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Abstract

Our manuscript analyses the surface runoff variability, and its controlling factors in a
small basin with gentle slopes, at the headwaters of a flat catchment, to improve the
knowledge of the hydrology of plain areas under agriculture. We study runoff, rainfall
and antecedent conditions in the argentine Pampas region. We use correlations,
regressions and quantitative and qualitative descriptive information of the system:
erosion signs, ground cover by crops, groundwater depth data and temporal changes
in the drainage network, to discuss and understand the complexity of the runoff pro-
cess by frameworks to study (dis)connectivity. The analysis of 56 events evidenced a
nonlinear rainfall-runoff relationship. In contrast with other works, we identified
clear upper limit events, under which hydrological responses emerge, as a result of
combinations of antecedent wetness, rainfall erosivity, ground cover and preferen-
tial drainage paths. We separated the nonlinear rainfall-runoff response in three lin-
ear relationships according to differences in antecedent wetness conditions. We
found differences in runoff responses under wet and dry antecedent conditions, but
complex responses under medium antecedent conditions. The analyses of the
inputs, the structural and the functional elements of the (dis)connectivity frame-
works, were key in the understanding of the temporal changes of runoff, and its
complex responses. Temporal coincidences of connectivity components and their
feedbacks appear to be strongly associated with the runoff dynamics. High-
magnitude hydrological responses occur with complete coincidences, while partial
coincidences between the components reduce connectivity and low magnitude
and/or heterogeneous responses prevail. Thus, these analyses suggest that runoff is
controlled by (dis)connectivity in this basin with gentle slopes. Our work contributes
to the understanding of the process of surface runoff in the context of humid flat-
lands under agricultural land use, by the identification of the complex combinations
of factors which regulate/control the (dis)connectivity that helps to interpret the

nonlinearities of runoff.

KEYWORDS

agricultural basin, antecedent wetness conditions, erosion signs, gentle hills and slopes,
hydrological (dis)connectivity, pampas region, rainfall, runoff response

3102 © 2020 John Wiley & Sons Ltd

wileyonlinelibrary.com/journal/hyp Hydrological Processes. 2020;34:3102-3119.


https://orcid.org/0000-0002-6992-6974
https://orcid.org/0000-0002-0271-909X
https://orcid.org/0000-0001-8347-548X
mailto:gares@faa.unicen.edu.ar
http://wileyonlinelibrary.com/journal/hyp

ARES ET AL

WILEY_| 3%

1 | INTRODUCTION

According to Ambroise (2004), “Any hydrological process depends on
some factors or combination of factors, which control its activation,
intensity and deactivation.” Those factors include climate, geology,
geomorphology, soils, vegetation and land use, which interact and
determine the rainfall-runoff response of catchments (Mirus &
Loague, 2013). These interactions are complex (Minella et al., 2018)
and variable over time, and result in the nonlinear rainfall-runoff
responses frequently observed in basins (Latron & Gallart, 2008; Leh-
mann, Hinz, McGrath, Tromp-van Meerveld, & McDonnell, 2007;
Nadal-Romero, Pefa-Angulo, & Regliés, 2018). Some of the factors
previously mentioned are combined in spatial patterns: geology, geo-
morphology, soils, vegetation and land use, and constitute the struc-
ture or the anatomy of catchments (Turnbull et al., 2018). These
patterns interact with the rainfall, an element of climate, and, as a con-
sequence, the water transfer emerges as runoff or connected flow
(Turnbull, Wainwright, & Brazier, 2008).

Tetzlaff et al. (2007) state that connectivity involves the flows of
matter and energy, such as water, nutrients, sediments, heat, between
the components of the landscape: the hillslopes and the drainage net-
work at catchment scale. The concept of hydrological connectivity has
been proposed to analyse systems with complex and nonlinear
responses (Lexartza-Artza & Wainwright, 2009; Wohl, 2017). In this
sense, Wohl et al. (2019) highlight the importance of connectivity in
the understanding of the spatial and temporal variability of fluxes. So,
a spatial and temporal dynamics of hydrological connectivity may be
identified, characterized by increments in runoff by connectivity
(Phillips, Spence, & Pomeroy, 2011) or reduction of hydrological fluxes
by disconnectivity (Wohl et al., 2019). In this context, integrated ana-
lyses of the conditions of the structural elements in relation with ante-
cedent conditions, rainfall inputs and their feedbacks are key to the
interpretation of variability in the hydrological response and (dis)con-
nectivity in basins (Wainwright et al., 2011). These analyses are within
the frameworks proposed by Lexartza-Artza and Wainwright (2009),
Bracken et al. (2013) and Keesstra et al. (2018) for the study of com-
plex hydrological systems of the connectivity approach. These frame-
works coincide in the need to consider the interactions between the
drivers of connectivity, or the inputs, the structure of the system and
its state at a given time, and the fluxes associated with processes or
the functional elements of connectivity. They also highlight the need
to describe the relevant components of each system to implement the
frameworks, based on field knowledge. These include precipitation,
antecedent conditions, human activities and land use decisions,
changes in pathways, erosion signs and temporal runoff discharge. No
unified consensus about how to measure connectivity has been
achieved (Rinderer, Ali, & Larsen, 2018). However, qualitative and
quantitative monitoring strategies are suggested for these analyses,
including the identification of structural, functional components of the
connectivity and the descriptions of feedbacks within the systems
(Lexartza-Artza & Wainwright, 2009). For example, Wainwright et al.
(2011) studied the connectivity in an agricultural basin, and they
included, among others, physical characteristics of catchments, land

use data or presence of pathways as descriptors of the structure.
Interactions between rainfall and runoff, soil moisture, the presence
of ephemeral channels, signs of water erosion and sedimentation are
examples of the descriptors of functional connectivity components.
Changes in the structure of the system as a consequence of the man-
agement practices or seasonal processes, or differences in preferential
pathways by erosion or soil redistribution are considered as feedbacks
to take into account. In addition, rainfall and runoff are the most fre-
quent variables monitored at catchments, and their measurements
have been included in connectivity analyses combined with statistical
methods to identify runoff responses and connectivity (Ali, Roy,
Turmel, & Courchesne, 2010), or with tracers and isotopes
(McGuire & McDonnell, 2010). Ali et al. (2010) state that the analysis
of hydrographs and variables derived from them such as peak dis-
charge or runoff coefficients (RCs), in conjunction with surrogates of
antecedent wetness conditions, may help to understand catchment
responses associated with connectivity.

Several plain regions of the world are arable lands, dedicated to
livestock and cropping activities: the Great Plains in United States of
America (Ferguson & Maxwell, 2012), the Indo-Gangetic plains in
South Asia (Lal, 2011), the North China plain (Aeschbach-Hertig &
Gleeson, 2012) or the South American Pampas region (Kuppel,
Houspanossian, Nosseto, & Jobbagy, 2015). These areas are of key
importance for the satisfaction of the world’s food demand, which is
increasing as a consequence of the growing population
(Alexandratos & Bruinsma, 2012). So, the need to increase the food
production emerges as a challenge for agricultural production systems.
The expansion of the area under agriculture, and livestock production
intensification have been experienced in the Pampas region in the last
decades, with accelerated replacement of natural grasslands by
pastures, cereals, oilseed crops or forest plantations (Modernel
et al., 2016; Reichert et al., 2017). Agricultural intensification induces
changes in runoff and increases runoff hazards (Wheater &
Evans, 2009), and these issues have been reported in the Pampas,
associated with the water erosion degradation process (Lavado &
Taboada, 2009; Sasal, Boizard, Andriulo, Wilson, & Léonard, 2017,
Wingeyer et al., 2015).

The argentine Pampas region occupies an area of 400,000 km?,
and in its lands of high fertility and productivity, the 90% of the coun-
try's grain production takes place (Magrin, Travasso, & Rodriguez,
2005), and 48% of the cattle stock is raised (Canosa, Feldkamp, Urruti,
Morris, & Moscoso, 2013). According to Mateucci (2012), the 13% of
this region is occupied by gently hilly areas, at the headwaters of plains.
The hydrology of these plain areas has a particular dynamics, associated
with the low regional slopes that give the low morphological energy-
content to these areas, where the vertical movement of water domi-
nates over the horizontal movement (Kruse & Zimmermann, 2002).
Consequently, according to Varni, Usunoff, Weinzettel, and Rivas
(1999), the main mechanisms by which most of the water discharges
are infiltration and evapotranspiration. So, the accelerated runoff gen-
erated in the upper lands by agricultural intensification flows to the
plains, increases the natural flooding and sediment accumulation risks

and could affect the water quality downstream. Headwater streams
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play key hydrological and ecological functions as they maintain natural
discharge regime, regulate sediment and nutrient exports (Lowe &
Likens, 2005). Thus, it is important to improve the knowledge of the
hydrological response, its complexity and the factors associated with
its variability at the headwaters of these areas, in the regional context
of flatlands. Analyses of the hydrology in these regional contexts are
not frequent and are still needed (Aragén, Jobbagy, & Viglizzo, 2011,
Ares et al., 2018; Dalponte et al., 2007).

The objective of this work is to study and understand the surface
runoff variability, and its controlling factors in a small basin with gen-
tle slopes, at the headwaters of a flat catchment, to improve the
knowledge of the hydrology of plain areas under agriculture. The
study area is located in the argentine Pampas region and the analysis
takes elements and concepts of the (dis)connectivity frameworks pre-
viously described which help to explain the runoff response of our
system. Quantitative and qualitative data are used for this study. In
this case, we consider runoff and rainfall data monitored at the outlet
of a catchment, at event scale. We analyse and describe the relation-
ships between runoff variables: surface runoff and RCs, and a set of
hydro-meteorological variables, by their correlations and by regres-
sions. We introduce elements of the (dis)connectivity frameworks to
discuss and understand the relationships found and the variability in
runoff. In our case, we consider the erosivity of rainfall related to run-
off, the antecedent conditions, the erosive processes, the seasonality
of the events, in terms of cover by crops. Temporal changes in these
factors and in the drainage network, and their feedbacks throughout
the study period, are also studied to interpret the variability in runoff,
as a part of a qualitative analysis. The conceptual approach of (dis)
connectivity has not been previously analysed in our region and is still
not frequently considered in watersheds with gentle slopes (Bracken
et al.,, 2013), and in South America, where studies using this approach
are in their early stages. We propose the use of simple data analysis
methods such as correlations and regressions combined with the
study of quantitative and qualitative descriptive information of the
system to discuss and understand the complexity of the runoff pro-
cess with the (dis)connectivity framework. The combinations of these
methods can be used in other study cases where connectivity studies
are missing, or more complex techniques such as tracing have still not

been implemented, such as in our basin.

2 | MATERIALS AND METHODS

21 | Studyarea

The study was carried out in a small basin of 560 ha, which has been
monitored since 2011. It is located in the catchment of the Videla
stream that flows into the Del Azul stream in the argentine Pampas
region (Figure 1). The geographical coordinates of the basin outlet are
37°08'47.61"S 59°55'25.17"W. The climate is temperate humid with
average annual temperature of 14.4°C. The annual rainfall is 914 mm

and 71% occurs between October and April. Geomorphologically, the

catchment is located in the area of rocky outcrops of the Del Azul
stream basin, which includes areas of catchment divides and fluvial
valleys (Zarate & Mehl, 2010). The area of rocky outcrops, the basin
headwaters, occupies 10% of the Del Azul stream basin (Figure 1a),
while 90% of the basin corresponds to a plain sector, with slopes
decreasing progressively from 2 to 0.2%, considering the regional con-
text (Sala, Kruse, & Aguglino, 1987). Thus, the gently hilly area has a
local importance in a neighbouring flat landscape which causes a
hydrological behaviour typical of subhumid plains, with shallow
groundwater levels related to the precipitation-evapotranspiration
balance. These phreatic levels bring water to the streams (baseflow)
(Varni, Comas, Weinzettel, & Dietrich, 2013).

