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Abstract: In recent years, economic growth has produced a global change in
the demand for food, fibre and energy supply. This has gone together with
the globalisation of the agro-industrial production systems, leading to a
qualitative change in land use because of intensive use of technological
inputs. Uruguay, just as the other countries of the region, is part of this
phenomenon. The massive introduction of forest crops has been made over
native grassland ecosystems, replacing traditional productive activities of the
post-colonial period. Research on eucalyptus afforestation shows depletion
of the ecosystem services associated with grassland and loss of the resilience
capacity of the system. Impacts on soil organic matter, soil physicochemical
properties, the hydrological cycle and on biodiversity are analysed. This review
(with emphasis on Uruguay and the River Plata Basin) tries to contribute to
an integrated vision of the environmental consequences of current land-use
change.
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1 Introduction

In recent years, a fundamental change has been promoted within the global agricultural
sector, owing to biotechnological and agro-industrial development (Duarte et al., 2006;
McAfee, 2008). Unlike the Green Revolution, this sector conversion has focused on
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the fast expansion of a very small variety of cultivars, mainly clones and/or transgenic
ones (soybean, rice, cotton, maize and eucalyptus) associated with an intensive use of
agrochemicals and large productive units.

In the case of eucalyptus afforestation, the production of pulp for paper has been one
of the economic objectives that have determined its expansion. This phenomenon has
been associated with the migration of the pulp agro-industrial chain from the countries of
the northern to those of the southern hemisphere (Altesor et al., 2008) due to comparative
advantages (lower environmental requirements, higher yields, greater availability of raw
material and appropriate soils, permissive tax concessions, among others). This is the
case of business ventures like Botnia/Metsalito (Finland), ENCE (Spain), Weyerhaeuser
(USA), Stora Enso (Sweden/Finland), Portucel Soporcel (Portugal) and others that
have been established in Uruguay.

The controversy over the environmental risks and benefits of adopting genetically
engineered organisms is polarised around pro and anti-biotechnology groups, but the
current level of knowledge is frequently overlooked in this debate. A review of existing
scientific literature reveals that environmental risks and benefits are not sufficiently taken
into account (Wolfenbarger and Phifer, 2000; Panario, 2001; Reichenberger et al., 2007,
Bale et al., 2008).

However, the risks not only result from the use of these transgenic crops but also
from management associated to this new type of agriculture (Kumar et al., 2008). In the
case of eucalyptus plantations — being a permanent crop composed of fast-growing
tree species or clones — their environmental impacts are directly associated with their
commercial purposes (van Dijk and Keenan, 2007). These objectives determine the type
of management of this plantation, its density (number of trees per land unit area) and turn
(time between harvests), which are usually short (under 10 years). In the case of higher
density and shorter turns, the expected environmental impact will be potentially greater,
particularly on the soil.

The current productive reorganisation of the territory has also implied the
displacement of traditional rural activities — such as cattle raising or the production of
grains and oilseed crops — towards less productive lands or a drastic reduction in their
extension causing rural migration and loss of food safety. These displaced productive
items had evolved in the country since the post-colonial time and strengthened after
1870, when in Uruguay wire fencing of the country was decided.

At present, in Uruguay, there are almost one million hectares of tree plantations,
mostly composed of eucalyptus and pine trees. Within that area, some 500,000 hectares
are controlled by three of the above-mentioned transnational corporations (Redes, 2008).

Expansion processes of tree plantations and the associated concentration of land
property, have gone hand in hand, and are directly related to the late 1980s new Forestry
Law. Through this law, the State promoted afforestation in an articulated way with the
private export sector, including a number of benefits such as economic and financial
incentives.

Since its inception, the forestry project was mainly defined for the production of
raw material for the pulp and paper industry — from eucalyptus wood — which was
reflected in the species composition of plantations undertaken since the early years of
its implementation.

Capital investments from the forestry sector have been sufficiently strong to make
decision makers minimise the associated social, economic and ecosystem negative
impacts. In part, this is justified by the recurrent denial (and in some cases because of
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ignorance) of the environmental costs (or liabilities) due to the effects on ecosystem
services given by productive activities from the use of natural resources (Panario and
Gutiérrez, 2007). As a result, the State has only evaluated the benefits of the forestry
activity on the Gross Domestic Product (GDP) and the Balance of Payments, but has
not taken into account the externalities associated with the gradual loss of ecosystem
services (environmental liability). These services, which are not valued nor regulated by
the market, are vital for human society: clean water, runoff control, aquifers recharge,
biological control of plagues, conservation of biodiversity, carbon accumulation or the
retention of polluting agents, among many other services (e.g. Alexander et al., 1997;
Daily et al., 1997; Bishop and Landel-Mills, 2002; De Groot et al., 2002). Nevertheless,
according to Costanza et al. (1997), the economic global value of services without a
market price may exceed the GDP of a country.

