point is 0.65 cc cc-1. The vegetation is perennial mature tussock grass 

(Calamagrostis sp. and Festuca sp.) with a dense presence of death biomass and an insignificant 

presence of herbaceous patches. The tussock grass is a brown-dark green herbaceous 

vegetation with a cylindrical leaf. The tussock grass height is 60 cm on average, increasing in 

density from the hillslope top to the bottom. 

 

4.2. Instrumentation and experiment design 

The hillslope was instrumented with Water Content Reflectometers (WCRs CS616, Campbell 

Scientific Inc.) placed horizontally in four soil profiles (A’/A – D’/D) along two parallel transects, 

named experimental and control transects (Figure 1). The profiles of both transects were located 

at distances of 3.75, 8.75, 18 and 21.5 m from the hillslope top. Each profile had three to four 

WCRs at different depths (Table I). In total, each transect had fourteen WCRs. The WCRs have 

a resolution better than 0.1% with an accuracy of ± 2.5%. The WCRs were calibrated for the Ah 

and C horizons of the hillslope which increased their accuracy. Average missing data in each 

depth was equal or lower than 30%, due to failures in the WCRs connections. The precipitation 

was measured at the hillslope top with a tipping bucket rain gauge (TR-525MM, Texas Electronics 

Inc.) with a resolution of 0.1 mm and an accuracy of ±1%. From January-2011 to May-2017 

meteorological, precipitation and SWC data were recorded every 5 min.  

 

TABLE 1 Soil profiles and depths of monitoring distributed along the experimental and control 
transects. Ah and C are organic and mineral soil horizons. The A’/A – D’/D are the soil profiles along 
the experimental and control transects, respectively. 

Soil profiles Soil horizons 
Soil depths (cm) 

Experimental transect Control transect 

A’/A 

Ah 10 10 

Ah 25 25 

Ah 35 35 

B’/B 

Ah 10 10 

Ah 25 25 

Ah 35 35 

C 65 65 

C’/C 

Ah 10 10 

Ah 25 25 

Ah 35 35 

C 70 75 

D’/D 

Ah 25 25 

Ah 35 35 

C 65 65 

 

After five years (2011 – 2015) of monitoring named 5-years period, the tussock grass of the 

experimental transect (23 x 8.5 m) was cut out with a lawn mower and recollected. The control 

transect remained in natural conditions. The cutting date matched with the low precipitations 

season and burning periods. Therefore, it also coincided with the farmer’s practice of moving their 
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cattle from the lower to the upper parts of the páramo catchments in search of (fresh) pastures. 

From here the intervention period begins, and lasted ten months (10-months), from August-2016 

to May-2017, until the peak of the rainy period. At six sites within the experimental transect, the 

vegetation growth (height and density) was monitored on a monthly basis, including a 

photographic record. 

 

4.3. Data analysis  

Soil water content spatio-temporal variability of the hillslope. The SWC was analyzed during 

the 5-years period. The method consists of a statistical and graphical description of the SWC 

spatio-temporal variability in both, along the hillslope and along the soil profile. We also identified 

differences between pairs of sensors. A pair of sensors corresponds to a WCR located in the 

experimental transect and a WCR located in the control transect, both at the same depth and 

distance from the hillslope top (profiles A’/A – B’/B). We also determined whether the median 

difference between the pairs of sensors are equals zero through the Wilcoxon signed-rank test. 

 

Influence of extensive grazing in the soil water content of the hillslope. The SWC data of 

the intervention period was examined. We compared the SWC between the experimental and the 

control transects through the pairs of sensors. This was performed in three subperiods to 

understand the magnitude of the extensive grazing impacts according to the precipitation 

conditions: immediately after the vegetation cutting and before the dry season (August – October) 

named SPI, during the dry season (October – December) named SPII, and in the last two months 

of monitoring which also correspond to the rainy season (April – May) named SPIII. Afterwards, 

we compared the intervention period with a pre-intervention period. The pre-intervention period 

was selected from the 5-years period according to the intervention period dates and hydrological 

characteristics. This was also divided in the same three subperiods as described above. The three 

subperiods allowed a better understanding of climate and vegetation state influence on the SWC 

response. 