The average slope of the small basin is 3%, with a range between
1 and 10%. According to the digital elevation model, three sectors are
identified: the upper, the middle and the lower sectors of the basin
(Figure 1b). The upper sector has the lowest mean slope, 2.3%, and
there, the headwaters of the drainage network is located in an area of
wetland. In the middle and lower sectors, the slopes are somewhat
higher: 3.7 and 3.6%, respectively. The relief is undulating with iso-
lated hills of granite rocks up to 285 m above the sea level. Soils of
valleys are derived from loess deposited with a thickness ranging
between 1 and 2 m above a very hard carbonate crust (Instituto
[INTA], 1990) and a
hydrogeologic basement at an average depth between 5 and 10 m.

Nacional de Tecnologia Agropecuaria

According to the available maps (INTA, 1992), the prevailing soil class
is Typic Argiudoll, with good drainage, covering 67.9% of the basin.
Lithic Hapludolls and Lithic Argiudolls cover 27.6% of the basin area,
and are located in hilly areas. Finally, 4.5% of the surface corresponds
to poorly drained bottomlands, located near the watercourse. Pre-
dominant deep and well drained soils in the small basin do not register
subsurface horizons with platy structure, indicative of subsurface
flow. This flow may be restricted to areas occupied by Lithic
Hapludolls and Lithic Argiudolls. In addition, parts of the surface of
the rocky outcrops are covered by dense natural pastures, and bare
rocks are usually weathered, with cracks that induce water infiltration
and percolation. These areas are important sources of water recharge
to the aquifer (Sala et al., 1987). So, the vertical movement of water
to the aquifer prevail.

In general, the soils of the basin have high aggregate stability and
abundant macropores due to their loam topsoil texture and high aver-
age organic matter content (6.6%), which determine their high pro-
ductive capacity. Soils are used for agriculture, and rotations include,
mainly, wheat, barley, soybean, corn or sunflower under no tillage

system.

2.2 | Rainfall data

The rainfall was measured by an automatic weather station located
5 km away from the outlet of the basin (Cerro del Aguila station,
Figure 1a). It is the closest station to the basin that has detailed data

for the analysed period. It has a rain-gauge constructed according to
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(a) Location of the small watershed under study in the basin of the Del Azul stream, rain-gauge stations (Cerro del Aguila and

Monasterio Trapense), and groundwater monitoring stations (B N° 33 and B N° 34). (b) Detail of the small watershed with location of the upper,
middle and lower sectors (I, Il and lll, respectively) and the flow monitoring station

the standards of the World Meteorological Organization, which
records the rain every 10 min with an accuracy of 0.20 mm through a
tipping-bucket recording rain gauge.

The calculated rainfall variables were total rainfall depth (P, mm)
and the product EI30 (MJ mm/[ha hr]), between total rainfall kinetic
energy (E, MJ/ha), and its maximum intensity in 30 min (130, mm/hr).
Rainfall energy was obtained from the sum of the individual energies
of 10 min intervals according to the mathematical relationship set by
Wischmeier and Smith (1978), by Equation (1):

e=0.119 +0.0873logyo (i) (1)

where e = kinetic energy of the interval (MJ/[ha mm]) and i = rainfall
intensity (mm/hr). The rainfall erosivity index, EI30, describes the ero-
sive power of rainfall to detach and transport soil particles in the
rainsplash erosion process (van Dijk, Bruijnzeel, & Rosewell, 2002).
Once they are detached, these particles may contribute to the forma-
tion of surface seals because they infill surface pore spaces
(Morgan, 2005). These seals reduce water infiltration into the soil.
Thus, the EI30 was included in this analysis to consider the conse-

quences of the erosive power of rains in runoff.

2.3 | Runoffdata

Water level was measured every 30 min using a digital water level
recorder with pressure sensor located at the outlet of the basin
(Figure 1b). Records were turned into flow through the stage-discharge
rating curve of the section obtained by stream discharge measure-
ments conducted with current metres. This curve was obtained using
an electromagnetic current metre, which measures flow velocity and
water depth. Data were processed to calculate the rating curve of the
section. Because of the difficulty to access to the control section in
some periods, calculations by the Manning equation were also done,
considering the cross-sectional area of the flow, the Manning's rough-
ness factor and the water surface slope (Dingman, 2015). The results
of the rating curve were contrasted with the results obtained by the
Manning equation for the monitoring section.

Total runoff separation in direct and base flow was performed by
applying a digital filter (Rodriguez, Vionnet, Parkin, & Younger, 2000)
based on one of the methods reviewed by Chapman (1999) and
Nathan and McMahon (1990). The filter removes the high frequency
component of the hydrograph (i.e., direct runoff) and determines the

low frequency component (i.e., the base flow).
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Events over 800 m® and/or related to erosive rainfalls, over
12.7 mm (Wischmeier & Smith, 1978), were included in this study as
they were considered of a relevant magnitude according to the basin
area and the climatic characteristics of the region. In cases of runoff
events with multiple peaks, only the events related to the first peak
were incorporated to the analyses, to avoid the complexity of the
hydrological response associated with closely successive rainfall
events. This was the case of four events only, which peaks were
clearly separated and were associated with individual rainfall events.
These rainfall events were identified and separated because they had
a period of 6 hr or more with less than 1.3 mm between the succes-
sive events. This criterion is based on that proposed by Wischmeier
and Smith (1978) to separate rainstorms events. It is important to
mention that the rest of the events which registered a single peak
consisted of single storms identified under the same criterion to relate
adequately the corresponding EI30 value to each event.

Direct runoff was characterized by the surface runoff sheet (R,
mm), peak flow (Qp, m®/s), RC (%), calculated by the ratio of surface
runoff sheet and total precipitation event. Data between 2011 and
2015 were analysed.

Flood intensity (IF, m/min), which describes the discharge speed
to reach the peak flow during a flood event (Oeurng, Sauvage, &

Sanchez-Pérez, 2010), was calculated by Equation (2):

_(Qp-Qb)
F= = (2)

where Qb is baseflow at the beginning of the event (m%/s) and Tp is
time to peak (hr).

The antecedent condition was evaluated through the baseflow at
the beginning of the event. Each event was related to the
corresponding ground cover by crops periods, which were identified
considering the area occupied by crop residues, winter crops and sum-
mer crops. The period dominated by crop residues was considered as
the low ground cover period and the medium to high ground cover
period started when crops covered the soil in a proportion over 50%.
We calculated the date of the beginning of this period considering the
date of sowing of the crops, registered in field campaigns and the
length of growth stages of each crop defined by Allen, Pereira, Raes,
and Smith (2006), as the 50% of cover by crops coincides with the mid-
dle of the development stage. We corroborated these estimations with
data of crops cover obtained by field measurements using the line
intercept method (USDA & US DOI, 1999), carried out regularly in the
study area. In our study, the low ground cover period was coincident
with the last part of the autumn and the winter, and extended to spring
during years with rainfalls over the mean. The medium to high ground
cover period started in spring during years with precipitations below

the mean, and included summer and the first part of the autumn.

24 | Groundwater levels

Groundwater depths presented in Section 4 correspond to the bore-

hole N° 33, located 27 km away from the outlet of the basin

(Figure 1a). High correlations among groundwater levels in wells
located in the Del Azul basin have been reported by Varni,
Barranquero, and Zeme (2019). The authors state that the aquifer
behaves as “a plane that ascends or descends according to the
recharge/discharge ratio.” Low regional slopes have been associated
with this regional homogeneous behaviour, which induce the predom-
inance of vertical groundwater movements in the upper part of the
aquifer (Varni et al., 2019). The linear regression between daily data of
borehole N° 34, located 2.8 km away from the outlet of the basin
(Figure 1a), and daily data of borehole N° 33, is significant (p < .05,
n = 23), with a coefficient of determination of 0.53. Noncontinuous
data of borehole N° 34 are available. Therefore, data of borehole N°
33 were considered, because a complete data series is available for

the studied period in this work.

2.5 | Drainage network identification

The temporal changes in the drainage network were included in
Section 4 to consider and exemplify changes in the structure of the
system occurred during the studied years, as a consequence of wet
periods. Drainage network data corresponds to that extracted from
Spot's 4 and 5 satellite images by Ares et al. (2016) based on mini-
mum reflectances in near infrared and short-wave infrared bands
of the study area. These images have a spatial resolution of 10 m,
and, in this case, we present data of 01 February 2012 and
21 December 2012 (Figure 8). In addition, the analysis of three
Landsat 8-OLI scenes is incorporated in this work, corresponding
to 25 July 2013, 13 August 2014 and 16 August 2015. The pan-
chromatic band was considered, taking into account the spatial res-
olution of 15 m. A visual interpretation of the scenes was done,
based on minimum reflectances of humid surfaces, the knowledge
of the study area from observations in the field and on the results
obtained from the mentioned Spot images. These scenes cor-
responded to the low ground cover period, thus low reflectances
are associated with high surface soil moisture (Holzman, Rivas,
Carmona, & Niclos, 2017).

2.6 | Data analysis

Quantitative and qualitative data analyses carried out at event scale
were used for this study. Quantitative analyses included descriptive
statistics, correlation and regression analyses. The descriptive statis-
tics calculated were the median, maximum and minimum values of the
variables included in this study. The Spearman correlations between R
and P, EI30, Qp, Qb, RC and IF and those between RC and P, EI30,
Qp, Qb, RC and IF were analysed.

The scatterplots between runoff variables (RC and R) and rainfall,
the EI30 index, antecedent conditions, peak flow and flood intensity,
combined, were analysed. Two scatterplots showed the most relevant
and significant patterns to interpret the variability in the runoff

response of the basin: RC versus Qb and R versus P.
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Data grouping by different methods have been appropriate tech-
niques to understand the complexity of the runoff response in water-
sheds and to identify runoff responses types (Ali et al., 2010; Zhang,
Li, Wang, & Xiao, 2016). Events were grouped according to the
arrangement shown in the scatterplots, by the median RCs and by the
median base flow, to interpret the variability in the hydrological
response of the basin. By using the medians, we separate data under
the ranges of our own maximum and minimum observed conditions.
Quir criteria for the selection of the grouping variables is based on the
statement of Ali et al. (2010), who mention that RCs may be consid-
ered as indicator of the (dis)connectivity in catchments. In addition,
antecedent wetness conditions modify runoff responses in our region
(Ares, Chagas, & Varni, 2012), and they have been also recognized key
to the understanding of connectivity (Ali & Roy, 2009).

The simplest model was selected to describe and explain the rela-
tionships found, following the parsimony principle (Montgomery, Peck, &
Vining, 2002). So, simple linear regressions models were performed to
discuss the relations between runoff variables and independent variables
for the groups of data that were defined. The linear regressions signifi-
cance between the variables was tested and the models were assessed
by the adjusted coefficient of determination (R?). The models were
tested for normality of the error terms using Shapiro-Wilk's test with a
confidence interval level of 95%. Independence of errors and homoge-
neity of variance of the errors' terms of the models were analysed with
the plot of studentized residuals versus the fitted values (Myers, 1990).