2 Land use/land change in the Rio de la Plata Basin

As in great part of the River Plata Basin, grassland vegetation in Uruguay is part of the
so-named Pampa Province (Cabrera and Willink, 1973; Morrone, 2001; Morrone, 2006),
more specifically the Uruguayense District (Cabrera, 1971; Cabrera and Willink, 1973;
Cabrera, 1976) (Figure 1). This district covers an area of about 400,000 km?, which
includes most of the Uruguayan territory, the south of Brazil and part of the eastern
region of Argentina. In Uruguay, this surface represents almost 80% of its territory and
includes vegetation communities of a great diversity of species (~2000) predominantly
herbaceous.

Figure 1 Location of the reference zone. Light grey indicates the limits of the River Plate
Basin. In the figure on the right, dark grey shows the limits of the Pampa
Province (Cabrera and Willink, 1973; Morrone, 2001; Morrone, 2006)
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The state of preservation of the pampas grasslands and the soil associated to these has
declined because of the historical development of cattle raising (Panario and Bidegain,
1997; Altesor et al., 1998) and agriculture in the Rio de la Plata Basin. In the last
decades, this generalised process of deterioration has been increased with the advance of
the soybean and eucalyptus crops. Thus, according to Paruelo et al. (2006) the expansion
of soybean in Argentina and afforestation in Uruguay are two of the most important
transformations happened in the grasslands of the Rio de la Plata. These facts are
part of a broader and previously existing phenomenon: the ‘agriculturisation’ of
the extensive productive systems. This phenomenon does not happen only in Uruguayan
and Argentinean territory, but it is also seen in other countries of South America,
such as Bolivia, Brazil and Paraguay (Eva et al., 2004; Paruelo et al., 2004). The
‘agriculturisation’ is a particular (and frequent) case of change in the land use, where
the alteration of the vegetation cover constitutes one of the principal dimensions of
the phenomenon known as ‘Global Change’. Together with climate alterations and
changes in the atmosphere composition, the change in the land use has environmental
consequences which exceed the local or regional limits and are stated in a global scale
(Duarte et al., 2006; Paruelo et al., 2006).

In the matter, there is an increasing number of evidences which show the
consequences of the agricultural expansion on the climate, the carbon (Houghton, 2001;
Lal, 2005) and the nitrogen balance, the emissions of trace gases with greenhouse effect,
the biodiversity and the hydric balance (Houghton, 2001).

We must emphasise that the current land-use change is accompanied by a
technological qualitative change given by the intensive use of input (energy, machinery,
fertilisers and pesticides).

3 Uruguay: afforestation and land-use change

The drastic change of land use in Uruguay relies on the Forest Law (No. 15.939 of the
28/12/1987), its principal stage. Implemented through the Forest National Plan in 1991,
this law anticipated a series of economic and financial benefits (tax exemption, partial
reimbursement of costs, special credit lines and exemption from custom fees). To
complement these decisions companies under ‘corporation’ were allowed to acquire land
when their main use was forestry.

Moreover, the law provided a definition and delimitation of ‘soils of forest priority’
(Figure 2). However, the law did not disable afforestation activities in other type of soils,
so it is estimated that 23% of industrial plantations are mostly in fertile soils appropriated
for other activities such as food agriculture. This percentage comes from an analysis of
Landsat satellite 2007 images, compared with mapping units of ‘soils of forest priority’.

The impulse given by the multilateral cooperation and credit agencies to the forest
sector was accompanied by a conceptual distortion. That is, assigning the same attributes
and benefits of natural forests to afforestation: erosion control, fertility restoration,
climate regulation, regulation of river flows and maintenance of the ecological balance,
among others. Based on this confusion, promoters will then determine in which areas of
the country this activity would be convenient (Panario and Gutiérrez, 2007). This way,
a fallacious association arises: soils of forest priority are relatively sandy soils, well
drained, with medium or low fertility and productivity for meat or wool, and therefore
are ‘little productive’ for a country based on a heavy livestock economy. Nevertheless,
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this association of ideas ignores that they are really the most productive soils for summer
crops (maize, citrus), horticulture (cucurbits) among others. But it mainly ignores the
hydrologic connectivity and the contribution of high basins to ecological integrity at
regional scale (Freeman et al., 2007) and that they are also the most important areas for
the production of runoff water useful for other productive uses.