 

We performed an analysis for each pair of sensors, using the SWC difference (SWC-difference) 

and slope and intercept values of a linear function. The SWC-difference is the difference in the 

SWC of each pair of sensors during each subperiod. After, we selected the pairs of sensors that 

showed changes in the SWC-differences during the intervention period respect to the observed 

during the pre-intervention period. This to see their slope and intercept values, which are 

indicators of the SWC dynamic, similarly than the methodology mentioned by Grant et al. (2004). 

A slope of one and an intercept of zero mean that a pair of sensors reacted in the same way to 

an input (precipitation) or output (evapotranspiration); or that the water redistribution along the 

soil profiles is equal. A variation range of ±0.10 for a slope of one and an intercept of zero were 

allowed. A slope of one and an intercept different from zero mean that the changes in the SWC 

of a pair of sensors were almost identical, with little differences in the time of responses to an 

input or output or in the water redistribution along the soil profile. A slope different from one and 

an intercept of zero mean that one depth responded faster/slower to an input or output, or that 

the water redistribution along the soil profile was different. Finally, a slope different from one and 

an intercept different from zero indicate that a pair of sensors responded in very different ways. 

Differences in the SWC-difference and SWC dynamic from one period to another are attributed 

to the effects of the grazing experiment.  

 

5. RESULTS 

5.1. Soil water content spatio-temporal variability of the hillslope 

The SWC spatial variability in the organic (Ah) and mineral (C) soil horizons during the 5-years 

period (before the tussock grass cut out) is summarized in Figure 2. In the superficial Ah (10 cm 

depth), where the atmospheric forces and vegetation have higher influence, the SWC was very 
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dynamic (0.61 – 0.76 cm3 cm-3). However, the soil remained more humid (median SWCs in the 

range 0.65 – 0.74 cm3 cm-3) almost always at 25 cm depth. At this depth, the soil corresponds to 

Andosols with homogeneous properties, with a very low or null presence of tussock grassroots. 

At 35 cm depth, the SWC was slightly drier (0.58 – 0.74 cm3 cm-3) than that at 25 cm. 

Nevertheless, at 35 cm, there is a higher presence of macropores because of their location in the 

transition between the Ah and the bedrock (in A’ and A profiles) or between the Ah and C horizons 

(in B’/B – D’/D profiles). The soil was much drier in the C horizon (0.29 – 0.50 cm3 cm-3), i.e. in the 

deeper soil layers (65 – 75 cm), where there is a lower content of organic matter. 

 

 
FIGURE 2 Boxplots of the SWC (cm3 cm-3) of the soil depths (10 – 75 cm) distributed in four soil profiles 
(A’/A – D’/D) of the (a) experimental and (b) control transects during the 5-years period.  
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The SWC tended to increase from the hillslope top to the bottom. In the superficial soil layer, the 

SWC increased on average 13% in the experimental transect (from the A’
10

 to C’
10) and 9% in the 

control transect (from the A10
 to C10). In the C horizon, the SWC increased substantially, on 

average 27% in the experimental transect (from the B’
65 to D’

65) and 40% in the control transect 

(from the B65 to D65).  However, in the middle soil layers (25 and 35 cm depths) we did not find 

differences in SWC along the hillslope. We highlight that there is the bedrock layer under the 

Andosol at the hillslope-top, and the superficial soil layer at the hillslope-bottom do not have 

WCRs to monitor the SWC. 

 

In terms of investigating variations between pairs of sensors, the paired t-test (Wilcoxon signed-

rank test) was applied to hourly data. The test showed that there were significant differences (p-

value < 0.01) in the paired observations, despite the similarities observed in Figure 2. The 

superficial soil layer in the control transect was between 6% and 12% wetter than in the 

experimental transect. The remaining pairs of sensors (25 – 75 cm) showed a mixed behavior. 

However, all these differences were constant during the 5-years period.  

