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An analysis of geomorphic system's response to change in human and natural drivers in some areas within
the Río de la Plata basin is presented. The aim is to determine whether an acceleration of geomorphic
processes has taken place in recent years and, if so, to what extent it is due to natural (climate) or human
(land-use) drivers. Study areas of different size, socio-economic and geomorphic conditions have been
selected: the Río de la Plata estuary and three sub-basins within its watershed. Sediment cores were
extracted and dated (210Pb) to determine sedimentation rates since the end of the 19th century. Rates were
compared with time series on rainfall as well as human drivers such as population, GDP, livestock load, crop
area, energy consumption or cement consumption, all of them related to human capacity to disturb land
surface. Data on river discharge were also gathered. Results obtained indicate that sedimentation rates
during the last century have remained essentially constant in a remote Andean basin, whereas they show
important increases in the other two, particularly one located by the São Paulo metropolitan area. Rates in
the estuary are somewhere in between. It appears that there is an intensification of denudation/
sedimentation processes within the basin.
Rainfall remained stable or varied very slightly during the period analysed and does not seem to explain
increases of sedimentation rates observed. Human drivers, particularly those more directly related to
capacity to disturb land surface (GDP, energy or cement consumption) show variations that suggest human
forcing is a more likely explanation for the observed change in geomorphic processes. It appears that a
marked increase in denudation, of a “technological” nature, is taking place in this basin and leading to an
acceleration of sediment supply. This is coherent with similar increases observed in other regions.
drero).
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© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Since the 19th century, many authors have pointed out the
growing role of humans in changes experienced by the planet;
biosphere, hydrosphere, atmosphere/climate or processes affecting
the surface of the lithosphere (Marsh, 1877; Thomas, 1956; Wolman
and Schick, 1967; Costa, 1975; Dunne and Leopold, 1978; Goudie,
1993, 1995; WCED, 1987; Turner et al., 1990; Walling, 1996; Rawat
et al., 2000; Turner, 2006; Slaymaker, 2000; UNEP, 2005, Naredo and
Gutiérrez, 2005; Lu, 2005; IPCC, 2001, 2007; Bakker et al., 2008;
Liverman and Roman-Cuesta, 2008; Slaymaker et al., 2009).

The important role played by “technological denudation” as well as
human contribution to sediment generation was pointed out by several
authors (Brown, 1956; Judson, 1983; Douglas, 1990; Hooke, 1994;
Goudie, 1995; Phippen and Wohl, 2003; Gellis et al., 2004; Ruiz-
Fernández et al., 2005; Syvitski et al., 2005; Cendrero et al., 2005; Rivas
et al., 2006). The latter authors indicate that humanmobilisation of rocks
and unconsolidated materials could be one or two orders of magnitude
greater than denudation/transport by natural processes. Also, that areas
disturbed by excavation/accumulation, although relatively small, are
significant contributors to sediment generation, perhaps the main one.
According to Syvitski et al. (2005), human activities have increased
global sediment transport by rivers by 2.3+/−0.6 Gt a−1 and at the
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same time reducedflux to the oceans by 1.4 Gt a−1, through retention in
reservoirs.

The existence of a “geomorphic dimension of global change” was
mentioned by Cendrero and Douglas (1996), to refer to the direct and
indirect effect of human activities on earth surface processes.
Remondo et al. (2005b) suggested a possible “global geomorphic
change”, initially on the basis of data from northern Spain that showed
considerable increases of landslide activity during Holocene–present,
not explained by changes in rainfall regimes, but coinciding with
expansion of human activity.

A conceptual model was then proposed to express the possible
relationship between human activity and geomorphic processes. It
considers that a possible explanation of the data obtained could be a
cause–effect sequence of relationships such as: drivers (population,
technology, and wealth) — pressures on geomorphic systems
(increased human activity and intervention on the territory) —

impacts (land-use changes, resilience of surface layer, and behaviour
of processes) — response of geomorphic systems (increased rates of
geomorphic processes, landslides, denudation, and sedimentation). Of
course, natural drivers, mainly rainfall, also play a role in geomorphic
processes and their changes ought to be considered. Therefore, testing
of the model includes assessing possible contributions of climate-
related drivers. In this conceptual model drivers (human and natural)
can be considered as independent variables, although strictly
speaking only population and wealth are really independent (and
not completely). Other human drivers and present climate variations
depend on the former. The final dependent variable whose changes
are being compared to drivers is sedimentation rate (itself dependent
on runoff, slope movements, channel flow, all of which are influenced
by both human and natural drivers).

The model assumes that human capability to affect land surface is
determined by the number of people in a region and their economic
and technological capacities. GDP (Gross Domestic Product) is an
Fig. 1. Landslide frequency in the Deva valley, Spain (a) and in
After Cendrero et al. (2006), with data from Guzzetti and Ton
expression of such capability. Greater capability implies more
intervention on, and modification of the surface layer. This could
trigger a geomorphic response in the form of increased runoff, slope
movements, denudation in general and, consequently, sedimentation.
Sedimentation rate increasewas indeed found in estuaries of northern
Spain, with trends and magnitudes “grosso modo” comparable to
those shown by landslides (Cendrero, 2003; Remondo et al., 2005b,
Ródenas et al., 2004; Gelen et al., 2004; Pérez-Arlucea et al., 2005;
Soto et al., 2006; Soto-Torres et al., 2007; Viguri et al., 2007; Irabien
et al., 2008a, b; Cearreta et al., 2008; Bruschi et al., 2008).

Data on the frequency of geomorphic events at other scales (Fig. 1)
and in other regions (Munich Re, 2005; Guzzetti and Tonelli, 2004;
EM-DAT, 2005) are also consistent with the conceptual model.
Disasters labelled by EM-DAT (www.em-dat.net) as “geologic”
(earthquakes, tsunamis and volcanic eruptions) show an increase
which we think could be more apparent than real and probably due to
two factors: a) more complete compilation of data on disaster events
in recent times; b) an increase in human exposure (more population
and material elements) so that recent events would more likely
produce damages and therefore be considered as “disasters”. We
assume that the increase in these disasters, which has been practically
the same as that of GDP during the same period, could be due mainly
to the latter factor. Strictly climatic disasters, such as droughts or
windstorms, show a greater increase. This could be due to the factors
commented as well as the effects of climate change. Finally that in the
EM-DAT (www.em-dat.net) graph are named as “floods and related”
(floods and wet mass movements) increase much more markedly.
Our assumption is that this is probably reflecting the same factors as
above plus the effects of geomorphic change.