Figure 2 Dark grey indicates the distribution of ‘priority forest soils’ in relation to watersheds
of greater socio-economic importance in Uruguay: Santa Lucia River Basin which
supplies drinking water to over 60% of the urban population of the country; both
Tacuarembo River and Negro River Basins provide the hydroelectric dams that
produce 39% of hydropower generation and Laguna Merin Basin which is the main
basin of irrigation for rice crops and wetlands enrolled in the RAMSAR Convention
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From a farming total surface of more than 16,000,000 ha (MGAP-DIEA, 2009), the soils
declared as of forestry priority by Law 15.939 (28/12/1987), occupied a surface of near
3,600,000 ha. But through 2006 (191/06 y 220/06) regulation decree, they have increased
in approximately 400,000 ha. This modification — closely related to the arrival of new
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investors — leads to a situation where the surface originally included in Law 13.723
(16/12/1968), turns from the 11% to the 25% of the farming surface of the country,
which means more than the double of the original one.

In this political decision the underlying idea is that the whole of these lands have a
medium or low productivity in relation to other farming uses, but they have a common
high potential for tree plantation. They are, in general, sandy soils, sandy-clayey or/and
with rocky or stony outcrops, distributed in different zones and cartographied in a
detailed level by CONEAT (1979) (See Figure 2).

Nevertheless, we should take into account that not all the ‘forestry priority’ soils
are equally appropriate for the growing of some eucalyptus species, particularly, for
those species with a greater demand of nutrients, as those assigned for pulp industry
(Eucalyptus globulus and E. grandis). Due to low fertility, frost, deficient drainage and
other elements, many of these soils are not suitable for eucalyptus or may not be
profitable for commercial purposes.

Eucalyptus has a greater demand of humidity than grassland ecosystems. As they are
introduced by replacing grasslands, they will release a minor surplus of water, which will
be expressed through the net performance of the hydrographical basin and the available
water from the recharge of the phreatic layers (Nossetto et al., 2005). This way, changes
on the hydrological cycle will be expected when in a basin we introduce a high-density
fast-growing tree plantation covering a significant area of its high slopes.

Current trends show a wide spreading of E. globulus plantations towards the east
of the country because of comparative advantages, essentially climate and sanitary ones.
This species is expected to be almost exclusively for the pulp production purpose (just as
50% of the plantations of E. grandis) for the next years. The reference zone is the Laguna
Merin basin and the high basin of Santa Lucia River, where — as anticipated — Portucel
Company will set up. This zone represents the source of the waterway drainage for
irrigation and drinkable water purposes respectively. At the same time, northern and
northeast soils are located in the principal hydroelectrical dam system of the country
(See Figure 2).

4 Afforestation and environmental impacts on grassland soils

4.1 Grassland and soil organic matter

The scientific literature review shows the importance of grassland soil organic matter as
a first-order issue in the analysis and understanding of the scope of the impacts of the
conversion of grasslands to fast-growing forest crops.

Soils are the main carbon sink, as they accumulate 75% of the total organic carbon
of the earth (Henderson, 1995; Paustian et al., 2000). Accordingly, a change in land use
can exert a strong influence on its reservoir, even in a time scale of decades or centuries.
This has aroused the interest of scientists, particularly from the commitments made by
countries in the agreements on climate change. However, agreements such as Kyoto
Protocol only recognise - as mitigation activities in CO, emissions - to those promoted
by humans, such as forestry activities. Thus, there is a change in the way of thinking
land use and land cover. These mitigation proposals could determine that the current
agricultural production systems became part of a new market, the market for the sale of
‘environmental services’ as carbon sinks.
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This new proposal for the global agricultural sector could be accepted without
objections, but these programmes, in many cases, promote the substitution of native
vegetation. This is the case of the replacement of natural grasslands by fast-growing
trees. However, under this new conception of land use, the role of soil carbon in the
global balance of this element has not been properly taken into account.

4.1.1 C-sink and grassland soil

Among the whole soil properties potentially affected by the progress of afforestation, the
native reserve of organic matter is a key factor since a change in content and/or quality
affects directly or indirectly on other edaphic parameters (e.g. Huntington et al., 1989;
McBride, 1994; Sikora and Stott, 1996; Seybold et al., 1997; Povirk et al., 2001;
Magquere et al., 2008). Thus, in the case of South American grasslands, the introduction
of eucalyptus afforestation has resulted in a significant reduction of the accumulated
organic matter in the grassland soil (e.g. Jackson et al., 2002; Carrasco-Letelier et al.,
2004; Jobbagy et al., 2006; Céspedes-Payret, 2007). At the beginning, this loss can be
explained, through the effects of the soil tillage and herbicide application during the early
stages of the crops development (Paul et al., 2002).

