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ABSTRACT

Modifications of wetland and forest areas are studied, in particular, to establish 
to what extent they are sensitive to natural changes (e.g., increased precipitation 
and/or temperature) in addition to human activities (e.g., advancing agricultural 
frontier, deforestation, channelizations). The San Francisco River Basin (SFRB; 
1,789 km2) is located in the Northwest of Argentina in the Geological Province 
of Nortwestern Pampean Ranges (Sierras Pampeanas Noroccidentales), between 
27°40’S and 28°25’S, and 65°15’W and 65°45’W). In recent decades, agricultural 
development and management in the middle and lower SFRB generated rural 
channelizations (the largest of 10 km at the basin outlet between 2005-2015), 
drainage of wetland forests, deforestation of native dry forest since 1995 and 
changes in land use. In addition, a 200 mm increase in mean annual rainfall 
since 1972 and an increase in extreme hydrological events, are registered. These 
modifications produced changes in local base level, erosive processes of retreat 
and the development of new river channels from upstream, increasing flow 
velocities, flow rates, and sediment discharge. The intensified erosive processes 
resulted in four new river courses in the middle and lower basin, incorporating the 
SFRB into the Marapa river basin, changing from arheic to endorheic behaviour, 
and generating the contribution of liquid and solid flows to the system of which 
it is now a part. The aim of this study is to examine the development of the new 
hydrographic network within the SFRB between 1990 and 2018 and to calculate 
the solid and liquid discharges generated by the new network. The hydrographic 
network formed by the rivers El Abra, Ovanta, San Francisco and Suncho creek, 
was digitized in the open-source software QGIS 3.18.3 on the basis of the visual 
interpretation of satellite imagery. The lengths of the rivers were automatically 
calculated and exported to a spreadsheet to determine the downstream expansion 
of the river network. Measurements and sampling of water discharge and sediment 
load were performed monthly in the lower section of the SFRB. The float and cross-
section method was used to quantify the flow rates, and the sediment samples were 
filtered, dried in an oven for 24 h and weighed on a precision balance to obtain 
the sediment concentration (C in mg/l). The study determined the generation of 
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102 km of new river channels in a 28 yr period. The hydrographic network had 
an annual sediment production of 82,138 t/yr and an annual discharge of 21,96 
hm3, contributing to the Marapa river basin and generating an acceleration in the 
silting of the downstream Río Hondo reservoir. This work provides a basis for 
management and mitigation of erosion and flooding problems in the area.

INTRODUCTION

The forested wetlands (bañados arbolados) and 
native forests in the middle and lower subtropical 
watersheds are considered stable environments 
and their sedimentary processes have received little 
attention in terms of the effects of other natural changes 
(e.g., increased precipitation and/or temperature) and 
human activities (e.g., advancing agricultural frontier, 
stream regulations, and channelizations).

Since the last decade of 20th Century, the watersheds 
of northern and central Argentina show changes 
associated with extreme hydrological events (floods 
and droughts), increases in mean annual precipitation 
and land use changes that have unbalanced the basins, 
enhanced erosive processes and generated new fluvial 
streams (Contreras et al., 2012; Eremchuk, 2016; 
Buono et al., 2018). Anthropogenic activities record 
the advance of the extensive agriculture and loss of the 
forest masses: 1,757,600 ha between 2000 and 2007, 
and 1,912,016 ha between 2007 and 2016 (Volante et 
al., 2012; Azcuy Ameghino and Ortega, 2010-12; CIST, 
2017). 