According to Brierley and Stankoviansky (2003) «whether land-
use change or climate change is the main trigger of accelerated
erosion-accumulation processes in long term landscape evolution
remains uncertain… however…it is clear that…land-use changes
Italy (b). Frequency of natural disasters in the world (c).
elli (2004), EM-DAT (2005) and Remondo et al. (2003).
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Fig. 2. a) Map of the Río de la Plata watershed, showing country and state/province borders and location of study areas. (1). Laguna de Pozuelos basin, showing the location of
sampling points (P-1 and P-2) and the meteorological station nearest to the study area (La Quiaca) fromwhich rainfall records were obtained. 1: Departamento de Santa Catalina. 2:
Departamento de Yaví. 3: Departamento de Rinconada. (2). Pantanal basin. A. Location of upper Paraguay basin (Pantanal watershed), showing the limits of Mato Grosso and Mato
Grosso do Sul states. B. The Pantanal and its watershed. C. Detail of the area where cores were extracted (1) Meteorological Station; 9th District, Instituto Nacional de Meteorologia—
INMET). (2) Gauging Station, 6th District, Brazilian Navy, city of Ladário). (3) Core LN95/C1 (Lagoa Negra); (4) Core LJ95/C1 (Lagoa Jacadigo) and (5) Core LC95/C1 (Lagoa Castelo).
(3). Barra Bonita basin. Sampling points, location of meteorological (4D-060 and 4D-088) and stream gauging stations (4D-007). (4). Río de la Plata estuary. Sampling points are
indicated. b) (1) Main geologic units in the basin (after OEA, 1971 and Iriondo, 1996, 2000, 2005). (2) More detailed map of the Pantanal showing location of sampling sites. (3)
Details of the Río de la Plata estuary areas showing location of sampling sites.
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decrease the boundary resistance of landscape to change». These
modifications might increase landscape sensitivity and the effects of
relatively small climate changes.

Many other authors (among others, Judson, 1983; Hooke, 1999;
Collins et al., 1997; Owens et al., 1999; Eriksson and Sandgreen, 1999;
Knox, 2001; Cisternas et al., 2001; Macaire et al., 2002; Owens and
Walling, 2002; Lang, 2003; Lespez, 2003; Schmitt et al., 2003; Glade,
2003; Ritchie et al., 2004; Gellis et al., 2004; Siakeu et al., 2004; Gámez
et al., 2005; Keesstra et al., 2005; Pérez-Arlucea et al., 2005; Ramos-
Scharrón and MacDonald, 2007; Kasai et al., 2005; Slaymaker et al.,
2009) have shown that important modifications exist in denudation
and sedimentation rates, at different temporal scales. All of them
point out that land-use change is an important cause of variations
observed in the magnitude of geomorphic processes.
If the working hypothesis implicit in the model is correct, we
should expect to find the type of relationships outlined above in many
other regions, because those drivers are growing practically all over
the world. If the new evidence suggests that there is indeed an
acceleration of geomorphic processes, this should be taken into
consideration for the assessment of “hydrogeomorphic hazards”
(floods and mass movements in which water plays a role), because
future frequency (and therefore hazard or risk, Remondo et al., 2004,
2005a, 2008)might be greater than the one contemplated in scenarios
based on past behaviour of those processes.

The general aim of this contribution is to test the validity of the
hypothesis, formulated initially on the basis of landslide and
hydrogeomorphic disaster data: There seems to be an increase in
the rate of geomorphic processes in general that could be due mainly
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to growing land-surface modification caused by human activities. If
this is so, the final expression of geomorphic processes, sediment
generation and deposition, should show signs of acceleration, and its
rates of change should resemble more closely human than natural
drivers (hydroclimate). In other words, we are trying to determine
whether as well as a climate change there is a geomorphic change that
could have a global dimension and be reflected in the intensity or
frequency of geomorphic processes and events.

2. Study areas

To test themodel, a series of study areas was selectedwithin the Río
de la Plata basin (Fig. 2a, b), the third largest (3.1×106 km2) basin in the
world, after the Amazon and the Congo. This basin is shared by Brazil,
Argentina, Paraguay, Uruguay and Bolivia, and concentrates over 75% of
theGDPof thesefive countries. Thefirst two countries account for about
75% of the basin's area and 90% of its population and GDP (Table 1).
Population has increased about tenfold during the last century and this,
togetherwith the increase in “per capita” income, has led toa substantial
growthof total GrossDomestic Product. GDP growth has been obviously
coupled with increases in a variety of human activities that directly or
indirectly produce physical changes in land surface. It was therefore
expected that this should be reflected in an intensification of
geomorphic processes and resulting sedimentation rates.

The basin is located between the high reliefs of the Andean orogen
and the much lower South American platform. Its general geological
characteristics (Fig. 2b) were described by OEA (1971) and Iriondo
(1996, 2000). Five main units can be identified: 1. Brazilian Shield, to
the NE, where gneisses and other metamorphic rocks predominate.
They are covered by tropical, Quaternary loess. A similar unit appears
to the SE of the Uruguay River. This area is a source of quartz and
kaolinite. 2. Jurassic–Cretaceous unit, made up of basalts and
sandstones which are bordered by two strips of Carboniferous rocks
of glacial origin. The unit is covered by a thin veneer of aeolian
deposits and is also a source of quartz and kaolinite. 3. Chaco-Pampa
unit, formed basically by Quaternary sediments (fine sand, silt and
clay, mainly illite) originated to the W and SW of the area. These
sediments often contain soluble salts. Accordingly, the unit is a source
of dissolved and suspended sediment. 4. Andean Cordillera, including
the Sub-Andean Sierras, Bolivian highland and Argentine Puna. It is
formed by a series of N–S mountain belts made up mostly of Tertiary,
fine-grained sedimentary rocks. It is therefore a source of fine quartz
and clay, which are transported by the Pilcomayo and Bermejo rivers.
5. Eastern plains. These are two areas located on the eastern side of the
Paraguay–Paraná lineament. The one to the north (Pantanal de Matto
Grosso) is formed by large alluvial fans. The southern area
(Mesopotamia Argentina) is covered by several tens of metres of
Quaternary fluvial, sandy–clayey sediments.

Altitude in the watershed is 1500–2000 m in the costal ranges of
Brazil and exceeds 5000 m in the Andes. Climate ranges from arid in the
NW to humid tropical with rainy summers in the N and NE, and
subtropical-temperatewith rainfallmore evenly distributed throughout
the year in the central and southern parts of the basin (Pampa and Delta
areas). Annual rainfall ranges between b50mm in parts of the Andean
Cordillera (Argentina) and over 4000 mm in the Serra do Mar, upper
Paraná (Brazil). Most of the basin receives 800–1400 mm/year.
Accordingly land cover varies considerably, from nearly bare areas in
the NW to dense forest in the north or prairies and cultivated land in
most of the centre and SE. The intensity of human activities also varies
widely, including nearly uninhabited areas in the Andean Plateau
(Puna), rapidly growingmegacities (São Paulo and Buenos Aires, which
rank 7th and 17th respectively in the world; Forstall et al., 2009; http://
www.citypopulation.de/index.html), or areas subject to intense farming
activities, such as the Argentine Pampa or the Brazilian Planalto.