After afforestation there are qualitative and quantitative changes in the soil organic
matter, its turnover and spatial distribution (Paul et al., 2002; Céspedes-Payret, 2007).
There are also drastic changes in soil biota microorganisms after the land-use change.
The cultivation of eucalyptus is supposed to be the beginning of existing grassland
carbon mineralisation (Cc4 in afforested soils of Uruguay) and of the synthesis and
mineralisation of soil organic matter (Cc;) under eucalyptus. Surveys which have
analysed the isotopic relation based on & '°C have estimated the residence average time
of both carbon fractions (Six and Jastrow, 2002). The results show a strong initial fall of
organic carbon of the soil after afforestation, which could eventually be restored in a
space of time (Paul et al., 2002). According to the surveys carried on in Uruguay, the soil
carbon balance is deficient even in 30-year old plantations (Céspedes-Payret, 2007).
It would be worse with the present short turn under 10 years. Therefore, under these
circumstances, the validity of the sale of ‘Carbon Credits’ (ecosystem services) as carbon
sink should be analysed in forest plantations for industrial purposes.

In the examined cases for Uruguay (soil of medium to low fertility), the carbon
balance is negative (Kaemmerer, 1979; Carrasco-Letelier et al., 2004; Céspedes-Payret,
2007) and therefore this trade is scientifically groundless. The same could be argued for
similar environmental conditions and crop management in the region.

4.2  Effects of cultivation on the physical and chemical properties of soils

One of the best-known impacts of the afforestation is its effects on the physicochemical
properties of the soil (e.g. Burch et al., 1989; Bolin and Sukumar, 2000; Ferreira et al.,
2000; Soares and Almeida, 2001; Guo and Gifford, 2002; Jackson et al., 2002; Jobbagy
and Jackson, 2003; Whitehead and Beadle, 2004; Jobbagy et al., 2006).

With the afforestation, a series of electrochemical changes occur in the soil resulting
in a sudden reduction of pH, an increase of Al*", a fall of the content of Ca", among
other variables (e.g. Jobbagy and Jackson, 2003). Authors as Farley et al. (2008)
conclude that the grassland afforestation has a consumption of water and cations (mainly,
Ca®" and Mg”") 30% higher than the original grassland, generating the acidification of
soil and water runoff.
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Impacts are essentially evident in the first few centimetres (A horizon), that portion
of the soil where not only the production of agricultural goods is based, but also the
production and reproduction of other goods that nature provides to society: the ecosystem
services.

The whole electrochemical and physicochemical changes that characterise these
impacts finally reach their expression at physical level in the structure of the soil, through
the gradual increase of its bulk density (Geary, 2001; Céspedes-Payret, 2007) with its
impacts in the storage and conduction of water from soils to aquifers.

4.3  Soil and water supply

The runoff from both surface and subsurface and the aquifer recharge depend on the
climate and soil characteristics, intrinsic or generated as a result of human activities.
Any significant change in vegetation cover leading to alter the properties of soil will
necessarily produce a change in the dynamics of water and thus in the hydrological cycle
(Ridolfi et al., 2006; Scalon et al., 2006; Jobbagy and Jackson, 2007; Jobbagy et al.,
2008; Morgan and Barton, 2008; Nosetto et al., 2008; Santoni et al., 2008; Vanclay,
2009). The well-known impacts of grassland afforestation on the decrease of soil
moisture (Heuperman, 1999; Soares and Almeida, 2001; Vertessy et al., 2001; Jobbagy
and Jackson, 2004; Engel et al., 2005) are associated not only to land-use change but
to multiple factors as the type, age and density of the implanted trees (Lane
et al., 2005; Bren and Hopmans, 2007). That is, the impacts resulting from these crops
cannot be evaluated by the individual action of each forest enterprise (at plot scale),
but by the joint action of all forestry projects within the basin, as well as the spatial
distribution of them.

Another determinant of demand for water is how vigorous the plantation is. Available
data show that water consumption will be greater as higher the production achieved by
the eucalyptus plantation (Vertessy et al., 2003). In Uruguay, these yields are from an
average of 10.7 tons (Sorrentino, 1991) to 15 tons of wood per hectare/year (Panario
et al., 2006).

In the literature, different ways of measuring the eucalyptus water consumption,
made by different authors and for different environments, indicate that the values
registered vary in a range of 1.8-5 g of aerial dry wood or dry organic matter per litre
of water (Pereira, 1986; Wong and Dunin, 1987; Lima, 1993; Whitehead and Beadle,
2004; Jiménez et al., 2007). In more humid regions, such as Argentinean Pampa,
afforestation implanted on grassland soil show evapotranspiration rates of 2—3.7 mm/day
(Engel et al., 2005).