 

Droughts occurrence were improbable during the 5-years period (Figure 3). During this period, 

A’
10 and B’

35 reached the wilting point (SWC < 0.55 cm3 cm-3) during the 14% and 13% of the time, 

respectively. A low water contribution of the soil layers above B’
35, caused the wilting point of B’

35. 

The saturation point (SWC > 0.80 cm3 cm-3) reached by one superficial soil depth (C10) during the 

25% of the time could be explained since it coincided with a slight depression in C profile. The 

lateral flow of water favored by the slope, reduced the occurrence of soil saturation.  

 

The SWC temporal variability followed the precipitation dynamic, and it was similar in each soil 

layer, independently of their location along the hillslope (Figure 3). Higher variability was 

experienced by the superficial soil layer, which reacted faster to the precipitation events. 

Furthermore, this soil layer almost always (except B’
10) reached the lowest SWCs (0.49 – 0.64 

cm3 cm-3) of the Ah horizon during the inter-event lapses. Actually, the coefficient of variation 

(CV), as an indicator of variability (or scattering), reported the higher values (0.04 – 0.09) at 10 

cm depths.  

 

Deeper soil layers (25 – 75 cm) showed less marked variability. In the middle soil layers (25 and 

35 cm depth) the range between the lowest (0.52 – 0.70 cm3 cm-3) and highest (0.63 – 0.79 cm3 

cm-3) SWCs was very similar. However, in terms of CV, five profiles (A’, B’, C’, D’ and A) showed 

a lower variability at 25 cm depth (0.01 – 0.03) than at 35 cm depth (0.03 – 0.05), and two profiles 

(B and D) showed the same variability (0.03). Whereas in the C horizon, the dry soil region, the 

SWC variability was the lower, even in terms of CVs (0.01 – 0.03), expect by one depth (D65 = 

0.06).   

 

A comparison between the pairs of sensors, reported that in nine pairs the differences in the CVs 

(experimental versus control transect) were equal or lower than ± 0.03. Furthermore, the 

differences were nonexistent in six of those pairs (A’/A25, B’/B10, B’/B35, C’/C10, C’/C25, D’/D35). 

 

These constant differences in the SWC spatio-temporal variability of the pairs of sensors, allowed 

us to use all of them to analyze the extensive grazing influence in the SWC, as our main objective. 

However, we employed only nine pairs, namely A’/A10, A’/A25, A’/A35, B’/B10, B’/B25, B’/B35, B’/B65, 

C’/C25, and C’/C35 because of lack of data in the other pairs of sensors during the intervention 

period.  
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FIGURE 3 Hourly precipitation (mm) and SWC (cm3 cm-3) of all the depths (10 to 75 cm) of the profiles of 
the experimental and control transects (A’/A to D’/D) respectively. The time-series (2013 – 2014) were 

chosen as representatives of the 5-years period. 
 

5.2. Influence of extensive grazing in the soil water content of the hillslope 

As we explained in section 4.3, the impact of grazing would be seen as a change in the SWC-

difference for a given pair of sensors (listed in the previous paragraph), between pre-intervention 

and intervention periods.  

 

Rainfall during the selected pre-intervention and intervention periods was very similar. Indeed, 

during the intervention period, the precipitation was 1108 mm with a mean intensity of 0.16 mm 

h-1, and the selected pre-intervention period was from August-2014 to May-2015 with an 

accumulated precipitation of 1170 mm and a mean intensity of 0.15 mm h-1. These similar 

characteristics, including the rain distribution, minimized the influence of rainfall in the outcome of 

the grazing experiment. Therefore, any difference in observations could be attributed to the effect 

of grazing. 

 

Results of the SWC-difference between pairs of sensors are illustrated in the boxplots in Figure 

4, for the three subperiods of study: immediately after the tussock grass cut out (SPI), during the 

less wet subperiod (SPII), and during the rainy subperiod (SPIII).  
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During the SPI, in A’/A10 there were changes in the median (from -0.09 to -0.03 cm3 cm-3), highest 

and lowest SWC-differences. These changes are attributed to an increase in the SWC of the 

grazed part (A’
10, which median SWC raised from 0.60 to 0.65 cm3 cm-3), contrary to the observed 

in the control part (A10) that remained almost the same (median SWC from 0.69 to 0.68 cm3 cm-

3) than the pre-intervention period of comparison. Actually, there was also a slight increase in the 

SWC-difference of A’/A25 (from 0.01 to 0.02 cm3 cm-3) and A’/A35 (from 0.02 to 0.04 cm3 cm-3), due 

to a slight wetting of the deeper soil layers of the grazed part (median SWC of the A’
25 and A’

35).  