In the southern of Tucuman and eastern of 
Catamarca provinces, streams and irrigation surpluses 
of the San Francisco River Basin (SFRB; Fig. 1a), 
used to reach forested wetlands and native forests 
as low velocity laminar flows, favouring infiltration 
and deposition processes. Rural channelizations (the 
major one of 10 km channelization at the outlet of the 
catchment between 2005–2011), drainage of wetland 
forests, deforestation of native dry forest since 1995 
(CIST, 2017), changes in land use (Díaz and Gaspari, 
2017), the increase of 200 mm in average annual 
precipitation since 1972 (Eremchuk et al., 2016; 
Bazzano, 2019), and extreme hydrological events 
(e.g., March 25th and April 2nd, 2017; La Gaceta, 
2017) produced modifications in the local base level, 
backward erosional processes and development of 
new fluvial channels from upstream, increasing flow 
velocities, flow rates, and sediment discharge. Piping, 
sapping, and the formation of gullies in the floodplain 

(CIST, 2017) were contemporary processes. The new 
scenario transformed the middle and lower parts of 
the basin (CEEH, 2018) generating the development of 
four new river courses in the last three decades.

This transformation of the watershed altered the 
drainage network systems and natural hydrographic 
dynamics modifying the cycle of infiltration and 
evapotranspiration in wetland forests and native 
forests. The new fluvial system is formed by permanent 
streams and rivers (endorheic system) instead of the 
previous ephemeral streams (arheic system). The 
modifications of hydrographic dynamics by natural 
changes and human intervention were recorded among 
others by Contreras (2012) and Zilio et al. (2022) in 
San Luis, Argentina, studying the processes of canyon 
and stream formation in a semiarid catchment. Lu et 
al. (2021) discussed watershed reorganization and 
endorheic-exorheic transition in Chinese lake basins.

The enlargement of the drainage network of the 
SFRB and new flows discharge (water and sediments) 
firstly deposited large splay lobes along the margins 
in the lower basin (April 2017) and induced around 
2,900 m of downstream displacement of the outlet (and 
confluence zone with Marapa river; Fig. 2); secondly, 
the frequency of flooding increased (La Gaceta, 2017; 
CEEH, 2018; El Esquiú, 2023); and thirdly, produced 
an acceleration of the Río Hondo reservoir clogging. 
An example of this was a peak discharge of 30 hm3 of 
sediment (CEEH, 2018) at the mouth on the Marapa 
River in only one extreme event occurred between 
March 31 and April 1, 2017 (CIST, 2017; CEEH, 2018). 

The main goals of the present study are 1) to analyse 
the development of new streams in the SFRB between 
1990 and 2018, 2) to assess the lengths and widths of 
these new channel-beds, 3) to calculate the annual 
flow rate (AFR), average monthly flow rate (AMF), total 
annual sediment load (TAL), and average monthly 
sediment load (AML) measuring water discharge 
and collecting sediment load samples, monthly, from 
May 2020 to April 2021, and finally, 4) to relate the 
generation of new streams to environmental changes. 
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GEOLOGICAL AND HYDROLOGICAL 
FRAMEWORK

The SFRB (1,789 km2; located between 27°40’S 
and 28°25’S, and 65°15’W and 65°45’W; Fig. 1a) covers 
diverse landscapes, including mountainous regions to 
the western and southern areas (Ambato and Ancasti 
ranges), with steep slopes reaching up to 53% and 
an altitude ranging from 600 to 2,083 m above sea 
level, generating orographic rainfall in summer. The 
headwaters and two reservoirs, Sumampa and La 
Cañada, built for irrigation, are located in this part of 
the basin (Fig. 1b). On the eastern side, there are flat 
plains with gentler slopes, typically around and less 
than 5%, and an altitude range between 600 and 300 
m above sea level.