The three main rivers of the basin, Paraná, Paraguay and Uruguay,
end in a prograding sedimentary complex developed in the inner part
of the Río de la Plata, the “Paraná Delta”. According to Sarubbi et al.
(2004), the Paraná carries some 160.106 ton a−1 of sediment. Silt and
clay aswell as part of the fine sand (45.106 ton a−1 clay, 90.106 ton a−1

silt, 10.106 ton a−1
fine sand; about 90% of the total solid load) are

transported as suspended load and the remaining 10% as bed load.
Several study areas were selected for sampling and analysis

(Table 2, Fig. 2, Appendix A): 1. Laguna de Pozuelos, a 4000 km2

endorheic basin where population is extremely low, economic
activities are limited to sheep and llama farming and changed little
during the century. 2. The Pantanal, the largest wetland of the world,
with a basin of about 650,000 km2 where human activities, especially
in the surrounding highland (“planalto”), have increased significantly
during the period considered. 3. Barra Bonita, an artificial reservoir
(310 km2) finished in 1963, with a basin of 12,450 km2 in which a
considerable expansion of farming and urban-industrial activities and
infrastructure has occurred after construction of the dam. 4. Finally,
the Río de la Plata estuary, covering some 35,000 km2, with depths
rarely reaching 10 m and sediments that are an extension of the
subaerial delta, grading from sand in the proximal part to silt and clay
in the distal one. If the model is correct, sedimentation rates should
have remained stable (or varied according to rainfall changes) in area
1 and show increases in areas 2 and 3, particularly the latter. Rates in
the estuary should also increase, presumably with trends somewhere
between those in the areas indicated.

3. Methodological approach

The methodological approach was directly derived from the
working hypothesis proposed, initially formulated on the basis of
landslide and sedimentation rate data from small basins in Northern
Spain. The approach used here tries to determine to what extent it
provides a reasonable explanation for new data from a different area
and at a very different scale. To that end, sedimentation rates
(indiative of the intensity of geomorphic response) during the last
century were determined in the three sub-basins selected and in the
estuary itself. The assumption is that relative changes in sedimenta-
tion rates are, in a first approximation, indicative of changes in
deposition in the different study areas. Those rates were compared
with changes in human and natural drivers to determine to what
extent process behaviour conforms to the expected pattern. To cover a
variety of situations different environments (an isolated lake,
floodplain lakes, a reservoir and an estuary) were selected for
sampling.

Sediment cores were extracted by manual methods in all study
areas (coordinates of sampling points are presented in Appendix A).
Hand-driven PVC tubes were used to extract the cores in the Laguna
de Pozuelos and Río de la Plata sampling areas. In Barra Bonita and the
Pantanal the sampling device shown in Fig. 3 was used. Cores were cut
into 1 cm thick slices and dated using the 210Pb method (Koide et al.,
1973; Appleby and Oldfield, 1978, 1983; Appleby et al., 1988; Shukla
and Joshi, 1989; Bolívar et al., 1994; Appleby, 1998; Fuller et al., 1999;
Sánchez-Cabeza et al., 2000; San Miguel et al., 2004). The analytical
procedures used have been discussed in former contributions by some
of the authors (Bezerra, 1999; Gelen et al., 2004; Ródenas et al., 2004;
Soto et al., 2006; Cearreta et al., 2008; Irabien et al., 2008a,b). In some
study areas, in which it was expected they could provide comple-
mentary age information, heavy-metal analyses were also carried out.

Drivers considered were rainfall and several indicators of the
intensity of human activity, such as population, GDP, energy or
cement consumption (Table 3). These reflect human capacity to act on
and transform land surface through all kinds of activities. In particular,
energy and cement consumptions are directly related to activities that
imply excavation or modification of land surface (extraction of
construction materials, expansion of urban-industrial areas and
related infrastructure, and intensive agriculture). Certainly, none of
those indicators is univocally and exclusively linked to the alteration
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Table 1
Area (km2) of the different sub-basins within the Plata watershed. Population and GDP data for the countries included in the basin. Census and GDP data from ECLAC, UN (www.
eclac.org), years 2000–2004, depending on the country. Area data from Coronel andMenéndez (2006). Total values and percentage are presented. Note that: N90% GDP corresponds
to Brazil+Argentina; N70% of the countries' GDP is within the Plata basin; N70% of Brazil+Argentina GDP is in the basin.

Paraná Paraguay Uruguay R. Plata Basin area in each
country

Population in
basin×106

Country population
(% in basin)

GDPa in basin×106

US$
Total GDP×106 US$
(% in basin)

Argentina 565,000
37.5%

165,000
15.0%

60,000
16.4%

NA 920,000
29.7%

29.10
25.3%

36.26
80%

234,868
33.2%

271,809
86.4%

Bolivia NA 205,000
18.7%

NA NA 205,000
6.6%

3.66
3.2%

8.30
44%

9414
1.3%

21,343
44.1%

Brazil 890,000
59.0%

370,000
33.9%

155,000
42.5%

NA 1,415,000
45.7%

73.78
64.4%

169.80
43.5%

409,934
58.0%

644,476
63.6%

Paraguay 55,000
3.5%

355,000
32.4%

NA NA 410,000
13.2%

5.18
4.5%

5.18
100%

28,799
4.1%

28,799
100%

Uruguay NA NA 150,000
41.1%

NA 150,000
4.8%

3.00b

2.6%a
3.24
92%b

23,642
3.4%

35,744
92%b

Total 1,510,000
48.7%

1,095,000
35.3%

365,000
11.8%

130,000
4.2%

3,100,000
100%

114.84
100%

222.78
51.5%

706,657
100%

992,172
71.2%

NA: not applicable.
a Year 2000 value.
b Approximate value; limits with the Atlantic watershed slightly unclear.

Table 2
Characteristics of study areas.

Name Basin area (km2) Altitude (m) Rainfall (mm/year) Present population Human activity during last century

Laguna de Pozuelos 4000 3600–4808 350 b3000 Almost nil; stability
Barra Bonita 12,450 450–2060 1150–2000 4,258,000a Urban-infrastructure, very intense growth
Pantanal 628,000 80–1400 800–1600 5,293,790b Farming-urban, growth
Plata Basin 3.1×106 0–5000 b50–N4000 113,191,000c All sectors, intense growth

a Population (2007) for the municipalities included within the basin. Data from IBGE (www.ibge.gov.br).
b Population (2008) for the states of Mato Grosso and Mato Grosso do Sul, more than half of which are within the watershed. Data from IBGE (www.ibge.gov.br).
c Population (2000) of Paraguay plus the states/provinces within the basin for Argentina, Brazil, Bolivia and Uruguay. Data from ECLAC (UN) (www.eclac.org).
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of land surface and related intensification of processes such as
landslides, surface runoff, denudation and sediment generation (for
instance, certain forms of energy generation or cement consumption
Fig. 3. Coring device used in the Pantanal and Barra Bonita areas. Left: d
are not related to activities that directly modify land surface, although
generally speaking the more extensive the land modification the
greater the energy and cement consumptions).
evice being lowered to extract the core. Right: PVC tube with core.
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Table 3
Types of data gathered for the study areas and periods covered in each case.