 

 
FIGURE 4 Boxplots of the SWC-difference (cm3 cm-3) of the pair of sensors (10 – 65 cm) during the pre-
intervention (pre) and intervention (int) periods. (a) During the first subperiod (SPI): just after grazing. (b) 
During the second subperiod (SPII): during a very dry period, two months after grazing. (c) During the third 
subperiod (SPIII): the rainy period eight months after grazing.  

 

Regarding B’/B pairs of sensors (B’/B10, B’/B25, B’/B35 and B’/B65), located in the middle-top 

hillslope, the median SWC-differences did not show changes (except in B’/B25 that slightly 

changed from -0.02 to -0.01 cm3 cm-3). Here, there was not a clear effect of the grazing because 

the median SWCs of the grazed (B’ profile) and control (B profile) parts remained almost the same 

than the pre-intervention period. The changes were in the SWC variability (range between the 
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highest and lowest SWCs), being slightly clearest in the grazed part (B’ profile) than in the control 

part (B profile). For example, in the superficial soil layer (B’/B10), the median SWC-difference 

(remains -0.04 cm3 cm-3) did not change. However, the SWC variability of B’
10 (CV from 0.05 to 

0.01) was less marked than the observed in B10 (CV from 0.05 to 0.03). 

 

In C’/C pairs of sensors (C’/C25 and C’/C35), located in the middle-bottom hillslope, there were no 

changes in the SWC-difference. The SWC-difference of C’/C25 (0.04 cm3 cm-3) and C’/C35 (0.01 

cm3 cm-3) remained the same. The medians SWC of the grazed (C’
25 from 0.74 to 0.73 cm3 cm-3, 

and C’
35 from 0.71 to 0.70 cm3 cm-3) and control (C’

25 from 0.70 to 0.69 cm3 cm-3, and C’
35 from 

0.70 to 0.69 cm3 cm-3) parts did not change, even in their SWC variability. This means that there 

were not effects of the grazing in C’/C pairs of sensors during the SPI. 

 

During the dry subperiod (SPII), in A’/A pairs of sensors, the changes in the SWC-difference were 

almost imperceptible; that is, in the median SWC-difference of A’/A10 (from -0.09 to -0.08 cm3 cm-

3), A’/A25 (from 0.01 to 0.02 cm3 cm-3) and A’/A35 (remains 0.03 cm3 cm-3). Actually, the SWC 

variability of the grazed part, i.e. A’
10 (CV from 0.07 to 0.10), A’

25 (CV from 0.02 to 0.03) and A’
35 

(CV remains in 0.04) showed only slight variations respect to the pre-intervention period. This 

means that there was no impact of the grazing in A’ profile during the SPII.  

 

In B’/B pairs of sensors, the SWC-difference showed contrasting behaviors. In B’/B10 (from -0.04 

to -0.01 cm3 cm-3) and B’/B35 (from -0.11 to -0.05 cm3 cm-3) the SWC-difference decreased. 

Actually, B’
10 reached the wilting point for most of the time, which is probably due to the lack of 

vegetation in the subperiod with few rains. In B’/B25 the SWC-difference increased (from -0.02 to 

0.04 cm3 cm-3) and there was no change in B’/B65 (from -0.03 to 0.04 cm3 cm-3).  In all B’/B pairs 

of sensors, the differences were in the SWC variability, being less marked along B’ (CVs 0.00 – 

0.03) than along B (CVs 0.03 – 0.09).  