Precambrian – lower Paleozoic rocks are the main 
component of the mountain ranges that limit the basin, 
corresponding to a mainly faulted and tilted crystalline 
basement formed by metamorphic rocks of the 
Ancasti Formation (Aceñolaza and Toselli, 1977, 1981; 
Aceñolaza et al., 1983), La Cébila Formation (González 

Bonorino, 1950; Nullo, 1981), and El Portezuelo 
Formation (Aceñolaza and Toselli, 1981; Aceñolaza et 
al., 1983), and post-tectonic plutonic rocks comprising 
numerous intrusive bodies (e.g., San Ignacio-Los Pinos, 
El Manchao, Ambato). The Miocene to upper Pliocene 
continental clastic rocks belonging to the Aconquija, 
Guasayan, Las Cañas, and Choya formations (Battaglia, 
1982; Dal Molin et al., 2003) crop out in the piedmont 
of main ranges overlying the crystalline basement in 
discordance. The oldest Pleistocene rocks consist of 
fanglomerates, sandstones, and siltstones deposited 
overlaying the Neogene deposits. The modern 
sedimentary deposits are mainly composed of loess 
and fluvial gravels and sands (Blasco et al., 1994).

The predominant soils show high erodibility 
enhance laminar and linear processes in the lower 
areas of the basin (CEEH, 2018). In the mountain 
areas the dominant soils belong to the orders 
Entisols (lithic Ustorthents) and Inceptisols (humic 
Dystrusteps typic). The Mollisol order predominates 
in the pedemontane sectors (typical Argiustols) and 
alluvial plains (typical Haplustolls, fluvial Haplustolls, 

Figure 1. a) Location of the study area. b) Draining network of the San Francisco River Basin, Marapa river and reservoirs.
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Figure 2. Landsat 8 images before and after extreme flood occurred between March 31st and April 1st, 2017. The blue light area 
in the confluence zone corresponds to sandy splays (see Fig. 8d) deposited during the flood. Left (sketch and image date: 03-28-
2017): San Francisco and Marapa rivers confluence zone and river patterns before the flood, note the location of San Francisco 
(SF) channelization outlet. Right (sketch and image date: 04-19-2017): new confluence zone location and channel patterns after 
the flood. The confluence zone shifted about 2,900 m toward downstream (see the text for details).

and udic Haplustolls), while the sectors with fluvial 
influence (runoff channels, fluvial terraces and flood 
plains) are dominated by Entisols (typical Udifluvents 
and Ustifluvents).

The primary flow direction within the SFRB 
region is from southwest to northeast. Until 2016, the 
drainage network of this region was intermittent and 
non-permanent. The main stream is the San Francisco 
River, which originates in the Cumbre Potrerillos 
(Paclín Dept, Fig. 1a). It flows in a north-northwest to 
south-southeast direction until it reaches the vicinity 
of the town La Viña, where it undergoes a significant 
change in gradient and then turns northeastward 
towards the alluvial plain. Before joining the Marapa 
River in the Graneros Department of Tucumán, the 

San Francisco River receives inputs from several other 
rivers, including El Abra or Capellanía, Alijilan and 
Ovanta rivers from the Ancasti Mountain Range, as 
well as the Suncho River from the eastern slope of 
the Cumbre de Potrerillos, which is part of the Sierra 
de Ambato (Fig. 1b). The average flow of the rivers is 
strongly influenced by the seasonal rainfalls, with the 
highest discharge values typically occurring during the 
spring-summer, from October to March, and the lowest 
discharge occurring during the dry season from June to 
September.

The SFRB is situated within a transition area 
between the Chaco Serrano ecoregion to the west 
and undergoes a transitional shift towards the 
Semiarid Chaco to east (Mendoza and González, 
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2011). Predominant Köppen climate type is Bsk/
Bsh according to Mendoza and González (2011). The 
annual precipitation varies between 500 and 1000 mm, 
and the average yearly temperatures typically range 
from 12°C to 22°C (Mendoza and González, 2011; 
Bazzano, 2019). The western area of the SFRB receives 
the maximum rainfalls, with the hilly terrain acting as 
an orographic barrier that intercepts wet winds coming 
from the Atlantic Ocean (Torrella and Adámoli, 2005). 