A quali-quantitative analysis was implemented to discuss our results,
and it is based on a descriptive context-specific for the connectivity
framework, proposed by Lexartza-Artza and Wainwright (2009). It sug-
gests the description of the key structural and functional components of
the (dis)connectivity of a system based on field knowledge. We also con-
sidered the aspect of the connectivity framework proposed by Keesstra
et al. (2018), which consists on the analysis of the state in which a sys-
tem is at a particular moment, regarding the structure and the processes
in relation with the inputs at the system. According to our previous
knowledge of the system, we included the analysis of water erosion
signs, groundwater depth data, ground cover by crops periods and tem-
poral changes of the drainage network, as relevant factors to explain the
(dis)connectivity. The temporal distribution of the last three elements
mentioned, and of that corresponding to rainfall, runoff, and RC was
analysed, as an indicator of the system state. Interactions between these
factors, rainfall erosivity and erosion processes were also examined. We
related the temporal distribution of the events with the temporal distri-
bution of the other elements studied. We discussed factors' coinci-
dences and feedbacks, to understand the runoff response variability

between the groups, in terms of the (dis)connectivity approach.

3 | RESULTS

3.1 | Datadescription

A total of 56 rainfall-runoff events were analysed. Annual rainfall
during the studied period was 807 mm in 2011, 1,351 mm in 2012,

668 mm in 2013, 1,171 mm in 2014 and 743 mm in 2015. Three run-
off events corresponded to 2011, 17 to 2012, 9 to 2013, and 16 and
11 to 2014 and 2015, respectively. Thirty-two events were during the
low ground cover period, and 24 during the medium to high ground
cover period. Table 1 shows the minimum, maximum and median
values of the variables associated with the events considered in
this work.

During 17 events, rainfall exceeded 50 mm and only 3 events
were generated by rainfalls over 100 mm. The mean annual EI30, the
R factor, for the available data in the weather station near the outlet
of the basin, which correspond to the periods 2006-2007 and
2011-2015, is 4,083 MJ mm (ha/hr). Four events exceeded the value
of 1,000 MJ mm (ha/hr) in the spring-summer (21/09-20/03) of
2011, 2014 and 2015, and in the autumn-winter (21/03-20/09)
of 2012.

According to runoff variables, the 75% of the events were associ-
ated with Qb greater than 0.043 m®/s. During 15 events runoff values
were over 0.9 mm, and only in 5 events runoff was greater than
3 mm. Twenty-five percent of the events showed peak discharges
over 0.19 m%/s, and in six events, peaks exceeded 0.5 m%/s. Runoff
coefficients showed a similar trend, with only four events over 5%.
The median value of this variable is of special interest, because it is
very near from the value that was identified as the minimum RC,
1.65%, during the period May 2012-December 2012, characterized
by hydrological and sedimentological connectivity. This is based on an
analysis carried out for the events registered during 2012, with rain-
falls over the mean. Figure 2 shows the dynamics of RC and of the
concentration of suspended solids during that year. The events stud-
ied in that case corresponded to those in which both, suspended sedi-
ments and runoff, were registered. From the event of 17 May 2012,
RC values evidenced an increment and Ares, Varni, and Chagas (2014)
identified this event as the first of a series of rill erosion events,
corresponding to 23/08; 05/12; 19/12 and 28 December 2012. The

period of these events was also associated with groundwater levels

TABLE 1 Minimum, maximum and median values of the variables

analysed, corresponding to the 56 rainfall-runoff events studied
Variable Minimum Maximum Median
P? (mm) 13.2 136.4 36.6
EI30° (MJ mm/[ha hr]) 6.9 3,030.3 111.9
R (mm) 0.14 6.65 0.50
Qp (m®/s) 0.06 0.83 0.12
Qb® (m3/s) 0.022 0.077 0.054
RC (%) 0.4 10.7 1.6
IF& (m®/min) 0.003 0.302 0.007

@Rainfall.

bRainfall erosivity index.

“Runoff.

9peak flow.

®Base flow.

fRunoff coefficient.
BFlood intensity.
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near the surface, and, in relation with this, the drainage network was
expanded. Thus, those results suggested that the rills and the
expanded drainage network, together, favoured the hydrological con-
nectivity. The events with RC over the median may be considered as
those with hydrological connectivity and the factors associated with
the runoff response for these cases, during the period 2011-2015,
which have not been studied yet, will be analysed.

3.2 | Relationships between variables. Groups of
data description

Runoff and P, EI30, Qp, Qb, RC and IF showed positive and significant
correlations (p < .05), and only the correlations between RC and Qp,
Qb and IF were significant and positive (p < .05). These results show
that surface runoff is related to rainfall, and the antecedent wetness
conditions. The erosive power of rains suggests that the erosion pro-
cess may be another factor involved in the catchment runoff
response.

The relationship between R and P (Figure 3) evidences the non-
linearity associated with the hydrological response mentioned by
several authors (Bronstert & Bardossy, 2003; Palleiro, Rodriguez-
Blanco, Taboada-Castro, & Taboada-Castro, 2014; Zabaleta &
Antigliedad, 2013), and the scattering of data may be related to differ-
ent aspects which will be discussed in the next section. Rainfalls
between 13 and 65 mm may generate, mostly, runoff values between
0.14 and 1.1 mm, while extreme runoff responses are very variable,
associated with rainfalls between 39 and 136 mm and runoff between
2.5 and 6.7 mm. Figure 4 shows that in most of the events the
RC were between 0.4 and 3.5%, related to a wide range of Qb
values, between 0.022 and 0.077 m%/s. Besides, the set of data
corresponding to Events 1 (15 January 2011), 6 (5 March 2012),
9 (17 May 2012), 19 (19 December 2012), 30 (22 January 2014),
34 (11 June 2014) and 40 (5 September 2014) share the same positive

FIGURE 2 Runoff coefficients and
concentrations of suspended solids for

13 events registered during the year 2012
in the small basin under study
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trend that the remaining data, but clearly separated forming, in addi-
tion, an enveloping line. This line suggests a limit in the hydrological
response in terms of RC and antecedent conditions. The same points
were identified in the scatterplot R versus P, and they, except for
Event 6, appear as the distant points which indicate maximum hydro-
logical responses (Figure 3).

Analyses considering separately the sets of data with RC over the
median (RC > 1.6%) and RC below the median (RC < 1.6%) were car-
ried out, to study further the diversity of hydrological responses and
to understand the possible hydrological (dis)connections in the basin.
The group of data with RC over the median contains most of the
cases identified in the envelope line previously mentioned. These
cases were considered as a subgroup, named RC > 1.6%-envelope
(G1), to analyse separately which factors control their maximum
responses. The rest of the data formed the group RC > 1.6%, and all
the events with RC below the median were included in the group
RC < 1.6%. In addition, to study the effect of antecedent conditions in
groups RC > 1.6% and RC < 1.6%, data were separated into two
subgroups according to the median value of Qb, 0.064 m®/s and
0.045 m3/s, respectively. Four groups were formed by events
corresponding to Qb values over the median and below the median.
Each group was named as: RC > 1.6% - Qb > 0.064 (G2); RC > 1.6% -
Qb < 0.064 (G3); RC<1.6% - Qb >0.045 (G4) and RC < 1.6% -
Qb < 0.045 (G5). Median, maximum and minimum values of the
variables, in each of the five groups are shown in Table 2.

The analysis of the medians shows that G1 and G5 had the
highest rainfall medians, and G4, G3 and G2 had the lowest median
rainfalls, in descendent order. The events in the envelope line were
the most erosive, followed by the events in G5, G4, G2 and G3. The
highest median runoff values corresponded to G1, G2 and G3, and
the median runoff of G5 was 13% higher than that of G4, but with
lower minimum and maximum values. Peak flow, RC and IF median
values showed the same trend, and, in descendent order, G1 showed
the highest median values followed by G2, G3, G4 and G5. According
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FIGURE 3 Relationship between runoff (R, mm) and rainfall (P,
mm) for the 56 events studied in the small basin. The numbers
identify the events which suggest a limit in the hydrological response
in the basin

to the data grouping, the highest median Qb corresponded to events
in G2 and G3, and the medium to low medians to G4 and G5, the
same as G1.

All the variables in G1 had the highest interquartile range values,
which suggest the wide range of conditions under which the events
occurred, and, as a consequence the differences in the responses
associated. The highest inputs of rainfall and EI30 were necessary to
generate the maximum median RC of G1, and at the same time, the
minimum median RC of G5. The differences in catchment conditions,

such as antecedent wetness conditions, or vegetation cover may be

2 1 $ 30

< 6&00

0 T

interacting in each case to generate the contrasting runoff responses.
Regarding G5, 11 of its 14 cases corresponded to the medium to high
ground cover period; in contrast, half of the events in G1 were associ-
ated with the same ground cover period. Groups 2 and 3 had the min-
imum median rainfall and EI30 values, and medium to high runoff,
which indicates the high susceptibility of the system to rainfall under
these cases. According to Qb values registered in these groups, not
only high antecedent conditions may have been associated with this
susceptibility, as they ranged between the value of the first quartile
(0.043 m®/s) and the maximum Qb (0.077 m®/s). Most of the events
in these groups occurred during the low ground cover period (nine of
the 11 events of them). The cases in G4 generated medium to low
runoff, in relation to rainfalls of medium erosivities, under conditions
of low and medium to high ground cover, because eight events were
associated with the first period mentioned, and six with the second.
The descriptions in the last paragraphs show the wide range of condi-
tions or factors that may interact in each group to generate the runoff
response.

3.3 | Regression analyses

Figure 5a,b show the relationships between runoff and rainfall for the
groups G2, G3, G4 and G5, and, in general, the comparison between
groups suggests that initial base flow modifies the rainfall-runoff
response. Linear models were adjusted for the groups (Table 3). The
comparison between the models adjusted for G2 and G3 shows that

their slopes are the same, but the value of the intercept is different,

0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090

Qb (m3s)

FIGURE 4

Relationship between runoff coefficient (RC, %) and base flow (Qb, m®/s) for the 56 events studied in the small basin. The

numbers identify the events which suggest a limit in the hydrological response in the basin. (I, Il) Photographs of the rills formed after Event 1; (Ill)
photograph of one of the rills formed after Event 19; (IV, V) photographs of the expanded saturated area after Event 40
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Minimum, maximum and median values the variables analysed corresponding to the five groups of events defined (G1-G5), according to the values of runoff coefficient and base flow

TABLE 2

Qp* (m3/s) Qbe (m3/s) RCf (%) 1F& (m®/min)

R® (mm)

EI130° (MJ mm/[ha hr])

P? (mm)

Max Med

Med Min

10.7 5.7
5.8

Med Min Max Med Min Max

Max Med Min Max

Min

Max Med

Max* Med Min
84.2

Min"
3

Group

0.042 0.302 0.074
0.004 0.062 0.015

1.8
1.7

305.0 3,0300 7935 247 665 404 052 083 070 0.024 0075 0.052

6.9

136

8.6

6

RC > 1.6% - envelope (G1)

RC > 1.6% - Qb > 0.064 (G2)
RC > 1.6% - Qb < 0.064 (G3)
RC < 1.6% - Qb > 0.045 (G4)
RC < 1.6% - Qb < 0.045 (G5)

0.11 045 0.19 0.065 0.077 0.072 3.2

0.33 266 0.69
0.29 235 055

99.0
5

400.6

132 758 268
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0.004 0.024 0.008

0.003 0.03

1.8
12

0.9

2.8

0.10 049 0.14 0.043 0.064 0.060 1.6

848 300 21.0 2940 5.0

13.6

11

0.006

1.6

0.045 0.067 0.055 0.8

1115 0.17 103 034 009 022 0.11

1845 0.14 055 0.39

1,030.0
537.1

704 325 344

14.4

14

0.004

0.003 0.01

1.4

0.06 0.14 008 0.022 0044 0.042 04

654 463 280

14 20

?Rainfall.

bRainfall erosivity index.