 

 
FIGURE 5 Tussock grass cutting experiment in the hillslope. (a) Páramo hillslope, experimental transect 
right after cutting out and recollection of the tussock grass in the left, and the control transect at the right. 
Tussock grass height and density in monitored site inside the experimental transect during the (b) SPI, (c) 

SPII and (d) SPIII subperiods. 
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In C’/C25 (0.05 to 0.04 cm3 cm-3) and C’/C35 (remains 0.01 cm3 cm-3) pairs of sensors, the SWC-

difference did not show changes. In fact, there was only a slight decrease in the SWC of C’ and 

C profiles. During the SPII, they did not show effects of the grazing in the SWC. 

 

During the SPIII, the rainy subperiod, the only changes were in the superficial soil layer (A’/A10 and 

B’/B10). In A’/A10 the median SWC-difference decreased (from -0.06 to -0.02 cm3 cm-3). This is 

attributed to an increase in the median SWC of A’
10 (from 0.66 to 0.70 cm3 cm-3), while A10 

remained the same (0.72 cm3 cm-3). Contrary, in B’/B10 the median SWC-difference increased 

(from -0.03 to -0.06 cm3 cm-3). This is due to an increase in the range between the highest (from 

0.72 to 0.74 cm3 cm-3) and lowest (from 0.66 to 0.63 cm3 cm-3) SWC in B’
10, while B10 remained 

the same. These changes in the SWC-difference of the superficial soil layer, even in the previous 

subperiods, are probably due to the different way in which this soil layer reacted to the 

atmospheric forces (because of the extensive grazing experiment).  

 

It is important to highlight that during the SPIII, the changes in the median SWC-difference were 

minimal, i.e. of ± 0.01 cm3 cm-3, in three pair of sensors (A’/A25, A’/A35 and B’/B65) and even 

nonexistent in four pairs (B’/B25, B’/B35, C’/C25 and C’/C35). Actually, during the SPI and SPII, the 

more notorious changes were in the top and middle-top hillslope, but not in the middle-bottom. 

So, the changes in the SWC-difference observed during the SPI and SPII were not significant 

during the SPIII. We highlight that the changes in the SWC during the intervention period were not 

significant, despite the short height (average height = 13 cm) reached by the tussock grass and 

the extended presence of bare soil (Figure 5), even at the end of the period. 

 

To finalize the analysis of the extensive grazing influence in the SWC, we explored the SWC 

dynamic of the pairs of sensors that showed changes in the SWC-difference (A’/A10, B’/B10, B’/B25, 

B’/B35, and B’/B65). This was done through the slope and intercept values of a line function (Table 

2, Figure 6, section 8) during the three subperiods, as it was mentioned in the methodology 

(section 4.3).  

 

During the SPI, a change in the SWC dynamic was in A’/A10, obtaining different slope (from 0.77 

to 0.98) and intercept (from 0.23 to 0.05) values than the pre-intervention period; while the 

dynamic of B’/B10 remained the same. That is, A’
10 had a low reaction to the precipitation (inputs) 

and evapotranspiration (outputs) rates while B’
10 did not change. In B’/B35, was only a little 

difference in the time response to the inputs and outputs (intercept value from 0.15 to 0.05). 

Whereas, in B’/B65 the slope decreased (from 1.51 to 0.31), which showed a higher reaction to 

B’
65 to the water inputs or outputs.  

 

TABLE 2 SWC dynamic (slope and intercept values) between the selected pairs of sensors (A ’/A – B’/B) 
during the three subperiods (SPI, SPII, SPIII) of the pre-intervention and intervention periods. 

Pairs of 
sensors 

SPI SPII SPIII 

Pre-intervention Intervention Pre-intervention Intervention Pre-intervention Intervention 

Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept 

A’/A10 <1 >0 =1 =0 <1 >0 <1 >0 <1 >0 <1 >0 

B’/B10 =1 =0 =1 =0 =1 =0 >1 <0 <1 >0 <1 >0 

B’/B25 >1 <0 N/A N/A >1 <0 N/A N/A >1 <0 >1 <0 

B’/B35 =1 >0 =1 =0 >1 =0 N/A N/A =1 >0 =1 =0 

B’/B65 >1 <0 <1 >0 >1 <0 >1 =0 >1 <0 >1 <0 

N/A = not enough data. For detailed information see section 8. 