MATERIALS AND METHODS

To analyze the newly formed fluvial channels, 
a digitization of the hydrographic network was 
accomplished using Qgis 3.18.3 open-source software 
and satellite images. LANDSAT 5 TM images of 1990, 
2000, and 2010, and LANDSAT 8 OLI images from 2018, 
all with a spatial resolution of 30 x 30 m were used as 
a database. Before visually digitizing the network for 

different years, we calibrated the images using the 
Semi-Automatic Classification Plugin (SCP). To cover 
the entire study area, we combined and cropped scenes 
based on the vector boundary of the basin. To aid in the 
visual interpretation of the network, we applied RGB 
combinations, specifically 6-5-4 for Landsat 8 and 5-4-
3 for Landsat 5.

After the network was digitally mapped, the lengths 
of the riverbeds for the San Francisco, El Abra, Ovanta, 
and Suncho rivers were automatically calculated 
for each year. The resulting data was exported to a 
spreadsheet to determine the length (in kilometres) of 
the new riverbeds. 

In addition, the increase in width of the channels 
was quantified at three points of the network (Fig. 3a): 
point 1 (27°46’58.41”S, 65°20’31.25”W), located on the 
El Abra river upstream of the confluence with the San 
Francisco river; point 2 (27°48’34.23”S, 65°21’11.67”W), 
located on the San Francisco river at the junction 

Figure 3. a) Control points in the width increase analysis. b) Channelization of the San Francisco River in the month of February 
2021 (flow and solid loads sampling area). c) Water discharge and sediment load in the channelization of the SFRB.
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with provincial route 334 (at this point the river 
already carries the flow and sediment load of all the 
tributaries of the network), and point 3 (27°49’37.34”S, 
65°21’33.38”W) located upstream of the beginning 
of the 10 km long channelization that leads the river 
network into the Marapa river. This last analysis was 
carried out on Google Earth (TM) temporal series of 
images for the years 2005, 2016 and 2018/19, using 
previously downloaded Landsat images as support. 

Measurements of sediment and water discharge 
in the new fluvial course were performed monthly 
between May 2020 and April 2021 in the lower SFRB 
(El Zapallar: 27°45’45”S, 65°20’2.22”W; Fig. 3b and 
3c). The selected site collects the total streamflow of 
the basin. These in situ measurements were the first 
recorded for the SFRB.

The quantification of flow rates was conducted using 
the float and cross-section method. Data on surface 
velocity were recorded and subsequently adjusted by 
a factor of 0.8 to determine the average velocity of the 
water column. Additionally, depth measurements were 
taken at consistent intervals across the entire width of 
the channel to calculate the cross-sectional area at the 
sampling point. The flow rate at the time of sampling 
(IFR in m3/s) was calculated using eq. (1):

IFR=Vcw×Ats (1) 

Where Vcw represents the water column velocity 
and Ats is the cross-sectional area. To calculate the 
monthly flow rates (MFR in hm3/month), eq. (2) was 
applied: 

MFR=(IFR×86,400×Dm)÷1,000,000 (2) 

Where the value 86400 is employed to determine 
the daily discharge in the section, and Dm corresponds 
to the number of days in the respective month. Finally, 
the annual flow rate (AFR in hm3/yrs) for the SFRB 
during the 2020/2021 period was determined by eq. (3):

AFR=∑ 12 MFR (3)

Samples of sediment from both the riverbed and 
the suspended sediment were collected using an 
instantaneous sediment sampler with a capacity of 
1 l. The analyzed section had a maximum width of 3 
m and a maximum depth of 0.73 m. The maximum 
depth measured in the transverse profile during 
each sampling date was selected as a reference 
for sediment sampling. Suspended sediment 

1

was sampled at a depth equivalent to 1/3 of the 
maximum depth, while sediment from the riverbed 
was collected directly from the river bottom, where 
bed irregularities were minimal or negligible. In both 
cases, before sealing the sampler inlet and outlet, the 
water flow was allowed to stabilise for 60 seconds. 
Water samples containing sediment were carefully 
packaged and labelled in containers for subsequent 
laboratory analysis. Sediment samples were filtered 
through previously weighed N°4 filter paper. The 
material retained in the filters was dried in an oven 
for 24 h and weighed on a precision balance. The 
sediment concentration (C in mg/l) was obtained by 
eq. (4): 

C=(Wf+s – Wf )÷V (4)

Where Wf+s is the sum of filter weight and 
retained sediment, Wf is the filter weight and V 
is the sample volume for both suspended (Cs) 
bandbackground (Cb) samples (Basile, 2018).