“Runoff.

dpeak flow.

*Base flow.

fRunoff coefficient.
8Flood intensity.

"Minimum.

Maximum.

iMedian.

which indicates, again, that the cases in G2 generated higher runoff
than the cases in G3. In contrast, the model corresponding to G4 had
a lower slope than those previously mentioned, which denotes differ-
ent rainfall-runoff relationship between these groups. The cases in
G5 did not evidence a significant linear relationship, but the
scatterplot suggests that higher base flows in G4 induced higher run-
off responses than the cases in G5. The linear regression model
between RC and Qb for the data in G1 was also performed to
describe the envelope line. The results show a linear significant rela-
tionship between the variables (Table 3).

The analysis of the Qb values corresponding to the groups may
highlight the complexity in the runoff response that the rainfall-runoff
relationships show. By those Qb values, we may propose that humid
antecedent conditions were dominant during the events in G2,
medium antecedent conditions prevailed in the groups G3 and G4,
and dry antecedent conditions in G5. In this sense, the Kruskal-Wallis
test was performed to compare the medians of the Qb, and the Qb
values of G2 and G5 were significantly different (p >.05), while the
values of G3 and G4 did not differ significantly (p < .05). These results
support our classification of the antecedent conditions. In addition,
the cases in G1 were associated with a wide range of Qb values, as
they indicate the maximum possible hydrological responses within the
range of antecedent conditions registered during the studied period.
According to Alencoao and Pacheco (2006) and La Torre Torres,
Amatya, Sun, and Callahan (2011), who studied the rainfall-runoff
relationships of humid catchments considering wet and dry periods,
the slope of the regression lines is higher for wet conditions than
under dry antecedent conditions. In our case this is evident in the
comparison of the models adjusted for G2 and G5. Besides, our
results also show that under medium antecedent conditions runoff
responses may be similar to wet conditions, as the case of G3, or
completely different, showing medium runoff responses, as the case
of G4. So, our question is: which combinations of factors operate
under these situations to generate the differences in surface runoff,
which changes the capacity of the system to respond to rainfall, or
generate the limit runoff responses, as the observed in G1? The
results suggest that antecedent wetness conditions, ground cover by
crops, rainfall and its erosivity are different for the groups of events.
Thus, runoff may emerge from complex interactions among several
factors. We discuss these aspects in the next section, by the (dis)con-

nectivity approach.

4 | DISCUSSION

41 | Characterization of the studied years.
Seasonal variations of rains, erosivity and ground
cover

The total rainfall of the studied years showed variability. The
mean annual rainfall, for the period 1985-2015, at Monasterio
Trapense pluviometer is 930 mm/year. This station is located at

approximately 20 km from the Cerro del Aguila station (Figure 1a),
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FIGURE 5 Relationship between runoff (R, mm) and rainfall (P, mm) for the events studied in the small basin. (a) Events corresponding to the

defined groups with runoff coefficients (RC) over the median, excluding Cases 1, 9, 19, 30, 34 and 40 - envelope line - (RC > 1.6%, n = 22):
Group 2 (G2, n = 11) with base flow over the median (0.064 m®/s) and Group 3 (G3, n = 11) with base flow below the median. (b) Events
corresponding to the defined groups with RC below the median (RC < 1.6%, n = 28): Group 4 (G2, n = 14) with base flow over the median

(0.045 m3/s) and Group 5 (G5, n = 14) with base flow below the median

TABLE 3

Linear regression models adjusted for the five groups of data defined (G1-G5), variables included in the models, models

coefficients, performance and assumptions including the adjusted regression coefficients

Linear regression models

Model's assumptions

Group Variable Regression coefficients Linear regression  R? Residuals' Independence

significance normality and variance
Dependent Independent Slope of Intercept p-value p-value homogeneity of
regression line residuals

RC > 1.6% - envelope (G1) RC? Qb° 157.37 -1.94 <.05 0.95 >.05 Satisfied

RC > 1.6% - Qb > 0.064 (G2) R° pd 0.03 0.02 <.05 0.69 >.05 Satisfied

RC > 1.6% - Qb < 0.064 (G3) R P 0.03 -0.25 <.05 0.92 >.05 Satisfied

RC < 1.6%-Qb>0.045(G4) R P 0.01 -0.08 <.05 0.87 >.05 Satisfied

RC < 1.6% - Qb < 0.045(G5) R P 0.003 0.23 >.05 0.07 >.05 Not satisfied

Note: Each linear model was tested for normality, independence and variance homogeneity of residuals.

#Runoff coefficient.
bBase flow.
‘Runoff.

dRainfall.

and is the nearest with complete and reliable rainfall records for
the area (Varni & Custodio, 2013). During 2012 and 2014 annual
rainfall exceeded 45% and 26% the average value, respectively,
while during 2011, 2013 and 2015 annual rainfall was 13%, 28%
and 20% less than the 30-year mean, respectively. These data
show that the analysed period considers the climatic variations of
our region.

Figure 6 shows the monthly mean rainfall for the periods
1985-2015 and 2011-2015. The 30-year mean data indicate that
rainfall concentrates in spring-summer and in the beginning of
autumn. The comparison between the periods evidences incre-
ments of precipitation between 2011 and 2015 during April, May,
July and August. These months correspond to those of less evapo-
transpiration (Ares, 2010) and low vegetation cover, because they

coincide with the fallow period. These circumstances increase the

risk of runoff responses of important magnitude during autumn-
winter. Similar conditions were reported by Smith (2008) in a basin
of Australia.

Most of the annual erosivity was registered between October
and March, with a remarkable importance of the rainfall erosivity
in December and January (Figure 6). During these 2 months of high
EI30 the basin is covered by winter crops residues (barley or
wheat) or by summer crops in different growth stages (soybeans,
corn or sunflower), which may be associated with variable ground
cover percentage (Ares, 2010), depending on the area occupied by
winter and summer crops, and on the sowing date of these crops.
The variability in ground cover and its spatial patterns contribute
to the differences in rainfall-runoff responses (Durdn Zuazo &
Rodriguez Pleguezuelo, 2008; Liu et al., 2018), as it will be dis-
cussed in this section.
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4.2 | Analysis of the events, the groups of data and
the regression models adjusted

Few events showed the highest values of rainfall, erosivity, runoff and
related variables. These results coincide with those of Ares (2010)
who studied rainfall and runoff at the outlet of the Videla stream basin
between 2001 and 2007. The author reported that the most frequent
events corresponded to rainfalls and runoff lower than 50 mm and
2.5 mm, respectively. Also, Gomez, Vanwalleghem, De Hoces, and
Taguas (2014) found a skewed frequency distribution of rainfall, ero-
sivity, runoff depth and sediment yield in a Mediterranean catchment,
in relation to the low magnitude of most of the events.

Most of the events were coincident with medium to humid condi-
tions, which suggests the relevance of wetness conditions in the
hydrological response of this basin. The correlations performed
including all the cases together indicate this aspect and the impor-
tance of precipitation in runoff, in general. Other authors reported sig-
nificant correlations between RC and Qb (Nadal-Romero et al., 2018;
Tarasova, Basso, Zink, & Merz, 2018; Tuset, Vericat, & Batalla, 2016;
Zabaleta & Antigliedad, 2013) and between R and P (Palleiro
et al, 2014; Penna, Tromp-Van Meerveld, Gobbi, Borga, and Dalla
Fontana, 2011; Rodriguez-Blanco, Taboada-Castro, & Taboada-
Castro, 2010). Rodriguez-Blanco, Taboada-Castro, and Taboada-Cas-
tro (2012) also point out the scatter in the relationship RC-Qb in a
humid catchment, with similar RCs associated with a wide range of
Qb values. Janzen and McDonnell (2015) state that rainfall-runoff
data scatter is related to the variations in antecedent moisture and
rainfall intensity between events. However, the hydrological response
is complex and more than one factor may explain its variability, those
factors include the inputs, the processes and the structure of the sys-
tem, based on field knowledge (Lexartza-Artza & Wainwright, 2009).
An integrated analysis including these factors is carried out to under-
stand the variability in the runoff response for the studied cases. The
analyses for each of the groups defined help to understand the vari-

ability in the runoff response.

Considering G1, the regression model adjusted between RC and
Qb describes the linear envelope line. The surface runoff of these
events is very variable, and related to a wide range of rainfalls and
rainfall erosivities. Figure 7a,b present the scatterplots between RC
and Qb associated with the corresponding value of EI30 and IF for
each event, to explain further the hydrological functioning of the
basin during these upper limit events. All the cases were included in
these figures, to show comparatively the values of the variables in G1
in contrast with the rest of the events.

The hydrological response, under the driest condition, was gener-
ated by the most erosive rainfall: Event 30. Its EI30 represented 45%
of the annual erosivity - the R factor - and this rainfall was registered
during January, in summer, under the medium to high ground cover
period. Vegetation cover contributes to reduce runoff and its velocity,
increases the time to peak flow and dissipates the energy of rainfall,
which prevents soil for sealing and crusting (Blanco & Lal, 2008;
Mohammad & Adam, 2010; Ramos et al., 2016; Wei et al.,, 2014).
These crusts and seals reduce water infiltration (Bracken &
Croke, 2007). An event similar to number 30 was recently registered
in the basin. It was characterized by a comparable RC, EI30, Qb and
Qp, and these data were included in the scatterplots of Figure 7a,b. In
addition, field observations after this event are available and are incor-
porated to this discussion to illustrate some characteristics of these
cases. Although this event corresponded to 10 April 2019, the begin-
ning of autumn, the basin was still covered by soybeans. Figure 71,1I
also show the soil surface under areas without cover by crop, with the
presence of interrill erosion and shallow and ephemeral rills.
Figure 7IILIV evidence the detention of water in small depressions
which are part of the surface roughness in the basin. These areas
diminish the volume of surface water to runoff.

Rainfall erosivity decreased for the rest of the events in G1, in
comparable conditions of vegetation cover of Event 30 (Case 1), or
under lower vegetation cover than this event: Cases 9, 34 and 40 cor-
responded to the low ground cover period, with plots mainly under

fallow; Case 19 coincided with the beginning of summer crops' active
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FIGURE 7 Relationship between runoff coefficient (RC, %), the associated base flow (Qb, m®/s) and (indicated by circle size): (a) rainfall
erosivity values (EI30, MJ mm/[ha hr]), (b) flood intensity values (IF, m3/min), for the 56 events registered in the small basin. The dotted circle
corresponds to the event registered on 10 April 2019. (I-1V) Photographs of the soil surface under areas with no cover by soybeans, after the
event registered on 10 April 2019: sheet erosion and rill erosion signs (I and I1); signs of water detention in small depressions (lll and 1V)

growth. The correlation performed between RC and EI30 for G1 was
significant (p < .05) but with a negative sign. This suggests that very
high EI30 is necessary to induce the hydrological response under com-
binations of dry antecedent conditions and high ground cover by
vegetation.

Antecedent conditions were variable: dry, and medium to wet.
Rills of important magnitude were observed in the field after Events
9 and 19 (Figure 4l1-111), during the period of hydrological connectivity
previously mentioned. The vegetation cover combined with the char-
acteristics of these cases, and the antecedent conditions may have
been associated with the expansion of saturated areas (Figure 4IV,V)
and with the formation of rills (Ares et al., 2014), which act as prefer-
ential flow paths. Similar combinations of conditions may have deter-
mined the hydrological response of Events 34 and 40: observations in
the field showed the signs of wet area expansion. The IF values sug-
gest the rapid hydrological response in our cases, which may be also
associated with the increment in wetness conditions along the enve-
lope line (Figure 7b).