Study areas Plata basin Pozuelos Barra Bonita Pantanal

Sediment coresa 3 2 2 3
Annual rainfall 1906–2007 1904–2007 1950–2002 1912–2007
Freq. intense rainsb 1903–2007 1904–2007 1950–2002 ND
River discharge 1904–2003 ND 1936–2003 1900–2008
Freq. intense flows 1904–2003c ND 1936–2003 1900–2008d

Population 1900–2007 1702–2001 1950–2007 1950–2007e

1910–2007f

GDP 1900–2007 ND 1950–2000g 1950–2007e

Energy consumptionh 1970–2007 ND ND ND
Cement consumptioni 1960–2007 ND ND ND
Livestock load 1960–2007j 1937–2004k ND 1970–2006f

Cultivated area 1960–2007l ND 1960–2000 ND
Urban population 1950–2001 ND 1950–1991 1950–2001e

a Number of cores extracted is indicated.
b Only monthly data available for the periods indicated.
c Maximum and minimum daily discharge.
d River stage level.
e For the states of Mato Grosso and Mato Grosso do Sul.
f Only Mato Grosso do Sul. ND. No data available.
g For the state of Sao Paulo.
h Secondary energy consumption, Brazil+Argentina.
i Brazil+Argentina.
j Brazil+Argentina.
k Total for the “departamentos” including the basin.
l Brazil+Argentina.
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There are other indicators of the intensity of geomorphic response
that could be compared with natural and human drivers. These
include, for instance, frequency of slope movements, occurrence of
erosion landforms, erosion rates, river discharge, sediment load or
frequency of flood events. Themodel proposed assumes that alteration
of land surface by human activity increases the sensitivity— or reduces
the resilience — of the surface layer (Cendrero et al., 2006) and
increases runoff. This should produce more slope movements and
erosion, as well as increased runoff, which should result in greater
discharge (in particular minimum flows).

As it is not possible to obtain time series on all types of indicators for
all study areas, a selection was made on the basis of study area
characteristics and data availability (Table 3). Thismeans, of course, that
data resolution is not the same for all data sets. Some data refer to the
whole basin and have one-year resolution (GDP, population, etc.). Other
data, such as sediment dates and sedimentation rates obtained from
them, correspond to specific points and their time resolution is lower. As
the data are used to compare trends or relative changes during periods
of 40–100 years, thesedifferences canbe consideredasacceptable for an
in initial test of the hypothesis, which is the aim of this contribution.

4. Results and discussion

Results obtained are presented and discussed first for individual
basins. Considerations about the whole basin are made later.
Analytical results for all cores dated are presented in Appendix A.

4.1. Laguna de Pozuelos

Two cores were extracted in this lake (Fig. 2a-1). Fig. 4 shows
sedimentation rates obtained by 210Pb dating, rainfall data, population
and livestock census as well as heavy-metal content. Heavy-metal
analyses were carried out for P 1 (southern part of the lake), not far
from the mouth of the Río Cincel, which runs near the Pan de Azúcar
polymetallic sulphide mine. The mine, intermittently exploited since
colonial times, operated more intensely and continuously during the
20th century, with peaks in the forties and early seventies. In 1983
activity was very much reduced, closing down altogether in 1990. In
the 1960s a spoil heap collapsed. We thought these events might have
left some geochemical signature in the lake's sediments that could
provide complementary age data.

Sedimentation rates obtained for both cores are fairly stable. The
same stability is revealed by heavy-metal concentrations. In the case
of Zn, Rb and V and to a lesser extent Cu and Ni, a decrease (except for
a single Zn value) is observed at depths around 10 to 30 cm. This
might reflect the decrease in mining activity between the peaks of the
forties and seventies mentioned above, but it cannot be stated with
certainty.

Population data presented were obtained from Gil-Montero
(2004) and data on livestock load were provided by Drs R. Tecchi
(Universidad Nacional de Jujuy) and Oscar Hugo Mendoza (INDEC,
Jujuy). Those data refer to the municipalities (“departamentos”) of
Rinconada, Santa Catalina and Yaví (Fig. 2a-1) without specifying
population or livestock in each village. Only a part of the three
“departamentos” are within the basin and villages contained in the
latter represent a small part of their population. In particular, the
“Departamento de Yaví” has practically no population in the basin,
only a couple of very small settlements and a few, disperse individual
dwellings. Therefore, only data from Rinconada and Santa Catalina
were used for the graph in Fig. 4A. Actually, less than 50% of the
population in them lives within the basin but the general trend
observed in these two municipalities reflects the trend within the
former (personal communication by Drs R. Tecchi and Oscar Hugo
Mendoza). Time series on livestock is incomplete, especially in the
case of llama. Up to the 2002 census only animals within closed
properties (which represent 50–60% of the total) were included. This
explains an — apparent — increase observed in that year. In general,
recent data obtained and direct observations in the field reveal very
limited changes with respect to the situation observed during former
works in the area (Ottonello et al., 1982; Cendrero et al., 1993).

Despite the limitations of data on human drivers, a couple of
conclusions can be drawn from them. First, as indicated in the
description of study areas, that potential human influence on
geomorphic processes has been very small indeed throughout the
period analysed, due to the low density of population within the basin
and its limited economic activity. Secondly, that human influence
does not show any sign of increase during the last century or so, but
rather a certain decrease (presumably not very relevant either from
the geomorphic point of view, given the very low human presence in
the basin). Rainfall, be it expressed as total annual or monthly
precipitation (rough proxy for high intensity episodes), does not show
a clear trend of change, perhaps a very slight decrease since the
middle of the century.

Thus, the general picture that emerges from data above is one of
geomorphic stability, with no noticeable climate or human forcing or
change in sedimentation rates.
4.2. Pantanal

In the case of the Pantanal sedimentation rate results (Fig. 5)
correspond to cores taken from a former work by one of the authors
(Bezerra, 1999) in three lakes in the SW part of the wetland, near the
Paraguay River and connected to its dynamics (Fig. 2a-2 and b).
Sedimentation rates are shown together with rainfall, river stage,
livestock load, population and GDP data. Rainfall data (obtained from
the Instituto Brasileiro de Meteorologia) are from the Cuiabá station.
River stage data are from the 6th Brazilian Navy District gauging
station in Ladário, on the Paraguay River, by the Pantanal outlet. The
number of days during which river stage was equal or greater than
3.5 m is shown. This is the level at which the Paraguay overflows its
left bank in Ladário. Population and GDP data are for the States of
Mato Grosso and Mato Grosso do Sul, which include about 80% of the
Pantanal basin. It has not been possible to obtain time series on the
actual population within the basin, but it accounts for 55–60% of the



2681J. Bonachea et al. / Science of the Total Environment 408 (2010) 2674–2695
total. Therefore, trends (not absolute values) for those two states can
be used to reflect trends for the basin.

Results obtained show that sedimentation rates in the three lakes
were below 0.2 cm/year up to the 70s. A marked increase took place
after that date, particularly in Lagoa Castelo, with rates close to 0.8 cm/
year at the end of the period. This lake is the one with the coarsest
sediment, due to its connection through a channel (Fig. 2b) to the
dynamics of the Paraguay River during thewhole hydrologic year. Rates
increased to just over 0.5 cm/year in the other two lakes, with finer-
grained sediments and inflow limited to high-water periods. It is
interesting to point out that rates in the Lagoa Negra increased at a later
Fig. 4. a. Sedimentation rates obtained for the two cores from Pozuelos. b. Annual rainfall d
Montero, 2004). d. Livestock data (provided by INDEC, Argentina). E. Heavy metal content
period than in the other two. This is explained by the fact that a dam
and road started to be built in 1974 (work stopped in 1979 due to
financial restrictions, and 1.2 km is still unfinished), partially restricting
flow into the lake.