To determine the monthly bed and suspended 
load (MBL and MSL, in t/month), we considered the 
previously calculated monthly flow rates and the 
concentration of each type of sediment (Cs and Cb). 
The calculation was carried out using eq. (5) and eq. 
(6):

MBL=MFR×Cb (5) 

MSL=MFR×Cs (6) 

The total monthly load (TML in t/month) was 
obtained by eq. (7): 

TML=MBL+MSL  (7)

By summing up the monthly loads, the annual 
bed load (ABL in t/yr) and annual suspended load 
(ASL in t/yr) were estimated by eq. (8) and eq. (9):

 ABL=∑ 12 MBL (8)

 ASL=∑ 12 MSL (9)

The total annual load (TAL in t/yr) was determined 
by eq. (10): 

TAL=ABL+ASL (10) 

The average monthly load (AML in t/month) of 
the SFRB was obtained as eq. (11): 

AML=TAL÷12 (11)

1

1
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RESULTS

The evolution of the drainage network of SFRB is 
shown in Figure 4. Over the 28 yrs period covered in 
this study, visual analysis and digitization of stream 
network reveal the development of 102 km of new 
river channels in the lower SFRB (Table 1). 

Rivers/Years 1990 2000 2010 2018
New 

km

San 

Francisco
20 37 43 58 38

El Abra 40 43 58 58 18

Suncho 5 21 26 26 21

Ovanta 17 19 21 42 25

Total 82 120 148 184 102

Table 1. Length of the main watercourses of the basin in the 
years analyzed and extent of the newly developed network.

At the beginning in the 90’s (Fig. 4a), the streams 
drained to the lower areas where water infiltrated or 
accumulated (arheic system) feeding a vast area of 
forested wetlands. The data shown in Table 1 reveals 
that the longest stream at that moment was El Abra (40 
km), followed in length by the San Francisco (20 km), 
the Ovanta and Suncho (17 and 5 km, respectively). By 
the end of the study period, in 2018, 38 km were added 
to the San Francisco (final length 58 km) and 25 km to 
the Ovanta (final length 42 km). The enlargement of 
the Suncho river resulted in 21 new kilometres (final 
length 26 km) and, finally, El Abra river increased its 
length by 18 km (final length 58 km). The analysis 
shows a progressive but constant enlargement of 
streams resulting in the shift of the original drainage 
network from an arheic system to an endorheic system, 
delivering water and sediment to the Marapa river 
basin. 

The analysis of the increase in channels widths at 
three points of the network, revealed a similar trend 
of increment over the considered 14 yrs period (from 
2005 to 2019; Fig. 5). In site one (Fig. 5a), located at El 
Abra river, upstream the junction with San Francisco, 
the channel width increased from 6 m (2005) to 60 m 
(2016) ending at 97 m (2019). This represents a total 

increment of 91 m at this site of the network. At the 
second point (Fig. 5b), downstream from site 1, where 
the San Francisco river crosses route 334, the channel 
evolved from a very narrow path of only 6 m width in 
2005 to a wide channel of 52 m (2016) and 140 m (in 
2019). The last point (Fig. 5c), downstream from point 
2, close to the head of the channelization shows also 
the increasing trend but, particularly in this case, at the 
beginning (2005) the channel bed is not detectable and 
only crop farmlands and a built-up area are visible. In 
2016, the emergence of the channel was evident as an 
80-m-wide meandering path, the latter evolving to a 
140-m-wide channel in 2019, the widening of which is 
concomitant with the destruction of the neighbouring 
built-up area. Also, the visual analysis of remote sensed 
images corresponding to the three sites reveals how the 
surrounding landscape to the sites had changed with 
an apparent decrement in the area covered by natural 
forests. 