No clear upper limit events such as the ones found in our

case have been reported in other agricultural basins. Rodriguez-

Blanco et al. (2012) and Penna et al. (2011) show the relationships
RC-Qb, for humid forested catchments, but they do not discuss
the presence of a clear envelope line. It is interesting to note the
combinations of conditions which may generate these particular
hydrological responses in our case, which evidence their
complexity.

Groups 2 and 3 showed linear relationships between R and P, the
distinction between Qb values in the rainfall-runoff relationships hel-
ped to understand the scatter in data. Just like events in G1, the cases
within these groups mainly corresponded to the wet periods of 2012
and 2014, the years with high annual rainfalls. Authors like Lehmann
et al. (2007), Penna et al. (2011) and von Freyberg, Radny, Gall, and
Schirmer (2014) made an equivalent separation of data and found
comparable results in other catchments: rainfalls of equal magni-
tude generate higher runoff under wet conditions than under dry
antecedent conditions. In our case this is evidenced by the inter-
cept of the regression lines. Rodriguez-Blanco et al. (2012) state
that only baseflow cannot explain rainfall-runoff response, and that
rainfall and antecedent wetness together may be associated with

RCs. In an agricultural catchment, Estrany, Garcia, and Batalla (2010)
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found that quickflow runoff was related to antecedent conditions
and rainfall.

Medium antecedent conditions of G3 and G4 showed contrasting
runoff responses. On the contrary to G3, most of the cases in G4
were registered during 2013 and 2015. The events in G5 cor-
responded to these years too, and also included cases of 2011 and
the first months of 2012 and 2014. According to our previous ana-
lyses, the cases in G3 and G4 denote the limit between (dis)connectiv-
ities within the system. The results of this work indicate that not only
rainfall and previous wetness may be involved in the generation of
these responses. The identification of factors combinations and their
feedbacks by the connectivity framework may help in the interpreta-
tion of these responses.

4.3 | The (dis)connectivity approach to understand
the complexity of the runoff response

The previous analyses show how antecedent wetness conditions,
vegetation cover, preferential drainage pathways, formed by rills
and interril erosion areas and/or humid (talwegs) areas, and rainfall
erosivity may interact and determine the hydrological response in
the groups defined. These cases may be analysed considering the
hydrological (dis)connectivity approach. In this sense, those inter-
acting factors may be identified as the elements of structural and
functional connectivity, or as the external forces which contribute
to connectivity, such as rainfall and its erosivity (Heckmann
et al., 2018). Vegetation cover is part of the structural elements of
connectivity (Bracken et al., 2013). Antecedent wetness, in our case,
is an emergent condition from the rainfall-runoff process, and it
may be associated with the functional connectivity. The drainage
network is part of the structure of the catchment, but it undergoes
changes related to humid periods or rills or ephemeral gullies gen-
erated by water erosion, which expand it. According to Khosh Bin
Ghomash, Caviedes-Voullieme, and Hinz (2019), the hydrological
dynamics drives erosion (i.e., rill formation) and erosion signs con-
stitute changes in topography, which increase the drainage area in
the basin. Thus, feedbacks between processes and structure are
established: the drainage network develops over time, it turns
dynamic, and, therefore, functional (Turnbull et al., 2018). The
series of extreme and episodic events during 2012 introduced
long-lasting changes in the drainage network. Figure 8I-V show
these changes, associated with the expansion-contraction of the
network. This expansion was maximum during December 2012;
however, it remained in the main watercourse during the studied
period. So, according to Turnbull et al. (2018), the events, related
to processes, left their imprint or memory, on the structure of the
basin.

Connectivity changes over time, as a result of the interactions
between inputs, structural and functional elements (Lexartza-
Artza & Wainwright, 2009), and, as a result, has a temporal
dynamics (Wainwright et al., 2011). Figure 8a,b show the temporal
distribution of the RC of the events, associated with groundwater

depth, base flow, surface flow, monthly rainfall, vegetation cover
conditions - synthesized as medium to high and low ground cover
periods - and the drainage network identification. Low ground
cover periods coincided with part of the autumn and the winter
under moderate precipitation amount conditions, which make pos-
sible small grains sowings. This was the case of the years 2011,
2013 and 2015. However, this period extended to spring when
autumns and winters were humid (over 500 mm, Figure 8a), during
2012 and 2014, because high precipitations combined with low
evapotranspiration induced soil water excesses which prevented
winter crops sowings. As a consequence, farmers change their land
use decisions and sow summer crops waiting for soil wetness
reduction. Ground cover protection by crops remained scarce over
a long period, which coincides with high precipitations and high
antecedent wetness conditions that induce drainage network mod-
ifications with occasional rill formation by water erosion. The
interactions between land use and drainage network on connectiv-
ity may be exemplified by an analysis of the potential flow and
sediment connectivity that is being carried out, by the calculation
of an updated version of the index of connectivity, IC, proposed
by Borselli, Cassi, and Torri (2008). This index is based on two
components of the hydrological connectivity: the land use and the
topography of a basin. Other structural elements included in its
calculation are the roads and trails, and the drainage network. In
this case, we discuss preliminary results obtained for two of the
dates reported in the previous analysis of the drainage network,
corresponding to February 2012 and December 2012. These
results suggest a higher connectivity potential for December 2012
in comparison with that obtained in February. This may be in asso-
ciation with differences in land cover and the area of the drainage
network. In the case of February, the basin was occupied by soy-
beans and corn completely developed and by wheat and barley
residues, with a drainage network weakly developed. In contrast,
in December, the increment of the drainage network area, and also
the presence of soybeans and corn, but in their initial growth
stages induced the higher connectivity potential.

Thus, complex feedbacks between inputs, structure and functions
of the system occur in the catchment (Wainwright et al., 2011), which
generate hydrological (dis)connectivity with differences in RC, Qp and
IF, evidenced in the medians of these variables for the groups.
Figure 8a,b show, in general, the coincidence between shallow
groundwater levels and high surface flow, base flow, RCs, induced by
important rainfall amounts and low ground cover by crops. These con-
ditions changed during dry periods, with deep groundwater levels, and
low runoff values. Therefore, low levels of connectivity prevailed dur-
ing 2011, 2013 and 2015 and the first months of 2012 and 2014
(associated with events in Groups 4 and 5). Considering 2013 and
2015, the memory of the system kept the changes, and landscape
units remained connected by the drainage network. However, the
inputs (rainfalls and their erosivities) were not enough to satisfy the
storages and to activate the whole basin and waterways an in a con-
nected manner, to generate RCs over the median. According to

Spence (2010) “continual storage satisfaction” is not a permanent
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condition within catchments. The analysis of the groundwater levels
in Figure 8b suggest the differences in water storage between the
years analysed, with continuity between May 2012-January 2013
and June 2014-December 2014, with groundwater levels less than
1.5 m depth. In contrast, these levels remained deeper during the rest
of the period. Temporal continuity in storage by groundwater levels
near the surface in G2-G3 and some cases of G1, may have favoured
the hydrological connections, in contrast with cases in G4-G5. These
relations between groundwater depth and connectivity have been
also noted by Saffarpour, Western, Adams, and McDonnell (2016),
who studied an agricultural catchment in Australia. So, total or partial
temporal coincidences in the connectivity components may explain
the (dis)connectivity that operates under the cases in G3-G4. In addi-
tion, by this analysis we interpret that the response in G2 is also asso-
ciated with complex interactions among connectivity components.

Considering events in G5, high and erosive rainfalls were neces-
sary to generate the runoff response under the driest antecedent con-
ditions. However, the relationship R versus P was not significant in
this case, and evidenced variability. Infiltration and vertical water
movements may have prevailed under these cases, with low lateral
connectivity (James & Roulet, 2007), favoured by soil cover by crops
in most of these events in this group, as they coincided with the
medium to high ground cover period.

Local runoff signs within the hillslopes with weak connections to
the channel are frequently observed in this study area during dry
antecedent conditions, associated with patchiness in vegetation
cover, the presence of surface seals, soil depth, which induce variabil-
ity in infiltration capacity. In addition, the effect of surface roughness
and small depressions within slopes is also visible after these events,
which favours the expression of retention and detention. This delays
the initiation of runoff and increases infiltration. In this sense, Penna
et al. (2011) studied an alpine catchment and reported heterogeneity
in runoff contributing areas under low antecedent rainfall conditions,
while the entire catchment generated runoff under high antecedent
rainfall conditions. In addition, Latron and Gallart (2008) observed
local runoff contributing areas during dry antecedent conditions in a
Mediterranean catchment. Therefore, spatially heterogeneous
rainfall-runoff responses within the hillslopes may dominate in these
cases, under disconnectivity. In contrast, this spatial variability in run-
off contributing areas may be reduced under high lateral connectivity,
inducing high RC, Qp and IF as in G1, G2 and G3.

Thus, our analyses suggest that runoff is controlled by (dis)con-
nectivity in this basin with gentle slopes. Inputs, structural and func-
tional components of the connectivity are differently combined over
time, and, as a result, runoff response turns dynamic and evidences
variability, according to the temporal coincidence of connectivity
components. According to Keesstra et al. (2018), it is important to
analyse the temporal changes the system experiments, in relation
with the inputs, the structure, and the emergent processes, and their
feedbacks. This helps to identify differences in the state of the sys-
tem during the rainfall-runoff events, that is, connected or discon-
nected, and improve the understanding of the complexity of the

runoff response.

5 | CONCLUSIONS
Our manuscript analyses the runoff response of a small basin at the
headwaters of a plain catchment, by a study at event scale.

In contrast with other studies, we characterized clear upper limit
events, under which hydrological responses emerge, as a result of
combinations of antecedent wetness, rainfall erosivity, ground cover
and preferential drainage paths. We separated the nonlinear rainfall-
runoff response in three linear relationships, according to differences
in antecedent wetness conditions, to characterize the variability of
runoff. In this sense, we found differences in runoff responses under
wet and dry antecedent conditions, but complex responses under
medium antecedent conditions. We introduced elements of the (dis)
connectivity frameworks to discuss and understand the relationships
found and the variability in runoff by the conceptual approach of (dis)
connectivity.

The analyses of the relationships between inputs, structural and
functional elements of these frameworks, and their feedbacks, were
useful to interpret the temporal changes in runoff, and to understand
the complex responses identified. Those changes appear to be
strongly related to the temporal coincidence of connectivity compo-
nents, and their feedbacks. High and erosive rainfalls contribute to rill
formation; humid periods induce drainage network expansion and
groundwater recharge that, in coincidence with low ground cover by
vegetation, activate hydrological connectivity. In contrast, partial coin-
cidences between connectivity components reduce connectivity and
low magnitude and/or heterogeneous runoff responses prevail.

Our work contributes to the understanding of the process of sur-
face runoff in basins of gentle slopes under agriculture: we interpret
the variability in runoff response by the identification of the complex
combinations of factors which regulate/control the (dis)connectivity
that helps to interpret the nonlinearities of runoff. We improve the
knowledge of the hydrology of plains, and how, in these productive
areas the seasonality of agricultural land use interacts with the natural
process of rainfall, and the antecedent conditions, and contributes to
the occurrence of processes that accelerate or reduce runoff. In this
sense, our results are relevant from the land management point of
view, to highlight the importance of the protective effect that living
ground cover may have to reduce surface runoff losses from agricul-
tural systems.