Rainfall and river stage data (Fig. 5) show that three main periods
can be identified. The period ending in 1960, duringwhich rainfall and
maximum river stage were fairly high. A second period between 1960
and 1973 with somewhat lower rainfall, lower river stage and a
drastic reduction in the number of days with water level above 3.5 m.
Finally the period after 1973, when rainfall and river stage increased
again, reaching levels similar to those of the initial period, and days
ata (Servicio Meteorológico Nacional, Argentina, La Quiaca station). c. Population (Gil-
of core P 1.
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with water level above 3.5 m were clearly more frequent than during
the initial period. Those data suggest that although rainfall must have
had an influence on sedimentation rates, this was probably not the
main factor contributing to their increase. Precipitation regime was
not very different prior to 1960 and after 1974, whereas there were
very important differences in sedimentation rates. Moreover, sedi-
mentation rates were very similar during the period prior to 1960,
with normal rainfall, and the 1960–74, lower-rainfall period.

The relationship between river stage and rainfall in this area has
been discussed by Galdino et al. (1997), Collischonn (2001), Krepper
and García (2004) and Diniz et al. (2008). The latter authors analysed
rainfall data from the Cuiabá meteorological station and concluded
that from the beginning of the 70s an important precipitation increase
took place. This resulted, among other effects, in the great flooding of
1974 (water level reached 5.5 m, compared to the 1964–73 average of
2.0 m, and flooded areawent from 6.770 km2 in 1973 to 46.585 km2 in
1974; PCBAP, 1997). After that date important changes took also place
in the agricultural activities of the area. Cultivated pastures all over
the basin increased considerably, at the expense of natural vegetation
(Da Silva et al., 1998).

Human activities appear to have played a more important role
than rainfall in sediment generation. During the 70s a series of
government policies provided incentives for the development of the
Pantanal and adjacent highland (“planalto”); different projects were
implemented and an expansion of agriculture and livestock took
place, with the consequent land-cover changes (Prance and Schaller,
1982; PCBAP, 1997; Cunha, 1998). From 1974 to present the basin, in
particular the highland at the northern part where soils are very
sensitive to erosion, has experienced important modifications caused
by human activities. Collischonn (2001) and Tucci (2002) suggested
that changes in the hydrologic regime could be related to those
modifications. A few examples: area devoted to soya and cultivated
pasture expanded very rapidly after 1980 (Collischonn, 2001);
according the (IBGE, Instituto Brasileiro de Geografia e Estatística)
cultivated pastures increased from 1285×106 ha in 1970 to 6×106 ha
in 1990; area deforested in the Lagoa Negra basin went from 6% in
1965 to 38% in 1982, as a result of charcoal production for industry
(Isquierdo, 1997). Livestock load (Fig. 5) grew by a factor of about 4.5.

Fig. 5 also shows that population and GDP grew very markedly
during the 1950–2000 period, approximately by a factor of 9 and 30
respectively. Urban population growth has been particularly intense
(Hany, 2005), with a multiplication factor of about 15 for the period
1950–2000 inMato Grosso do Sul. Energy consumption also increased
significantly, from 264,806 to 2,832,654 MWh during 1976–2000
(Empresa Energética de Mato Grosso do Sul; http//www.semac.ms.
gov.br). Urban population and energy consumption are normally
(although not exclusively) linked to activities affecting land surface,
such as urban expansion, infrastructure development, mining and
intensive agriculture. Land surface disturbed by the activities
described could have increased its sensitivity to the effects of rainfall.
The concurrence of both factors very likely produced an intensifica-
tion of sediment generation and the observed augmentation of
sedimentation rates. It is interesting to point out that the lake where
sedimentation rates grewmost is the one which, due to its connection
with the Paraguay River, is more likely to reflect changes in the basin.

In summary, data available clearly show a 3–8 fold sedimentation
rate increase in less than 30 years in the three lakes sampled. As
suggested by the comparison between sedimentation rates prior to
1960 and after 1974 (with quite similar average precipitation
regimes), that increase appears to be due essentially to a decrease
in the resilience of geomorphic systems to the effects of rainfall, as a
result of land surface disturbance produced in the basin by human
activities, mainly those related to urban-infrastructure and farming
expansion (as described above). As pointed out by several authors
(Galdino et al., 1997; Collischonn, 2001; Tucci, 2002; Krepper and
García, 2004; Diniz et al., 2008) changes in river stage, or number of
days with water level above 3.5 m observed after 1973 are coherent
with this interpretation, because they would be explained by in-
creased runoff due to land-cover/use changes related to the activities
described.

In a relatively close area but quite a different environment, similar
sedimentation rate increases have been found by Godoy et al. (2002)
in five out of seven cores from three lakes in themiddle Taquarí. These
authors also attribute the increase found to the expansion of
agricultural activities since the seventies.

However, the results above must be considered with caution.
Although it is true that those lakes show sedimentation rate increase,
it is also true that sedimentation on floodplains can present high
variability. More determinations are needed to establish whether the
observed trends are general. Also, it must be pointed out that an
alternative explanation is possible. That sector of the Paraguay River is
near the Taquarí megafan, with channels that can change position

http://www.semac.ms.gov.br
http://www.semac.ms.gov.br
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significantly in a few decades. Channel migration towards a lake could
imply greater sediment supply to it, even if sediment generation in
the basin remained constant. This does not seem to have been the
case, but it should not be discarded. The lakes are on the opposite side
of the Paraguay (Fig. 2B) with respect to the Taquarí fan, and trends
are quite similar in all of them, irrespective of distance from the latter.
Also, as indicated above, the Taquarí itself seems to have experienced
a significant increase in sediment yield (Godoy et al., 2002).

4.3. Barra Bonita

Barra Bonita reservoir receives the waters of the Piracicaba and
Tietê rivers, the latter including part of the São Paulo metropolitan
area, the most dynamic conurbation of the country, in the wealthiest
state. Two cores, a few hundred metres apart and some 50 km
upstream from the dam,were extracted and dated in the branch of the
reservoir fed by the Piracicaba basin (Fig. 2a-3). This basin includes
nearly 4.5 million people (IBGE, 2006; Projeto Piracena, 2001) and
Fig. 5. Sedimentation rates obtained for three cores from the Pantanal. Rainfall (INMET, Cuia
(Brazilian Navy District, Ladário) are represented. Livestock data for Mato Grosso do Sul (d
Population (2) and GDP (3), 1950–2000, for Mato Grosso plus Mato Grosso do Sul (data fro
hosts important urban-industrial centres, exploitations of construc-
tion materials, and intensive agriculture.