 

During the SPII, there was a null change in the dynamic of A’/A10, showing the same slope and 

intercept values than the pre-intervention period. It means that there was not a change in the way 

of how A’
10 reacted. However, there was a change in the SWC dynamic of B’/B10, which showed 

a different slope (from 1.02 to 2.36) and intercept (from 0.03 to -0.77) values. Indicating that B’
10 
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reacted differently (with a lower dynamic) to the water inputs or outputs. These variations in the 

SWC dynamic of the superficial soil layer (A’/A10 and B’/B10), even during the SPI, were due to the 

soil rearrangement, that influenced the water infiltration and evaporation. Whereas B’/B65 only 

showed a little difference in the time response (intercept value from -0.16 to -0.07), overcoming 

the noticed during the SPI.  

 

Finally, during the SPIII, only minimal changes in B’/B35 were noticed, i.e. in the slope (from 0.97 

to 1.08) and intercept (from 0.13 to 0.07) values. That is, the reaction of B’
35 to the inputs and 

outputs decreased slightly. These results corroborate the SWC-difference analysis, where the 

minimal changes in the SWC observed during the SPI and SPII were not significant during the 

SPIII.   

 

 
FIGURE 6 Examples of the linear functions (see Table 2) of the SWC (cm3 cm-3) between the selected pairs 
of sensors (A’/A and B’/B) during the pre-intervention (black line) and intervention (grey line) periods. (a) 
During the first subperiod (SPI): just after grazing. (b) During the second subperiod (SPII): during a very dry 
period, two months after grazing. (c) During the third subperiod (SPIII): the rainy period eight months after 
grazing.  
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6. DISCUSSION  

6.1. Soil water content spatio-temporal variability of the hillslope 

Prior studies report that in the páramo ecosystems the Andosols under native grasslands have a 

high water-holding capacity (Buytaert et al. 2005). We complemented this knowledge through 5-

years of SWC monitoring, which was done at different soil depths (Andosol depth < 50 cm) along 

the hillslope (Figure 2). It allowed including all the soil profile characteristics, like the structure of 

both horizons (Ah and C), in the SWC analysis. We found that the soil layers with higher moisture 

content (0.58 – 0.74 cm3 cm-3) were the middle ones (25 and 35 cm depth), which was different 

from the observed in other mountain ecosystems. For example, in the snow-dominated Owyhee 

Mountains the higher SWCs are found at the deeper soil layers (150 cm) (Grant et al. 2004); the 

same was found in the deeper soil layers (80 cm) of a Mediterranean mountain area with 

grasslands and loam soils (Garcia-Estringana et al. 2013). Our finding was also different from a 

uniform hillslope with grasslands at the Italian Alps, where the higher SWC occurred at the 

superficial soil layer (0 – 6 cm) (Penna et al. 2013). These differences are explained by the fact 

that the controlling factors of the SWC spatial variability are the soil properties and vegetation 

species (Penna et al. 2009). In our case, the higher SWC at the middle soil layers is a result of 

their homogeneous properties, the absence of grassroots, and the lower water holding capacity 

of the C horizon under them.  

 

Regarding the hillslope SWC variability, it was higher (CV between 0.04 and 0.09) in the 

superficial soil layer (10 cm depth). This result is consistent with data obtained in several places 

such as a humid forest hillslope with a mixture of soils (Gwak & Kim 2016), in an agricultural field 

of maize with silty loam soils (Hupet & Vanclooster 2002), and in semiarid areas with different 

land covers (Chen et al. 2007). A possible explanation of this result is that in our hillslope the 

superficial soil layer was the least homogeneous, due to the higher presence of tussock 

grassroots and macropores.  