Table 2 shows IFR, MFR and AFR for the sampling 
period. The greater values were recorded in March’21 
(1.43 m3/s) and April’21 (1.35 m3/s), towards the end 
of the wet season in the region. Values decrease along 
the hydrologic year resulting in the lowest value (0.29 
m3/s) in October’20, at the end of the dry season. The 
annual flow rate for the basin was 21,96 hm3 and the 
average monthly flow was 1.83 hm3/month.

Regarding sediment measurement, sediment-
transport rate for suspended sediment (g/l) is shown in 
Table 3 together with sediment-transport rate for bed 
load. In the table, there are also the values corresponding 
to monthly sediment load (t/month) for suspended 
and bed load (MSL and MBL) and data representing 
total annual suspended load (ASL), total annual bed 
load (ABL) and the Total Annual Load (TAL). The TAL 
calculated was 82,138 t/yr, corresponding to 27,292.8 t/
yr for ABL and 54,845.28 t/yr for the ASL.

The total monthly load (TML) is illustrated in Figure 
6; the months of June, March, and April stand out for 
presenting the highest transported load. The Average 
Monthly Load (AML) of transported solids is estimated 
to be 6,845 t/month.

IMPLICATION OF THE NEW DRAINAGE NETWORK

The results reveal a consistent growth in the length 
of the drainage network from 1990 until its final 
connection with the Marapa river in 2017, resulting in 
102 kilometres of new fluvial courses in 28 years. The 
changes of the drainage network were driven by two 
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Figure 4. Evolution of the SFRB drainage network. a) Extent for the year 1990. b) Extent for the year 2000. c) Extent for the year 
2010. d) Extent for the year 2018.
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Figure 5. Width increment in main channels. a) Point 1 - El Abra river (27°46’58.41”S, 65°20’31.25”O). b) Point 2 - San Francisco 
river (27°48’34.23”S°, 65°21’11.67”O). c) Point 3 - San Francisco river - Channelization point (27°49’37.34”S, 65°21’33.38”O).

main principal processes (Fig. 7): 1) sapping and piping 
in the floodplain (recorded in all rivers of the SFRB) 
along with the development of gullies in the margins 
of the rivers, allowing the initiation of small streams; 
the channels are broad in downstream direction and 
narrow in upstream direction; 2) base-level control 
through the formation of new courses by advancing of 
depositional lobes and floodplain erosion due to base-
level drop between rivers (e.g., San Francisco river 
regarding to El Abra river, and Suncho river regarding 
to San Francisco river) converted the original arheic 
system (Fig 4a, 1990) to an endorheic basin feeding the 
Marapa river (Fig 4d, 2018).

Previous studies (e.g., Bakker et al., 2005; Zheng, 
2006; Capolongo et al., 2008; Coe et al., 2011; Pierce 
et al., 2012) have stated that the transformation of 
wetlands by agricultural expansion produce channels 

and tributaries-plain disconnection, stream incision 
processes, bank erosion, increased water velocities 
leading to flow variability and intensification of peak 
discharges.

As of 2017, the new draining system of SFRB is 
composed by four fluvial basins, which deliver solid 
and liquid flows to the lower Marapa Basin and 
Río Hondo reservoir. At the same time, the state of 
SFRB became permanent and began to supply or at 
least to transport more than 82,138 t/yr of sediments 
accompanied by water discharge up to 21.96 hm3 
into the Marapa river. Thus, the drainage area at the 
confluence of both basins (Marapa and San Francisco 
rivers; Fig. 2) doubled the original Marapa basin area 
from 1,759 km2 (CIST, 2017; Guido et al., 2022) to 3,541 
km2 (when SFRB became a tributary). This way, the 
modern scenario certainly increases the sedimentation 
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Month IFR MFR