This is the first work to study surface runoff variability in our
region, considering the (dis)connectivity approach by the analysis of
the joint effects of rainfall, antecedent wetness conditions, water
erosion signs, drainage network temporal changes, vegetation and
groundwater depths on runoff. We underline the relevance of con-
tinuous monitoring programmes to get data to understand the
hydrology of these areas, which are still not generalized in our
region and its implementation is a challenge in developing coun-
tries (Montanari et al., 2013; Riveros-lregui, Covino, & Gonzalez-
Pinzén, 2018). These data are essential for the application of
models, which provide information for the design of integrated
land management strategies, to preserve the productive capacity of

the lands of plain regions.



ARES ET AL

WILEY_|*%

ACKNOWLEDGEMENTS

This work was partially supported by the Agencia Nacional de Promocion
Cientifica y Técnica under grant PICT 2015 N°2012, the Universidad de
Buenos Aires under Grant UBACYT 20020170100533BA, and by the
Consejo Nacional de Investigaciones Cientificas y Técnicas. We thank
Georgina Cazenave, Enrique Queupan and Joaquin Rodriguez Silveira for

collaborating with data processing and field tasks.

DATA AVAILABILITY STATEMENT

Data available on request from the authors

ORCID

Maria Guadalupe Ares "2 https://orcid.org/0000-0002-6992-6974
https://orcid.org/0000-0002-0271-909X

https://orcid.org/0000-0001-8347-548X

Marcelo Varni

Celio Chagas

REFERENCES

Aeschbach-Hertig, W., & Gleeson, T. (2012). Regional strategies for the
accelerating global problem of groundwater depletion. Nature Geosci-
ence, 5(12), 853-861. https://doi.org/10.1038/ngeo1617

Alencoao, A. M. P., & Pacheco, F. A. L. (2006). Infiltration in the Corgo
River basin (northern Portugal): Coupling water balances with rainfall-
runoff regressions on a monthly basis. Hydrological Sciences Journal, 51
(6), 989-1005. https://doi.org/10.1623/hysj.51.6.989

Alexandratos, N., & Bruinsma, J. (2012). World agriculture towards
2030/2050: The 2012 revision. Retrieved from http://www.fao.org/
3/a-ap106e.pdf

Ali, G. A, & Roy, A. G. (2009). Revisiting hydrologic sampling strategies for
an accurate assessment of hydrologic connectivity in humid temperate
systems. Geography Compass, 3(1), 350-374. https://doi.org/10.1111/
j.1749-8198.2008.00180.x

Ali, G. A, Roy, A. G., Turmel, M. C., & Courchesne, F. (2010). Multivariate
analysis as a tool to infer hydrologic response types and controlling
variables in a humid temperate catchment. Hydrological Processes, 24
(20), 2912-2923. https://doi.org/10.1002/hyp.7705

Allen, R. G, Pereira, L. S., Raes, D., & Smith, M. (2006). Evapotranspiracién
del cultivo. Guias para la determinacion de los requerimientos de agua de
los cultivos. Rome, Italy: FAO.

Ambroise, B. (2004). Variable ‘active’ versus ‘contributing’ areas or periods:
A necessary distinction. Hydrological Processes, 18(6), 1149-1155.
https://doi.org/10.1002/hyp.5536

Aragdn, R., Jobbagy, E. G., & Viglizzo, E. F. (2011). Surface and groundwa-
ter dynamics in the sedimentary plains of the Western pampas
(Argentina). Ecohydrology, 4(3), 433-447. https://doi.org/10.1002/
eco.149

Ares, M. G., Bongiorno, F., Holzman, M., Chagas, C., Varni, M., &
Entraigas, |. (2016). Water erosion and connectivity analysis during a
year with high precipitations in a watershed of Argentina. Hydrology
Research, 47, 1239-1252. https://doi.org/10.2166/nh.2016.179

Ares, M. G., Varni, M., & Chagas, C. (2014). Erosion hidrica en una micro-
cuenca agricola bajo siembra directa del centro de la provincia de
Buenos Aires. Ciencia Del Suelo, 32(2), 259-270.

Ares, M. G. (2010). Escurrimiento superficial en una cuenca del Sistema de
Tandilia: Andlisis de su dindmica y de los proncipales factores que lo con-
dicionan. Magister Thesis. Universidad de Buenos Aires, Argentina.

Ares, M. G., Chagas, C., & Varni, M. (2012). Prediccién de la escorrentia y
estimacién de la humedad antecedente en una cuenca aforada. Ciencia
Del Suelo, 30(2), 151-160.

Ares, M. G., Holzman, M., Entraigas, I., Varni, M., Fajardo, L., & Vercelli, N.
(2018). Surface moisture area during rainfall - Run - off events to

understand the hydrological dynamics of a basin in a plain region.
Hydrological Processes, 32, 1351-1362. https://doi.org/10.1002/hyp.
11492

Blanco, H., & Lal, R. (2008). Principles of soil conservation and management.
Basel, Switzerland: Springer International Publishing.

Borselli, L., Cassi, P., & Torri, D. (2008). Prolegomena to sediment and flow
connectivity in the landscape: A GIS and field numerical assessment.
Catena, 75(3), 268-277. https://doi.org/10.1016/j.catena.2008.07.006

Bracken, L. J., & Croke, J. (2007). The concept of hydrological connectivity
and its contribution to understanding runoff-dominated geomorphic
systems. Hydrological Processes, 21, 1749-1763. https://doi.org/10.
1002/hyp.6313

Bracken, L. J., Wainwright, J., Ali, G. A,, Tetzlaff, D., Smith, M. W.,
Reaney, S. M., & Roy, A. G. (2013). Concepts of hydrological connec-
tivity: Research approaches, pathways and future agendas. Earth-
Science Reviews, 119, 17-34. https://doi.org/10.1016/j.earscirev.
2013.02.001

Bronstert, A., & Bardossy, A. (2003). Uncertainty of runoff modelling at
the hillslope scale due to temporal variations of rainfall intensity. Phys-
ics and Chemistry of the Earth, 28(6-7), 283-288. https://doi.org/10.
1016/51474-7065(03)00039-1

Canosa, F. R, Feldkamp, C., Urruti, J., Morris, M., & Moscoso, M. R. (2013).
Potencial de la produccion ganadera ante diferentes escenarios. Report of
Producir Conservando Foundation, Argentina. 82 pp.

Chapman, T. (1999). A comparison of algorithms for stream flow recession
and baseflow separation. Hydrological Processes, 13, 701-714.

Dalponte, D., Rinaldi, P., Cazenave, G., Usunoff, E., Vives, L., Varni, M., ...
Clausse, A. (2007). A validated fast algorithm for simulation of flooding
events in plains. Hydrological Processes, 21, 1115-1124. https://doi.
org/10.1002/hyp.6301

Dingman, S. L. (2015). Physical hydrology (3rd ed.). lllinois, USA: Waveland
Press.

Durén Zuazo, V. H., & Rodriguez Pleguezuelo, C. R. (2008). Soil-erosion
and runoff prevention by plant covers. A review. Agronomy for Sustain-
able Development, 28, 65-86. https://doi.org/10.1051/agro:2007062

Estrany, J., Garcia, C., & Batalla, R. J. (2010). Hydrological response of a
small Mediterranean agricultural catchment. Journal of Hydrology, 380
(1-2), 180-190. https://doi.org/10.1016/j.jhydrol.2009.10.035

Ferguson, I. M., & Maxwell, R. M. (2012). Human impacts on terrestrial
hydrology: Climate change versus pumping and irrigation. Environmen-
tal Research Letters, 704022, 1-8. https://doi.org/10.1088/1748-
9326/7/4/044022

Gomez, J. A, Vanwalleghem, T., De Hoces, A., & Taguas, E. V. (2014).
Hydrological and erosive response of a small catchment under olive
cultivation in a vertic soil during a five-year period: Implications for
sustainability. Agriculture, Ecosystems and Environment, 188, 229-244.
https://doi.org/10.1016/j.agee.2014.02.032

Heckmann, T., Cavalli, M., Cerdan, O., Foerster, S., Javaux, M., Lode, E,, ...
Brardinoni, F. (2018). Indices of sediment connectivity: Opportunities,
challenges and limitations. Earth-Science Reviews, 187(August),
77-108. https://doi.org/10.1016/j.earscirev.2018.08.004

Holzman, M., Rivas, R., Carmona, F., & Niclos, R. (2017). A method for soil
moisture probes calibration and validation of satellite estimates. Meth-
odsX, 4, 243-249. https://doi.org/10.1016/j.mex.2017.07.004

INTA (Instituto Nacional de Tecnologia Agropecuaria). (1990). Atlas de
Suelos de la Republica Argentina. Escala 1:500.000 y 1:1.000.000. Cen-
tro de Investigacion de Recursos Naturales. Instituto de Evaluacion de
Tierras. Buenos Aires, Argentina: INTA.

INTA (Instituto Nacional de Tecnologia Agropecuaria). (1992). Carta de
Suelos de la Republica Argentina, Buenos Aires, Argentina: Hojas
3760-22 (Chillar), 1:50,000. Buenos Aires, Argentina: INTA.

James, A. L., & Roulet, N. T. (2007). Investigating hydrologic connectivity
and its association with threshold change in runoff response in a tem-
perate forested watershed. Hydrological Processes, 21, 3391-3408.
https://doi.org/10.1002/hyp.6554


https://orcid.org/0000-0002-6992-6974
https://orcid.org/0000-0002-6992-6974
https://orcid.org/0000-0002-0271-909X
https://orcid.org/0000-0002-0271-909X
https://orcid.org/0000-0001-8347-548X
https://orcid.org/0000-0001-8347-548X
https://doi.org/10.1038/ngeo1617
https://doi.org/10.1623/hysj.51.6.989
http://www.fao.org/3/a-ap106e.pdf
http://www.fao.org/3/a-ap106e.pdf
https://doi.org/10.1111/j.1749-8198.2008.00180.x
https://doi.org/10.1111/j.1749-8198.2008.00180.x
https://doi.org/10.1002/hyp.7705
https://doi.org/10.1002/hyp.5536
https://doi.org/10.1002/eco.149
https://doi.org/10.1002/eco.149
https://doi.org/10.2166/nh.2016.179
https://doi.org/10.1002/hyp.11492
https://doi.org/10.1002/hyp.11492
https://doi.org/10.1016/j.catena.2008.07.006
https://doi.org/10.1002/hyp.6313
https://doi.org/10.1002/hyp.6313
https://doi.org/10.1016/j.earscirev.2013.02.001
https://doi.org/10.1016/j.earscirev.2013.02.001
https://doi.org/10.1016/S1474-7065
https://doi.org/10.1016/S1474-7065
https://doi.org/10.1002/hyp.6301
https://doi.org/10.1002/hyp.6301
https://doi.org/10.1051/agro:2007062
https://doi.org/10.1016/j.jhydrol.2009.10.035
https://doi.org/10.1088/1748-9326/7/4/044022
https://doi.org/10.1088/1748-9326/7/4/044022
https://doi.org/10.1016/j.agee.2014.02.032
https://doi.org/10.1016/j.earscirev.2018.08.004
https://doi.org/10.1016/j.mex.2017.07.004
https://doi.org/10.1002/hyp.6554

a8 | WILEY

ARES ET AL

Janzen, D., & McDonnell, J. J. (2015). A stochastic approach to modelling
and understanding hillslope runoff connectivity dynamics. Ecological
Modelling, 298, 64-74. https://doi.org/10.1016/j.ecolmodel.2014.
06.024

Keesstra, S., Nunes, J. P., Saco, P., Parsons, T., Poeppl, R., Masselink, R., &
Cerda, A. (2018). The way forward: Can connectivity be useful to
design better measuring and modelling schemes for water and sedi-
ment dynamics? Science of the Total Environment, 644, 1557-1572.
https://doi.org/10.1016/j.scitotenv.2018.06.342

Khosh Bin Ghomash, S., Caviedes-Voullieme, D., & Hinz, C. (2019). Effects
of erosion-induced changes to topography on runoff dynamics. Journal
of Hydrology, 573(April), 811-828. https://doi.org/10.1016/j.jhydrol.
2019.04.018

Kruse, E., & Zimmermann, E. D. (2002). Hidrogeologia de grandes llanuras.
Particularidades en la llanura pampeana (Argentina). Workshop Ground-
water and Human Development, 2(1), 2025-2038.