 

As the hillslope reacted to the same atmospheric forces, all the measuring points located at the 

same soil depth (e.g. all observations at 25 cm) showed a similar SWC temporal variability (Figure 

3). This is a common observation in studies at the field or hillslope scale  (e.g. Chen et al. 2007; 

Tromp-van Meerveld & McDonnell 2006). In our hillslope, the SWC closely followed the 

precipitation dynamic, being clearest in the superficial soil layer (0.61 – 0.76 cm3 cm-3). Actually, 

the SWC remains high (> 0.58 cm3 cm-3) along the studied period; this is explained since there 

are almost no days without precipitation in the páramo ecosystem (Padrón et al. 2015), and the 

evapotranspiration does not represent a high amount of water loss (Carrillo-Rojas et al. 2016) 

due to their cloudy, cold, and humid characteristics.  

 

The climate characteristics of the páramo ecosystem and the high antecedent soil moisture status 

make the soil hillslope stay under the wilting point. Furthermore, there is not a clear seasonality 

in the hillslope SWC. This observation is contrary to the others mountain ecosystems, where the 

climate seasonality produces well-marked SWC trends. For example, in a snow-dominated 

mountain, the spring snowmelt yields the higher SWC of the year, while during summer the soil 

permanently reaches the wilting point (Grant et al. 2004). Moreover, in Mediterranean mountain 

areas the few rains and high evapotranspiration rates observed during summer brings the soil dry 

(Garcia-Estringana et al. 2013).  

 

6.2. Influence of extensive grazing in the soil water content of the hillslope 

 As the SWC spatio-temporal variability of the hillslope was understood, we could analyze the 

impacts of the experiment. Contrary to expectations, this study found that the extensive grazing 

had a minimal impact in the SWC at hillslope scale. The few changes in the SWC amount (Figure 

4) and SWC dynamic (Figure 6, Table 2) were especially observed at the superficial soil layer of 

the top and middle-top of the experimental transect. They occurred during the subperiod 
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immediately after grazing (SPI) and during the dry subperiod (SPII). Naming a few, during the SPI 

at the top of the hillslope (A’
10) the soil moisture increased (from 0.60 to 0.65 cm3 cm-3), and during 

the SPII at the middle-top hillslope (B’
10) the SWC decreased (SWC < 0.55 cm3 cm-3). Furthermore, 

during the SPI and SPII the SWC dynamic of the superficial soil layer decreased (e.g. in A’
10 the 

slope changed from 0.77 to 0.98). We can attribute these changes to two factors. First, the 

interception is almost nonexistent during the experimental period due to the low density of the 

vegetation (Figure 5). Second, the tussock grassroots death and regrowth cause a soil 

rearrangement. Both factors had impact in the soil water redistribution in terms of a combination 

of infiltration and evaporation rates. On the other hand, there were no changes in the SWC of the 

hillslope middle-bottom part (C’) due to a less influence of the atmospheric forces like solar 

radiation and wind speed, which implies lower evaporation rates (Famiglietti et al. 1998). 

 

The minimal influence of extensive grazing in the SWC is in agreement with other studies. For 

example, Harden et al. (2013) found for two páramo areas with similar soil properties and 

vegetation of the Ecuadorian Andes, that the presence or absence of alpaca grazing does not 

significantly affect the soil hydrology. They even suggested that the watershed management in 

the páramo ecosystem can allow extensive grazing activities, which is supported by our findings. 

Our results also can explain the results of Ochoa-Tocachi et al. (2016) who found that in the low 

grazed páramo catchments of Ecuador, Peru, and Bolivia, the base flow and flow peaks were 

similar to those observed in unaltered catchments. Furthermore, in an experimental field in Chile, 

it was noticed that the increase of grazing activities during winter did not affect the Andosols 

structure (Dec et al. 2012). Actually, it corroborates our observations during the first rainy 

subperiod, eight months after grazing (SPIII), where the experimental and control transects 

reported a similar SWC behavior; that is, there was no impact of the experiment. 

 

Other studies show that the grazing intensity can have a specific impact on the páramo hydrology. 

For example, Hofstede (1995) in the páramo fields of Colombian Andes and Podwojewski et al. 

(2002) in páramo fields of the Ecuadorian Andes, noticed that intensive grazing cause a 

deterioration of the soil properties, inducing a reduction of its soil water-holding capacity. While 

Dec et al. (2012) report that Andosols have a high recuperation capacity, it seems they cannot 

support large stresses, like non-stop grazing activities, particularly if the soil structure is affected 

or destroyed. Furthermore, it is not clear if the tussock grass will recuperate after several or 

continuous grazing events, while it may lead to substantial long-term impacts on the SWC. 