May 20’ 0.76 2.04

June 20’ 0.8 2.07

July 20’ 0.69 1.85

August 20’ 0.73 1.96

September 20’ 0.61 1.58

October 20’ 0.29 0.78

November 20’ 0.39 1.01

December 20’ 0.54 1.45

January 21’ 0.33 0.88

February 21’ 0.42 1.02

March 21’ 1.43 3.83

Aprill 21’ 1.35 3.50

AFR 21.96

Table 2.  Instantaneous (IFR), monthly (MFR) and anual (AFR) 
flow records for the sampling period

Month Cs Cb MSL MBL

May 20’ 0.06 0.12 122.14 4.07

June 20’ 2.84 134.70 5891.31 4810.50

July 20’ 1.34 78.73 2473.49 2424.86

August 20’ 1.54 44.73 3001.28 1457.51

September 20’ 1.32 90.10 2090.24 2453.53

October 20’ 2.61 50.59 2023.40 654.92

November 20’ 0.80 36.05 807.39 627.58

December 20’ 2.10 6.64 3040.20 159.98

January 21’ 0.74 52.78 640.50 765.71

February 21’ 2.40 7.61 2443.02 142.65

March 21’ 2.86 207.87 10955.65 13269.53

Aprill 21’ 6.10 8.66 21356.67 521.96

ASL / ABL 54845.28 27292.80

TAL 82.138

Table 3. Recording of suspended sediment (Cs) and bed (Cb) 
rates. Monthly suspended and bed loads (MSL and MBL), 
annual suspended and bed loads (ASL and ABL) and total 
annual load (TAL) for the period analysed.

of the Rio Hondo reservoir, whose storage capacity 
was decreasing annually by 1.03% before the SFRB 
discharge (Mariot De Marco, 2001).

The quantified sediment transport values represent 
only 0.34% of the total erosion estimated by Bustos 
(2018) with the Revised Universal Soil Loss Equation 
(RUSLE) method (24.4 x 106 ton/yr). This difference 

Figure 6. Total monthly 
load (TML, in t/month) 
originated in
the basin of the period 
2020/2021.

is attributed to sediment retention in low topographic 
areas, the implementation of retention practices such 
the use of burlap bags in the channels, and nets in 
the fields, and/or the discharge of sediment from the 
channel through bifurcations/avulsions, primarily 
occurring during flood events (CEEH, 2018; Fig. 8). 
As a result, only a portion of the material produced 
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Figure 7. Main processes of development of the new drainage network. Formation progress is shown from left to right; in blue the 
formation of new channels by advancing depositional lobes (in yellow) and floodplain erosion; in black the development of gullies 
along the banks, scour and floodplain channelisation. The direction of development in both processes (upstream/downstream) is 
represented by red arrows.

by laminar erosion reaches the drainage network and 
the basin outlet. The simultaneous result of increased 
flow and sediment load is the expansion of channel 
width, meander wavelength, and the width-depth ratio 
(Schumm, 1977; Willis, 1989; Bridge, 1993; a detailed 
review in Bridge and Demicco, 2008).

In the SFRB, the lateral erosion processes became 
dominant when the drainage network was completely 
interconnected and shifted to a permanent regime. 
Figure 5 shows the trend to wider channels from 
upstream (Fig. 5a) to downstream (Fig. 5c). Even 
though in this study we only focussed on the progress 
of the drainage network and the amount of sediment 
and water delivered through the newly developed 
network, it is necessary to emphasize that both 
processes, enlargement and widening of the channels, 
were concomitant and are a direct result of the 
intensification of erosion processes linked spatially 
and temporally and enhanced by the anthropogenic 
changes produced in the basin. 