Kuppel, S., Houspanossian, J., Nosseto, M. D., & Jobbagy, E. G. (2015).
What does it take to flood the pampas?: Lessons from a decade of
strong hydrological fluctuations. Water Resources Research, 51,
2937-2950. https://doi.org/10.1002/2015WR016966

La Torre Torres, |. B., Amatya, D. M., Sun, G., & Callahan, T. J. (2011). Sea-
sonal rainfall-runoff relationships in a lowland forested watershed in
the southeastern USA. Hydrological Processes, 25(13), 2032-2045.
https://doi.org/10.1002/hyp.7955

Lal, M. (2011). Implications of climate change in sustained agricultural pro-
ductivity in South Asia. Regional Environmental Change, 11(SUPPL. 1),
79-94. https://doi.org/10.1007/s10113-010-0166-9

Latron, J., & Gallart, F. (2008). Runoff generation processes in a small Mediter-
ranean research catchment (Vallcebre, eastern Pyrenees). Journal of Hydrol-
ogy, 358(3-4), 206-220. https://doi.org/10.1016/j.jhydrol.2008.06.014

Lavado, R. S., & Taboada, M. A. (2009). The Argentinean pampas: A key
region with a negative nutrient balance and soil degradation needs
better nutrient management and conservation programs to sustain its
future viability as a world agroresource. Journal of Soil and Water Con-
servation, 64(5), 150-153. https://doi.org/10.2489/jswc.64.5.150A

Lehmann, P., Hinz, C., McGrath, G. Tromp-van Meerveld, H. J., &
McDonnell, J. J. (2007). Rainfall threshold for hillslope outflow: An
emergent property of flow pathway connectivity. Hydrology and Earth
System Sciences, 11(2), 1047-1063. https://doi.org/10.5194/hess-11-
1047-2007

Lexartza-Artza, I, & Wainwright, J. (2009). Hydrological connectivity:
Linking concepts with practical implications. Catena, 79(2), 146-152.
https://doi.org/10.1016/j.catena.2009.07.001

Liu, J., Gao, G., Wang, S., Jiao, L., Wu, X., & Fu, B. (2018). The effects of
vegetation on runoff and soil loss: Multidimensional structure analysis
and scale characteristics. Journal of Geographical Sciences, 28(1),
59-78. https://doi.org/10.1007/s11442-018-1459-z

Lowe, W. H., & Likens, G. E. (2005). Moving headwater streams to the
head of the class. Bioscience, 55(3), 196-197. https://doi.org/10.
1641/0006-3568(2005)055[0196:MHSTTH]2.0.CO;2

Magrin, G. O., Travasso, M. |, & Rodriguez, G. R. (2005). Changes in cli-
mate and crop production during the 20th century in Argentina. Cli-
matic Change, 72, 229-249. https://doi.org/10.1007/s10584-005-
5374-9

McGuire, K. J., & McDonnell, J. J. (2010). Hydrological connectivity of
hillslopes and streams: Characteristic time scales and nonlinearities.
Water Resources Research, 46(10), W10543. https://doi.org/10.1029/
2010WR009341

Mateucci, S. (2012). Ecorregion Pampa. In J. Morello, S. Mateucci,
A. F. Rodriguez, & M. A. Silva (Eds.), Ecorregiones y complejos
ecosistémicos argentinos (pp. 391-445). Buenos Aires, Argentina:
Orientacion Gréfica Editora.

Minella, J. P. G,, Merten, G. H., Barros, C. A. P, Ramon, R., Schlesner, A.,
Clarke, R. T, ... Dalbianco, L. (2018). Long-term sediment yield from a
small catchment in southern Brazil affected by land use and soil

management changes. Hydrological Processes, 32(2), 200-211. https://
doi.org/10.1002/hyp.11404

Mirus, B. B., & Loague, K. (2013). How runoff begins (and ends): Character-
izing hydrologic response at the catchment scale. Water Resources
Research, 49(5), 2987-3006. https://doi.org/10.1002/wrcr.20218

Modernel, P., Rossing, W. A. H., Corbeels, M., Dogliotti, S., Picasso, V., &
Titonell, P. (2016). Land use change and ecosystem service provision
in pampas and Campos grasslands of southern South America land use
change and ecosystem service provision in pampas and Campos grass-
lands of southern South America. Environmental Research Letters,
11113002, 1-21. https://doi.org/10.1088/1748-9326/11/11/113002

Mohammad, A. G., & Adam, M. A. (2010). The impact of vegetative cover
type on runoff and soil erosion under different land uses. Catena, 81
(2), 97-103. https://doi.org/10.1016/j.catena.2010.01.008

Montanari, A., Young, G., Savenije, H. H. G., Hughes, D., Wagener, T.,
Ren, L. L., ... Belyaev, V. (2013). “Panta Rhei-everything flows”: Change
in hydrology and society-the IAHS scientific decade 2013-2022.
Hydrological Sciences Journal, 58(6), 1256-1275. https://doi.org/10.
1080/02626667.2013.809088

Montgomery, D. C., Peck, E. A., & Vining, G. G. (2002). Introduccién al and-
lisis de regresion lineal. México: Compafiia Editorial Continental.

Morgan, R. P. C. (2005). Soil erosion and conservation (3rd ed.). Malden,
USA: Blackwell Publishing Ltd.

Myers, R. H. (1990). Classical and modern regression with applications (2nd
ed.). Boston, MA: PWS-KENT.

Nadal-Romero, E., Pefia-Angulo, D., & Regtiés, D. (2018). Rainfall, run-off,
and sediment transport dynamics in a humid mountain badland area:
Long-term results from a small catchment. Hydrological Processes, 32,
1588-1606. https://doi.org/10.1002/hyp.11495

Nathan, R. J., & McMahon, T. A. (1990). Evaluation of automated tech-
niques for baseflow and recession analyses. Water Resources Research,
26(7), 1465-1473. https://doi.org/10.1029/WR026i007p01465

Oeurng, C., Sauvage, S., & Sanchez-Pérez, J. M. (2010). Dynamics of
suspended sediment transport and yield in a large agricultural catch-
ment, Southwest France. Earth Surface Processes and Landforms, 35
(11), 1289-1301. https://doi.org/10.1002/esp.1971

Palleiro, L., Rodriguez-Blanco, M. L., Taboada-Castro, M. M., & Taboada-
Castro, M. T. (2014). Hydrological response of a humid agroforestry
catchment at different time scales. Hydrological Processes, 28(4),
1677-1688. https://doi.org/10.1002/hyp.9714

Penna, D., Tromp-Van Meerveld, H. J., Gobbi, A., Borga, M., & Dalla
Fontana, G. (2011). The influence of soil moisture on threshold runoff
generation processes in an alpine headwater catchment. Hydrology
and Earth System Sciences, 15(3), 689-702. https://doi.org/10.5194/
hess-15-689-2011

Phillips, R. W., Spence, C., & Pomeroy, J. W. (2011). Connectivity and run-
off dynamics in heterogeneous basins. Hydrological Processes, 25,
3061-3075. https://doi.org/10.1002/hyp.8123

Ramos, J. C., Bertol, |, Barbosa, F. T. Bertdl, C., Mafra, A L.,
Miquelluti, D. J., & Janior, J. M. (2016). Water erosion in surface soil
conditions: Runoff velocity, concentration and D50 index of sediments
in runoff. Scientia Agricola, 73(3), 286-293. https://doi.org/10.1590/
0103-9016-2015-0110

Reichert, J. M., Rodrigues, M. F., Pelaez, J. J. Z., Lanza, R., Minella, J. P. G,,
Arnold, J. G., & Cavalcante, R. B. L. (2017). Water balance in paired
watersheds with eucalyptus and degraded grassland in Pampa biome.
Agricultural and Forest Meteorology, 237-238, 282-295. https://doi.
org/10.1016/j.agrformet.2017.02.014

Rinderer, M., Ali, G., & Larsen, L. G. (2018). Assessing structural, functional
and effective hydrologic connectivity with brain neuroscience methods:
State-of-the-art and research directions. Earth-Science Reviews, 178(July
2017), 29-47. https://doi.org/10.1016/j.earscirev.2018.01.009

Riveros-Iregui, D. A., Covino, T. P., & Gonzalez-Pinzén, R. (2018). The
importance of and need for rapid hydrologic assessments in Latin


https://doi.org/10.1016/j.ecolmodel.2014.06.024
https://doi.org/10.1016/j.ecolmodel.2014.06.024
https://doi.org/10.1016/j.scitotenv.2018.06.342
https://doi.org/10.1016/j.jhydrol.2019.04.018
https://doi.org/10.1016/j.jhydrol.2019.04.018
https://doi.org/10.1002/2015WR016966
https://doi.org/10.1002/hyp.7955
https://doi.org/10.1007/s10113-010-0166-9
https://doi.org/10.1016/j.jhydrol.2008.06.014
https://doi.org/10.2489/jswc.64.5.150A
https://doi.org/10.5194/hess-11-1047-2007
https://doi.org/10.5194/hess-11-1047-2007
https://doi.org/10.1016/j.catena.2009.07.001
https://doi.org/10.1007/s11442-018-1459-z
https://doi.org/10.1641/0006-3568(2005)055%5B0196:MHSTTH%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055%5B0196:MHSTTH%5D2.0.CO;2
https://doi.org/10.1007/s10584-005-5374-9
https://doi.org/10.1007/s10584-005-5374-9
https://doi.org/10.1029/2010WR009341
https://doi.org/10.1029/2010WR009341
https://doi.org/10.1002/hyp.11404
https://doi.org/10.1002/hyp.11404
https://doi.org/10.1002/wrcr.20218
https://doi.org/10.1088/1748-9326/11/11/113002
https://doi.org/10.1016/j.catena.2010.01.008
https://doi.org/10.1080/02626667.2013.809088
https://doi.org/10.1080/02626667.2013.809088
https://doi.org/10.1002/hyp.11495
https://doi.org/10.1029/WR026i007p01465
https://doi.org/10.1002/esp.1971
https://doi.org/10.1002/hyp.9714
https://doi.org/10.5194/hess-15-689-2011
https://doi.org/10.5194/hess-15-689-2011
https://doi.org/10.1002/hyp.8123
https://doi.org/10.1590/0103-9016-2015-0110
https://doi.org/10.1590/0103-9016-2015-0110
https://doi.org/10.1016/j.agrformet.2017.02.014
https://doi.org/10.1016/j.agrformet.2017.02.014
https://doi.org/10.1016/j.earscirev.2018.01.009

ARES ET AL

WILEY_|*%

America. Hydrological Processes, 32(15), 2441-2451. https://doi.org/
10.1002/hyp.13163

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., & Taboada-Castro, M. T.
(2010). Factors controlling hydro-sedimentary response during runoff
events in a rural catchment in the humid Spanish zone. Catena, 82(3),
206-217. https://doi.org/10.1016/j.catena.2010.06.007

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., & Taboada-Castro, M. T.
(2012). Rainfall-runoff response and event-based runoff coefficients
in a humid area (Northwest Spain). Hydrological Sciences Journal, 57(3),
445-459. https://doi.org/10.1080/02626667.2012.666351

Rodriguez, L. B., Vionnet, C., Parkin, G., & Younger, P. (2000). Aplicacion de
un método automdtico para la separacion de las componentes del
hidrograma (pp. 279-286). Argentina: Actas del XIX Congreso Latin-
oamericano de Hidraulica Cérdoba.