Results obtained are shown in Fig. 6. Sedimentation rates
increased gently since the middle 80s and sharply after 2000, over a
tenfold growth in about 20 years. Rainfall and river discharge records
do not show variations that could justify the observed sedimentation
rate increase (Fig. 6). High rainfall periods occurred in the area
approximately every five years, with a fairly regular distribution
throughout the time interval considered. The same lack of clear time
trend is found when considering frequency of intense rainfall
episodes. About 40 months with N300 mm and 11 with N400 mm
rainfall have been registered during the period considered, but they
are fairly evenly distributed, and do not show greater frequency in
recent years (Dantas-Ferreira, 2008). High river discharge periods
fairly closely reflect rainfall fluctuations. There is no increase in the
frequency or intensity of rainfall or river discharge towards the end of
the period analysed that could explain the sharp increase in
sedimentation rates.
bá), maximum river stage in the year and number of days with river stage above 3.5 m
ata from IBGE). Population for Mato Grosso do Sul, 1910–2000 (1) (data from IBGE).
m ECLAC, UN; http://www.eclac.org/).

http://www.eclac.org/
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The situation is quite different with respect to human drivers. As
indicated above, the Piracicaba basin is a highly populated and
economically dynamic area (Projeto Piracena, 2001). Population
within it (Fig. 6) grew by a factor of about 4.5 since 1960. Practically
the whole increase corresponds to urban population. In 1950 urban
population was slightly under 50% of the total, in 1991 it represented
over 90% and in 2007 close to 95%. This, of course, implied a
considerable urban-industrial and infrastructure expansion, activities
which highly disturb land surface and contribute to sediment
generation. No data are available on GDP for the basin for the same
period, so that state data were used for Fig. 6, which show a 7.5 fold
increase in the same period. Data at basin level are available since
1998 (IBGE, 2006) and they show that GDP within it increased twice
as much as in the state, with a 100% increase since 2000. The
significance of economic activities within the basin is shown by the
fact that even though it represents less than 5% of the Sao Paulo state
area, it concentrates around 20% of its GDP.

Other land-use changes related to specific activities that may have
contributed to sediment generation have also taken place. Data for the
basin (Projeto Piracena, 2001) are incomplete and cover only part of
the period analysed. Nevertheless, with the information available it is
possible to observe the main trends of change. Between 1970 and
1994 area covered by nearly natural vegetation (forest+pastures) in
the Piracicaba basin decreased from about 515×103 ha to
212×103 ha. That is a reduction of approximately 60%. On the other
hand cultivated areas increased by nearly 50% and urban areas were
multiplied by a factor between 4 and 5 (the latter data were obtained
from low-quality maps and are only approximate).

In the case of sugar cane, a radical transformation of land use has
taken place since 1960 in Brazil in general and the basin in particular.
Between 1960 and 2007 area devoted to sugar cane in Brazil increased
from about 1.4 million to 7 million ha (FAOSTAT, 2007). The state of
Sao Paulo concentrates more than 50% of the country's sugarcane. In
the last 20 years this is the region where most of the expansion of
sugar cane occurred by replacing pasture, and mostly in the western
part of the state (Rudorff et al., 2004, Dantas-Ferreira, 2008). Sugar
cane cultivation greatly increases erosion. Sparovek and Schnug
(2001) estimated erosion rates in sugar cane fields are 15 times
greater than in pasturelands. The effects of sedimentation related to
sugar cane cultivation, were described by Fioro et al. (2000) in a
reservoir built in 1978 in a small watershed in Piracicaba County,
when sugarcane land cover was 25%. About 20 years later, sugarcane
increased to 75% and the reservoir lost 50% of its water holding
capacity due to sedimentation.

Finally another significant factor is the expansion experienced, in
an area some 50 km upstream from the reservoir, by silt and clay
exploitations for ceramic industries. Therefore, even though data
available do not permit to determine exactly the extent of land-use
transformations, it is obvious that the increase of activities which are
potential generators of sediment has been considerable in the last few
decades.

Thus, data available show that whereas natural drivers have not
changed significantly after construction of the dam, human drivers
did, and their increase took place in periods and with magnitudes that
roughly match sedimentation rate increase.

4.4. Río de la Plata estuary

Three coreswere extracted in the Río de la Plata (Figs. 2a–4, b and 7),
one of them in the outer estuary, in the distal part of the submerged
delta (RP-1; Samborombón Bay). The other two were obtained in the
inner part, near the town and port of Ensenada, one in an area open to
estuarine influence (RP-2) and the other (RP-3) in an inlet with
restricted circulation in which estuarine influence is limited. It was
expected that sedimentation rates should grow in RP-1 and RP-2, and
remain more stable in RP-3.

Core RP-1 had some problems. Due to the very high water content
of the sediment, a part of the samples in the upper levels was lost
during processing and density values obtained for those levels are
approximate. 210Pb dates and sedimentation rates obtained from
them have therefore a higher margin of uncertainty than in the other
cases. Fortunately there was additional information that made it
possible to obtain complementary age data and determine rates. The
upper 3 cm of the core contained 7Be, with a half life of 57 days. This
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indicates that material was deposited not more than 400 days (7 half-
life periods) prior to analysis (July 2008) and that sedimentation rate
during that period was 2.7 cm/year. Additionally heavy-metal (Fig. 8)
and shell content in the sediment provided a clear date. There is an
abrupt reduction of shell fragments, abundant in the lower part of the
core, at 25 cm depth, which coincides with a marked increase in the
content of most metals, followed by a gradual decrease. This change
can be attributed to the construction, in 1987, of a new channel at the
end of the Rio Salado. The artificial channel, with greater section and
gradient, must have accelerated flow, sediment and heavy-metal
supply. The natural river course crosses repeatedly several belts of
Holocene estuary-margin deposits formed mainly by shell fragments
(“cordones de conchilla” or beach ridges). The new channel cuts right
across those belts, and is deeper than the natural one. Therefore,
contact between water and shell fragments was very much reduced,
and since that date they are carried to a very limited extent. The
gradual decrease in heavy-metal concentration after that moment
could only be due to two causes: decrease in heavy-metal supply or
increase in sediment supply. We have investigated in environmental
Fig. 6. Sedimentation rates obtained for 2 cores from Barra Bonita, compared with rainfall, riv
Brasileiro de Geografia e Estatística-IBGE). D4-060 and D4-088, meteorological stations sho
administration sources (“Secretaría de Política Ambiental y Desarrollo
Sustentable de la Nación”, SPAyDS) whether anti-pollution measures
or technology changes in processes producing heavy-metal effluents
were introduced after those dates, and they were not. Pollution-
reduction programmes were approved recently (“Programa Federal
de Producción Limpia y Consumo Sustentable”, 2004, and “Plan
Federal de Reconversión Industrial”, 2008), but they are too recent to
explain the change described.

Moreover, as Fig. 8 (please note that heavy-metal analyses were
performed every 3, not 1 cm) shows, the decrease affected practically
all metals, suggesting a general process rather than one affecting
individual sources. Using the 1987 level as a reference, we can see that
average sedimentation rates were approximately 0.3 cm/year for the
period 1900–87, and 1.2 cm/year from 1987 to 2007 (when the core
was extracted), with 2.7 cm/year during the last year. This coincides
very well with the rates obtained by means of 210Pb determinations.

Core RP-2 (Ensenada) presented a very irregular distribution of Pb
along the profile (see Appendix A), suggesting itmust have experienced
mixing due to organic or human processes. It was therefore not possible
er discharge, population of Piracicaba basin and GDP (state of São Paulo) data (Instituto
wn in Fig. 2a.
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to use it for dating. The third core (RP-3, in the area with limited
estuarine influence) yielded constant sedimentation rates (Fig. 7).

With the data above it appears that sedimentation in the outer
delta increased markedly during the period analysed, particularly in
the last 20 years, and showed no significant changes in the above-
mentioned inlet near Ensenada. In principle, RP-1 should reflect the
trend for the outer estuary, as it was extracted in an open site. On the
other hand, RP-3 probably reflects local rather than general estuary
trends. These results are coherent with the working hypothesis but,
nevertheless, with the data so far obtained it is not possible to assess
to what extent either trend is general or local. More cores should be
dated.