The processes that acted together and could be 
documented on site during fieldwork, were piping 

in agricultural fields and roadsides (Fig. 9a and b), 
sapping in the riverbanks (Fig. 9c), gullies erosion and 
steep bank erosion (“barrancas”; Fig. 9d). Gullies were 
recorded in the areas of floodplain with gentle slopes 
where farmers deforested and ploughed the river 
margins. Another feature recorded in several sectors of 
all rivers are outcrops of Pleistocene (?) deposits in the 
margins or/and riverbed forming steps (Fig. 9e) as slope 
interruptions.

The original vegetation cover, the Chaqueño Forest, 
was reduced by deforestation to attend the agricultural 
expansion (CIST, 2017), which affected the flood 
and sedimentation buffering capacity of the wetland 
forests and riparian forests, resulting in reduced areas 
with vegetation in degraded condition (CEEH, 2018). 
In addition, rainfall records for the study area show 
an increase in more than 200 mm in mean annual 
precipitation since 1972 (Eremchuk et al., 2016; 
Bazzano, 2019).

Along with the expansion of agriculture and 
livestock farming in the basin, water delivery was a 
key factor. In this way, the management techniques 
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Figure 8. a) Sediment avulsion in the lower basin after extreme precipitation. b) Sediment retention netting in fields. c) Sediment 
retention pockets in the bed of the channel. d) Avulsion deposit in the lower basin.

and streams) and subsurface (piping and sapping) 
erosion. Toledo et al. (2020), studying a nearby fluvial 
basin of SFRB, state that degradation processes in the 
catchment area, linked to inadequate management 
and overexploitation of cultivated soils, influenced the 
morphological changes of the rivers and the alteration 
of the physical properties of the soils increasing runoff 
and erosive processes on the riverbanks.

of the excess water from centre-pivot irrigation 
systems and drain of wetlands are considered to be 
the triggers of intensified erosion (CEEH, 2018). Isuani 
(2024) indicates how excess water drains without the 
existence of natural barriers or elements that enhance 
the infiltration, energy dissipation, and sediment 
transport capacity in most of the watershed area. These 
are additional factors that intensify surface (laminar 
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Figure 9. Erosion and salinisation processes documented in situ. a) Piping in agricultural fields. b) Gullies in roadside. c) Sapping 
in riverbank. d) Gully erosion and steep bank erosion. e) Pleistocene (?) deposits on the banks and/or riverbed forming steps. f) 
Salinisation in the lower part of the SFRB.
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CONCLUSIONS AND SUGGESTIONS

Detailed processes analysis and data highlight 
the need for management in modified systems 
such as the San Francisco River Basin (SFRB). 
Anthropic activities (mainly the expansion of 
agricultural frontiers) in these sensitive areas, 
previously protected by natural native vegetation 
and wetlands, accelerated erosion and soil loss. 
This triggered in a few decades (between 1990 
and 2018) the expansion and enlargement of 
the drainage network (more than 102 km of new 
channels), activating the delivery of sediment 
(82,132 ton/yr) and water (22 hm3) through a new 
outlet connecting the SFRB and Marapa river basin, 
and doubling the catchment area at the confluence 
point (3,541 km2). The excess of solid and 
liquid discharges delivered impact downstream 
accelerating siltation in the Rio Hondo reservoir.

The creation and implementation of a committee 
within interdepartmental and interprovincial 
systems is a crucial management measure. The 
articulation of criteria for the creation and regular 
updating of maps, along with the formulation and 
execution of initiatives in high-priority zones, 
is pivotal  for addressing and responding to the 
impacts of both natural and human-induced 
changes in exceptionally productive watersheds 
(López and Patrón, 2013).

At present, given numerous studies carried out 
by government offices and scientific community 
on to the basin’s problems, the SFRB is now being 
considered under the focus of and internationally 
scoped United Nations (UN) pilot project (SDG 
6.6.1) aiming to develop a methodology for 
the restoration of freshwater ecosystems (UN 
Environment Programme, Action Plan, 2021).
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