Saffarpour, S., Western, A. W., Adams, R., & McDonnell, J. J. (2016). Multi-
ple runoff processes and multiple thresholds control agricultural runoff
generation. Hydrology and Earth System Sciences, 20(11), 4525-4545.
https://doi.org/10.5194/hess-20-4525-2016

Sala, J. M., Kruse, E., Aguglino, R. (1987). Investigacion hidrolégica de la
cuenca del arroyo Azul, provincia de Buenos Aires. Retrieved from
https://digital.cic.gba.gob.ar/handle/11746/2025

Sasal, M. C., Boizard, H., Andriulo, A. E., Wilson, M. G., & Léonard, J.
(2017). Platy structure development under no-tillage in the northern
humid pampas of Argentina and its impact on runoff. Soil and Tillage
Research, 173, 33-41. https://doi.org/10.1016/j.stil.2016.08.014

Smith, H. G. (2008). Estimation of suspended sediment loads and delivery
in an incised upland headwater catchment, South-Eastern Australia.
Hydrological Processes, 22, 3135-3148. https://doi.org/10.1002/hyp.
6898

Spence, C. (2010). A paradigm shift in hydrology: Storage thresholds across
scales influence catchment runoff generation. Geography Compass, 4(7),
819-833. https://doi.org/10.1111/j.1749-8198.2010.00341.x

Tarasova, L., Basso, S., Zink, M., & Merz, R. (2018). Exploring controls on
rainfall-runoff events: 1. Time series-based event separation and tem-
poral dynamics of event runoff response in Germany. Water Resources
Research, 54(10), 7711-7732. https://doi.org/10.1029/
2018WR022587

Tetzlaff, D., Soulsby, C., Bacon, P. J.,, Youngson, A. F., Gibbins, C., &
Malcolm, I. A. (2007). Connectivity between landscapes and river-
scapes - A unifying theme in integrating hydrology and ecology in
catchment science? Hydrological Processes, 21, 1385-1389 https://
doi.org/10.1002/hyp.6701

Turnbull, L., Hitt, M. T., loannides, A. A., Kininmonth, S., Poeppl, R.,
Tockner, K., ... Parsons, A. J. (2018). Connectivity and complex sys-
tems: Learning from a multi-disciplinary perspective. Applied Network
Science, 3(11), 1-49. https://doi.org/10.1007/s41109-018-0067-2

Turnbull, L., Wainwright, J., & Brazier, R. E. (2008). A conceptual frame-
work for understanding semi-arid land degradation: Ecohydrological
interactions across multiple-space and time scales. Ecohydrology, 1
(February), 23-34. https://doi.org/10.1002/eco.4 A

Tuset, J., Vericat, D., & Batalla, R. J. (2016). Rainfall, runoff and sediment
transport in a Mediterranean mountainous catchment. Science of the
Total Environment, 540, 114-132. https://doi.org/10.1016/j.scitotenv.
2015.07.075

van Dijk, A. I. J. M, Bruijnzeel, L. A., & Rosewell, C. J. (2002). Rainfall inten-
sity - Kinetic energy relationships: A critical literature appraisal. Jour-
nal of Hydrology, 261, 1-23. https://doi.org/10.1016/50022-1694(02)
00020-3

Varni, M., Barranquero, R. S., & Zeme, S. (2019). Groundwater and surface
water interactions in flat lands: The importance of ecological and flow
regulation perspectives. Sustainable Water Resources Management, 5
(4), 1791-1801. https://doi.org/10.1007/s40899-019-00334-1

Varni, M., Comas, R., Weinzettel, P. &, & Dietrich, S. (2013). Applica-
tion of the water table fluctuation method to characterize

groundwater recharge in the Pampa plain, Argentina. Hydrological
Sciences Journal, 58(7), 1445-1455. https://doi.org/10.1080/
02626667.2013.833663

Varni, M., & Custodio, E. (2013). Estimacién de la recarga al acuifero del
Azul: 1. Andlisis de las caracteristicas climaticas. In N. Gonzalez,
E. Kruse, M. Trovato, & P. Laurencena (Eds.), Agua subterrdnea recurso
estratégico (pp. 31-37). La Plata, Aregentina: EDULP.

Varni, M., Usunoff, E., Weinzettel, P., & Rivas, R. (1999). Groundwater recharge
in the Azul aquifer, Central Buenos Aires Province, Argentina. Physics and
Chemistry of the Earth, Part B: Hydrology, Oceans and Atmosphere, 24(4),
349-352. https://doi.org/10.1016/51464-1909(99)00012-X

von Freyberg, J., Radny, D., Gall, H. E., & Schirmer, M. (2014). Implications
of hydrologic connectivity between hillslopes and riparian zones on
streamflow composition. Journal of Contaminant Hydrology, 169,
62-74. https://doi.org/10.1016/j.jconhyd.2014.07.005

Wainwright, J., Turnbull, L., Ibrahim, T. G., Lexartza-Artza, |,
Thornton, S. F., & Brazier, R. E. (2011). Linking environmental régimes,
space and time: Interpretations of structural and functional connectiv-
ity. Geomorphology, 126(3-4), 387-404. https://doi.org/10.1016/j.
geomorph.2010.07.027

Wei, W.,, Jia, F,, Yang, L., Chen, L., Zhang, H., & Yu, Y. (2014). Effects of
surficial condition and rainfall intensity on runoff in a loess hilly area,
China. Journal of Hydrology, 513, 115-126. https://doi.org/10.1016/j.
jhydrol.2014.03.022

Wheater, H., & Evans, E. (2009). Land use, water management and future
flood risk. Land Use Policy, 26(SUPPL. 1), 251-264. https://doi.org/10.
1016/j.landusepol.2009.08.019

Wingeyer, A. B., Amado, T. J. C., Pérez-Bidegain, M., Studdert, G. A,,
Perdomo Varela, C. H., Garcia, F. O., & Karlen, D. L. (2015). Soil qual-
ity impacts of current south American agricultural practices.
Sustainability (Switzerland), 7(2), 2213-2242. https://doi.org/10.
3390/su7022213

USDA & US DOL. (1999). Sampling vegetation attributes. Denver, CO: Bureau
of Land Management's National Applied Resource Sciences Center.

Wischmeier, W. H. & Smith, D. D. (1978). Predicting rainfall erosion losses
- A guide to conservation planning. Handbook 537, USDA-ARS.

Wohl, E. (2017). Connectivity in rivers. Progress in Physical Geography, 41
(3), 345-362. https://doi.org/10.1177/0309133317714972

Wohl, E., Brierley, G., Cadol, D., Coulthard, T. J., Covino, T., Fryirs, K. a,, ...
Sklar, L. S. (2019). Connectivity as an emergent property of geomor-
phic systems. Earth Surface Processes and Landforms, 44(1), 4-26.
https://doi.org/10.1002/esp.4434

Zabaleta, A., & Antigliedad, 1. (2013). Streamflow response of a small
forested catchment on different timescales. Hydrology and Earth Sys-
tem Sciences, 17(1), 211-223. https://doi.org/10.5194/hess-17-211-
2013

Zhang, L. T., Li, Z. B.,, Wang, H., & Xiao, J. B. (2016). Influence of intra-
event-based flood regime on sediment flow behavior from a typical
agro-catchment of the Chinese loess plateau. Journal of Hydrology,
538, 71-81. https://doi.org/10.1016/j.jhydrol.2016.01.061

Zarate, M., & Mehl, A. (2010). Geologia y geomorfologia de la Cuenca del
arroyo del Azul, provincia de Buenos Aires, Argentina. In M. Varni,
I. Entraigas, & L. Vives (Eds.), Hacia la gestion integral de los recursos
hidricos en zona de llanuras (pp. 65-78). Mar del Plata, Argentina: Edi-
torial Martin.

How to cite this article: Ares MG, Varni M, Chagas C. Runoff

response of a small agricultural basin in the argentine Pampas

considering connectivity aspects. Hydrological Processes. 2020;
34:3102-3119. https://doi.org/10.1002/hyp.13782



https://doi.org/10.1002/hyp.13163
https://doi.org/10.1002/hyp.13163
https://doi.org/10.1016/j.catena.2010.06.007
https://doi.org/10.1080/02626667.2012.666351
https://doi.org/10.5194/hess-20-4525-2016
https://digital.cic.gba.gob.ar/handle/11746/2025
https://doi.org/10.1016/j.still.2016.08.014
https://doi.org/10.1002/hyp.6898
https://doi.org/10.1002/hyp.6898
https://doi.org/10.1111/j.1749-8198.2010.00341.x
https://doi.org/10.1029/2018WR022587
https://doi.org/10.1029/2018WR022587
https://doi.org/10.1002/hyp.6701
https://doi.org/10.1002/hyp.6701
https://doi.org/10.1007/s41109-018-0067-2
https://doi.org/10.1002/eco.4
https://doi.org/10.1016/j.scitotenv.2015.07.075
https://doi.org/10.1016/j.scitotenv.2015.07.075
https://doi.org/10.1016/S0022-1694
https://doi.org/10.1007/s40899-019-00334-1
https://doi.org/10.1080/02626667.2013.833663
https://doi.org/10.1080/02626667.2013.833663
https://doi.org/10.1016/S1464-1909(99)00012-X
https://doi.org/10.1016/j.jconhyd.2014.07.005
https://doi.org/10.1016/j.geomorph.2010.07.027
https://doi.org/10.1016/j.geomorph.2010.07.027
https://doi.org/10.1016/j.jhydrol.2014.03.022
https://doi.org/10.1016/j.jhydrol.2014.03.022
https://doi.org/10.1016/j.landusepol.2009.08.019
https://doi.org/10.1016/j.landusepol.2009.08.019
https://doi.org/10.3390/su7022213
https://doi.org/10.3390/su7022213
https://doi.org/10.1177/0309133317714972
https://doi.org/10.1002/esp.4434
https://doi.org/10.5194/hess-17-211-2013
https://doi.org/10.5194/hess-17-211-2013
https://doi.org/10.1016/j.jhydrol.2016.01.061
https://doi.org/10.1002/hyp.13782

	Runoff response of a small agricultural basin in the argentine Pampas considering connectivity aspects
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study area
	2.2  Rainfall data
	2.3  Runoff data
	2.4  Groundwater levels
	2.5  Drainage network identification
	2.6  Data analysis

	3  RESULTS
	3.1  Data description
	3.2  Relationships between variables. Groups of data description
	3.3  Regression analyses

	4  DISCUSSION
	4.1  Characterization of the studied years. Seasonal variations of rains, erosivity and ground cover
	4.2  Analysis of the events, the groups of data and the regression models adjusted
	4.3  The (dis)connectivity approach to understand the complexity of the runoff response

	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