Complementary information, obtained from the analysis of old maps,
navigation charts, air photographs and satellite images of the Paraná
Delta (Cavallotto, 1988; Cavallotto et al., 2005; Sarubbi et al., 2006; Forte
et al., 2008), suggests that increase in sediment supply to the delta might
well have been a general process. Area progradation of the delta is shown
in Fig. 9. The general growth trend is linear, with an initial period (until
1969) showing increasing (exponential?) rates followed by a certain
decrease and a new increase of the rates. Of course, area growth is only a
rough indicator of volume growth (sediment supply and deposition). It is
interesting to point out that until the late sixties there were very few
dams in the basin. At that time dam construction increased very
significantly, leading to the present number of about 130 large dams. Data
on sediment loads in rivers upstream and downstream dams in different
rivers in the region (Latrubesse et al., 2005; Syvitski et al., 2005; Bonetto
et al., 2006; Stevaux et al., 2009; Amsler and Drago, 2009) show that
reductions in sediment load are greater than 60%. In rivers from other
parts of the world (Milliman andMeade, 1983; Meade and Parker, 1985;
Meade et al., 1990; Milliman and Syvitski, 1992; Bobrovitskaya etal.,
2003; Vörösmarty et al., 2003; Walling and Fang, 2003; Renwick et al.,
2005a,b; Syvitski et al., 2005; Walling, 2006; Wang et al., 2007; Xu and
Milliman, 2009) sediment load is reduced by factors between 2 and 200,
normally 10–20.
As is well known, these reductions in sediment supply have led to
retreat of beaches and deltas in different parts of the world (Mobarek,
1972; Poulos and Collins, 2002; Ericson et al., 2005; Syvitski and Saito,
2007; Zhang et al., 2008; El Banna and Frihy, 2009; Gamage and
Smakhtin, 2009). It thus seems that sediment supply to the Paraná–
Paraguay–Uruguay system probably increased during the second part
of the century, because neither delta growth nor sedimentation rates
experienced a reduction despite the fact that a large number of
sediment traps were built. A cautionary comment: most dams in the
Paraná and Paraguay basins have been built above the junction with
the Bermejo, a very significant sediment contributor. Sedimentation
rates registered, if general for the estuary, could mostly reflect
changes in the latter basin.

Rainfall data from meteorological stations distributed throughout
the basin (Figs. 2a and 7), show that rainfall (both annual total and
months N200 mm) has experienced some variations during the
period analysed, particularly after 1980, which are partly reflected
by river discharge data. Three main periods can be identified from
rainfall/discharge data. Up to 1950 there were relatively low rainfall,
frequency of intense precipitation events (N200 mm/month) and
river discharge. Between 1950 and 1980, during which both total
annual rainfall and frequency of intense events increased but river
discharge did not vary significantly. The last period, with slightly
greater rainfall compared to the former one and a significant increase
in river discharge.

According to Tucci and Clarke (1998), a considerable expansion of
land devoted to farming started in the 50s, and has continued since.
Different changes in river discharge have been observed (Halcrow,
1994; Paoli and Cacik, 2000; Menéndez, 2006). Mean discharge in the
period after 1980 is 37% higher than in the period 1902–1970. Annual
maxima and minima are also higher, and the frequency of exceptional
floods has increased too. Out of the four floods with peak flow N

50,000 m3 s−1 (1905, 1983, 1992, and 1998), three correspond to that
period. The increase in mean discharge has been attributed to greater
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runoff in the upper Paraná basin, explained only in part by increased
rainfall, with land-use change as the most likely alternative cause.
Greater frequency of exceptional floods seems to be attributable to
climate conditions that have favoured the occurrence of very intense
rainstorms. Minimum flow increase could be due to enhanced
hydrologic response due to land-use change or to the regulatory
effect of dams built in Brazil, essentially after the late 60s. In the case
of the Uruguay River, Saurral et al. (2008) conclude that runoff is
showing progressively shorter response times, which do not seem to
correspond to precipitation but to land-use changes. Bevery et al.
(2006) point out that river response exceeds rainfall increase; percent
increase in river discharge in the period analysed doubles rainfall
increase. Those results are coherent with data presented about
sedimentation rates and with the model proposed.

On the other hand, all human drivers show very clear increases. A
comment about some limitations of socio-economic indicators used is
pertinent here. It has not been possible to obtain time series on most
of those indicators which strictly refer to the basin. But what is needed
for testing the model are trends (relative variation), not absolute
values. Fig. 10 presents a comparison between population and GDP
trends for the five basin countries, Brazil+Argentina, and states/
Fig. 7. Sedimentation rates obtained in the cores from Río de la Plata, compared with annua
data for representative stations within the basin (selected on the basis of geographical dist
provinces (Brazil/Argentina) within the Río de la Plata basin. As
indicated above, these two countries account for over 90% of the
basin's GDP, and slightly less in the case of population. Also, their joint
population and GDP are concentrated in the basin (over 60 and 70%
respectively; Table 1). Thus, the general variation of socio-economic
parameters in the two countries can be considered to adequately
reflect trends within the basin. Fig. 10 shows very clearly that Brazil+
Argentina trends are practically the same as the other two.
Multiplication factors in both cases are around 3 for population and
6–7 for GDP, respectively.

Fig. 11 shows the variation of the socio-economic parameters
considered and Table 4 summarises growth factors for different
periods (determined by the length of time series obtained). Clearly,
drivers with the greatest growth factors are the ones in principlemore
directly related to human capacity to disturb land surface: GDP,
energy or cement consumption. Considering the period after 1960, for
which information is available on all indicators (1970 in the case of
energy consumption), it can be seen that growth factors of the latter
three parameters are quite similar to those of sedimentation rates
obtained in the different study areas (with the logical exception of
Laguna de Pozuelos).
l rainfall and number of months with precipitation above 200 mm, and river discharge
ribution and length of records).
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Economic growth related to farming activities has increased
anthropogenic pressures, through deforestation, overgrazing and
poor farm management practices in general. Deforestation in the
basin exceeds 26% and unsuitable practices have been identified in
more than 60% of farmlands (Tucci and Clarke, 1998, Grau and Brown,
2000; OAS-UNEP, 2005; Viglizzo and Frank, 2006; Boletta et al., 2006;
Gaviño-Novillo et al., 2007; Izquierdo and Grau, 2009). Those
activities seem to be the drivers that enhanced erosion and mass
wasting processes and led to greater sediment generation.
Fig. 8. Heavy metal composition in core RP 1 (please note that heavy metal analyses we
But, as indicated above, sediment supply to the Paraná comes
mainly from the W–NW part of the basin, in particular the upper
Bermejo River, a tributary to the Paraguay River, itself the main
tributary to the Paraná (Brea et al., 1996, 1999a,b,c). Therefore,
comparison between sedimentation rates and human drivers could be
more appropriate if only that part of the basin (which coincides
essentially with the Argentine part) were considered. Fig. 12a, shows
trends for human drivers in the provinces within the basin, and
Fig. 12b the ones for the provinces of Salta and Jujuy, roughly
re performed for 3 cm thick layers, not 1 cm as in the case of 210Pb determinations).