Actually, studies at catchment scale show that the páramos under intensive grazing activities 

react faster to rainfall events. They present a fairly steep rising hydrograph limb, reach higher 

peak discharges, and show a plummeting recession limb, reaching almost base flow conditions 

after the event (Ochoa-Tocachi et al. 2016).  

 

7. CONCLUSION  

Extensive grazing is one of the most common activities of the páramo ecosystems. However, 

information about the impacts of the extensive grazing in the soil water content (SWC) of these 

ecosystems has been limited. Because of that lack of knowledge, we researched the influence of 

extensive grazing in the SWC of a páramo hillslope located in the Ecuadorian Andes. For that 

purpose, we monitored the SWC of two parallel transects (experimental and control transect); 

each one of them with water content reflectometers (WCRs) placed in several depths (10 – 75 

cm) along four soil profiles (A’/A – D’/D).  

 

We first studied the SWC spatio-temporal variability of the hillslope through 5-years of SWC data 

before the experiment. The higher SWC was found at the middle soil layers (25 and 35 cm), where 

the Andosols have the most homogeneous soil properties and are not affected by roots. The 

higher SWC variability (CV) was present at the superficial layer (10 cm depth), where the soil 
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texture is less homogeneous because of the high density of grassroots. Moreover, the SWC of 

our hillslope remained high year round, with a null seasonality, throughout the studied period.  

 

Secondly, as the WCRs are distributed in pairs (one in the experimental and one in the control 

transect), we could compare the SWC between the pairs of sensors. The analysis showed that 

the pairs of sensors did not differ significantly; and when small differences were present, they 

remained almost constant during the 5-year period. This allowed us to use all of the pairs of 

sensors to analyze the SWC of the hillslope after the grazing experiment. 

 

Finally, the extensive grazing experiment was done through the cut out of the native vegetation 

(tussock grass) from the experimental transect. The monitored period lasted 10-months 

(intervention period), and the analysis done by comparing the SWC of the pairs of sensors of both 

transects. Our findings showed that there were minimal changes in the SWC, only seen in the 

upper part of the hillslope. The SWC increased in the superficial layer of the hillslope-top (A’
10) 

and decreased in the hillslope middle-top (B’
10). While the SWC dynamic of all the superficial layer 

of the hillslope upper part (A’
10 and B’

10) decreased. Those changes in the SWC (amount and 

dynamic), were clear in the subperiod immediately after the tussock grass cut out date (SPI) and 

after two months, during the dry subperiod (SPII). Suggesting that vegetation loss by extensive 

grazing activities do not influence significantly on the SWC, especially during the rainy subperiod, 

eight months after the experiment (SPIII), where the influence of grazing in the SWC was 

negligible.  
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8. ADDITIONAL INFORMATION  

 

TABLE 3 SWC dynamic (slope and intercept values) between the selected pairs of sensors (A ’/A – B’/B) 
during the three subperiods (SPI, SPII, SPIII) of the pre-intervention and intervention periods. 

Pairs of 
sensors 

SPI SPII SPIII 

Pre-intervention Intervention Pre-intervention Intervention Pre-intervention Intervention 

Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept 

A’/A10 0.77 0.23 0.98 0.05 0.75 0.23 0.81 0.18 0.52 0.37 0.82 0.14 

B’/B10 0.95 0.07 1.02 0.03 1.02 0.03 2.36 -0.77 0.84 0.14 0.45 0.43 

B’/B25 1.73 -0.50 N/A N/A 1.61 -0.42 N/A N/A 1.80 -0.56 1.23 -0.14 

B’/B35 1.00 0.15 1.11 0.05 1.11 0.04 N/A N/A 0.97 0.13 1.08 0.07 

B’/B65 1.51 -0.20 0.31 0.18 1.40 -0.16 1.11 -0.07 1.45 -0.18 1.96 -0.34 

N/A = not enough data. 
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