Fig. 9. Area progradation of the Paraná Delta.
After Forte et al. (2008).
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coincident with the upper part of the former basin. The picture is not
very different from the one previously obtained; if anything, socio-
economic indicators at this scale show an even faster growth than at
national level.

We are well aware of the limitations inherent to the analysis
presentedhere. Data so far available are clearly not sufficient to consider
the model proposed as valid, among other reasons because of the
Fig. 10. Population (a) and GDP data (b) for countries in the Río de la Plata basin and Br
Groningen Growth and Development Centre, University of Groningen, 2006) as well as Sta
UN; in year 2000 US).
different resolutions of the various types of data used. They must be
considered to represent only an initial, rough characterisation of the
processes analysed in the basin, but they are reasonably coherent
among themselves and with the model. The stability of sedimentation
rates in Pozuelos is logical because neither natural nor human drivers
show significant changes. Similarly, the fact that rates grew more
markedly in Barra Bonita than in the Pantanal can be explained by the
azil+Argentina since 1900 (data from Historical Statistics for the World Economy.
tes (Brazil) and provinces (Argentina) within the basin since 1960 (data from ECLAC,
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fact that in the latter human influence ismuch stronger, and exerted to a
great extent through activities that disturb land surface much more
intensely (extraction of construction materials, urban-infrastructure
development, and sugar cane cultivation), thus significantly contribut-
ing to sediment generation. These activities were also significantwithin
the Pantanalwatershed, but here land-use changes related to vegetation
clearing for cattle breeding seem to have been an important factor too.

One implication of the model proposed is that, other factors being
equal, there should be a relationship between the intensity of human
influence and sediment generation in different basins; in other words,
the more intense the former the greater the latter. The present
analysis focuses on the relative variation of sedimentation rates
(comparison should bemadewith absolute sediment yield) at specific
points, and deals with study areas that differ not only in the degree of
human pressure, but also in their physical characteristics. It therefore
cannot be used to test this prediction. It would be interesting to
Fig. 11. Data on socio-economic drivers for the Plata basin. Population, GDP (data from ECLAC
Centre, University of Groningen, 2006), cement consumption (Asociación de Fabricantes de
(ECLAC, UN), crop area and livestock load (data from FAO).
analyse different basins to attempt establishing the relative contri-
bution of different landscape evolution drivers (relief, tectonics,
hydroclimate, and human activity; Summerfield and Hulton, 1994;
Hovius, 1998; Summerfield, 2000, Turner, 2006; Slaymaker et al.,
2009) to sediment generation, using GDP km−2 as an indicator of
“human geomorphic pressure”.

The Río de la Plata is a basin of considerable dimensions that
can be considered to much better reflect possible global behaviour
than the small basins for which the model was initially conceived.
Thus, even though data presented cannot be interpreted as represen-
tative of processes for thewhole basin, it does not appear unreasonable
to think that the model could be valid at basin or larger levels. Results
obtained in different parts of the world (Varekamp, 1991; Huh and
Chen, 1999; Benoit et al., 1999; Cisternas et al., 2001; Kotarba et al.,
2002; Cundy et al., 2003) also suggest that sedimentation rate increase
is a fairly general phenomenon, perhaps of global extent.
, UN; Historical Statistics for theWorld Economy. Groningen Growth and Development
Cemento Portland de Argentina and Associaçao Brasileira de Cimento Portland), energy
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5. Conclusions

Some interpretations coherent with data so far available can be
advanced. We take them as hypotheses that deserve further testing.
Table 4
Growth factors for human drivers considered in the Plata basin.

Period Population Urban population GDP Crop are

1900–2005 10d ND 57d ND
1960–2005 2.2e 3.7e 5f 2.2
1970–2005 1.8e 2.4e 3f 1.7

a Brazil+Argentina; 1961–2005 data from FAO (www.fao.org/corp/statistics).
b Secondary energy consumption, Brazil+Argentina; data from ECLAC, UN (www.eclac.o
c Brazil+Argentina; data provided by the “Asociación de Fabricantes de Cemento Port

Portland (http//www.abcp.org.br). ND: no data available.
d Data for Argentina and Brazil (Historical Statistics for the World Economy, 2006).
e Provinces (Argentina) and states (Brazil) within the basin; 1960–2001 data from ECLA
f Brazil+Argentina (ECLAC and Historical Statistics for the World Economy, 2006; Angus
Sedimentation rates (and therefore, denudation) show signs of
acceleration in the basin and some significant sub-basins within it.
Increases observed in sedimentation rates are roughly one order of
magnitude within a century. That augmentation can hardly be
aa Livestocka Energy consumptionb Cement consumptionc

ND ND ND
1.6 ND 6.4
1.4 3.6 3.1

rg).
land de Argentina” (Anuario Estadístico, 2007) and Associaçao Brasileira de Cimento

C, UN (www.eclac.org).
Maddison).

http://www.fao.org/corp/statistics
http://www.eclac.org
http://www.abcp.org.br
http://www.eclac.org


Fig. 12. a. Population and GDP data for Argentine provinces (except Buenos Aires) in theW part of the basin, where most sediment is generated. b. Population and GDP data for Salta
and Jujuy (upper Bermejo basin).
Data from ECLAC.
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attributed to rainfall change, which in the southern part of South
America shows an increase of around 6–8% during the same period
(IPCC, 2007). On the other hand, it agrees with the findings of Spencer
et al. (2009), who point out the significance of human drivers of
landscape change in most environments or biomes of the world.

Potential drivers related to the modification of land surface by
human activities (especially those related to excavation/construction
and others that normally imply land disturbance) show, at sub-basin
and general basin levels, growth patterns and magnitudes that roughly
resemble those of sedimentation rates. Data obtained here suggest that,
although the importance of agriculture as a land transformation force
seems to be clear (Lambin and Geist, 2006), mining, quarrying, urban
expansion and infrastructure development could perhaps represent
greater contributions to sediment generation.

Data on rainfall/river discharge and analyses carried out by different
authors indicate that the enhanced hydrologic response of some rivers
within the basin cannot be satisfactorily explained by rainfall variations
only, and that increased runoff due to land surface changes is probably
playing a role too. Increases of both sediment generation andhydrologic
response are indicative of an intensification of geomorphic processes. It
is thus not unreasonable to think that other expressions of geomorphic
activity, such as landslides or floods, might have increased in a similar
way. It has been generally accepted (Dunne and Leopold, 1978) that
hydrologic and geomorphic effects of land-use changes are confined to
small basins, but results obtained here indicate that might not be
necessarily so and agree with findings presented by Latrubesse et al.
(2009) for another large river in South America.

However, as commented above caution should be taken to draw
conclusions from the results presented. Data are still limited and
perhaps that explains such a good fit with the hypothesis. Analysis of
results from northern Spain (Irabien and Velasco, 1999; Bruschi et al.,
2008) shows that, although most of them agree with the model,
sedimentation rates in some cores did not increase significantly. It
would be worth gathering additional data on these processes, for
particular sub-basins and the whole Plata basin as well as other
basins, to determine to what extent they conform to the suggested
pattern. Also, a greater number of cores should be dated to make sure
that the increase found in sedimentation rates in the points studied
also exists in other parts of deposition areas of the basins. If the
hypothesis is confirmed, it would help to better assess frequency
trends of hazards related to those processes.
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