In addition, the eucalyptus crops annual water consumption can be very variable
according to the different cases, depending on the availability of water in the system.
This variation can reach a range between 400 and more than 1500 mm/year (Calvo de
Anta, 1992). For this author, the crop estimated demand of water (potential consumption)
seem to approach 1200 mm/year. Similar values are registered under pine plantations.

In a survey over 5 years, Shiva and Bandyopadhyay (1987) demonstrated that in
terms of lower than average rainfall 1000 mm/year, eucalyptus caused a shortage of soil
moisture and groundwater. This deficit was compensated only by one of the years when
rainfall reached almost 1500 mm, worth more than the average of Uruguay throughout
its territory.
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In Uruguay and the region, the issue arises about the possible summer uptake
of water from the sub-surface aquifer by eucalyptus, given the broad and extensive
development of its root system. Here, the issue becomes more serious when the
eucalyptus root system reaches the water table. On the matter Calvo de Anta (1992) and
Farley et al. (2005) indicate that examples of this type are relatively frequent in edapho-
climatic deficient zones. For Uruguay, Sarli (2004) reported that the NDVI (Normalised
Difference Vegetation Index) in eucalyptus plots in drought years shows little change or
even increases in relation with grassland, thus indicating that they are using another
source of water (superficial layers) for its growth. In the case of the grasslands of the Rio
de la Plata basin, a comparative survey performed in two paired watersheds of Uruguay
(Lavalleja) and Argentina (Cordoba) shows that their hydrologic yield was reduced
by 50% after the implantation of eucalyptus crops (Jobbagy et al., 2006). Moreover,
another survey performed in the north of Uruguay, in a river basin of natural grasslands
of ~2,000 km?, especially indicates that the annual hydrologic yield decreased, especially
in the summer, after a 25% of its surface was cultivated with eucalyptus (Silveira and
Alonso, 2004; Silveira et al., 2006). Salvo et al. (2003) for the period 2001-2003
evaluated the hydric regime of a sandy soil in the NE of Uruguay, concluding that the
soil under E. grandis always had a significantly lower water content than the soil under
grassland, both winter and summer.

On the other hand, Nosetto et al. (2005) made a survey in the Argentinean coast of
Uruguay River (Concordia, Entre Rios) in 117 paired plots covered by eucalyptus or
grassland, in order to estimate the value of the evapotranspiration by means of
LANDSAT satellite images (for seven dates). The results indicate that from annual
rainfall of 1350 mm/year a hydrological yield of 720 mm/year under grassland
and 200mm/year under afforestation could be obtained (as predicted by Holmes and
Sinclair, 1986; Vertessy et al., 2001, Zhang et al., 2001). This fall, more than 70%, could
affect the drinking water supply at the local level and the generation of hydroelectric
power at the regional level. Moreover, in years of drought, afforestation could cause a
total reduction of some flows. It should be noted that increases in the rates of
evapotranspiration under the same rainfall conditions limit available water for other
outflows (runoff or groundwater recharge), which are responsible for aquifer recharge
and river yields.

Farley et al. (2005) evaluated the changes in the flow delivered in 26 pairs of river
basins in pasture regions of four continents, after being afforested. The results include
504 observations of annual flow, and show an average fall of 39% in their hydrologic
yield in the afforested river basins. In another work, Jackson et al. (2005) indicate
that over more than 600 observations made on 504 annual catchment observations
corresponding to 19 countries and five continents plantations decrease stream flow by
227 mm/year globally (52%), with 13% of streams drying completely for at least 1 year.

Another already known phenomenon for decades and observed in Uruguay - which is
significant in relation to aquifer recharge - is water repellency (hydrophobicity) in the
first few centimetres of soil (Panario et al., 1991; Gutiérrez et al., 1993), and more severe
drought conditions during summer in the first centimetres of soil under eucalyptus and
pine (Ferreira et al., 2000). This is a phenomenon associated to the great proliferation of
a few species of fungi, whose dense web of mycelia (filaments) — of hydrophobic nature
— gradually lead to limitations in the soil capacity of humidifying and water infiltration
(Bond and Harris, 1964; DeBano and Rice, 1973; Sevink et al., 1989; Scott and Van
Wyk, 1990; Panario et al., 1991; Gutiérrez et al., 1993; Ferreira et al., 2000).
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With regard to the values of Evapotranspiration (ET), some surveys have registered
values of around 1000 mm. They were performed in river basins afforested with
eucalyptus in regions with a rainfall greater than 1200 mm/year, while for a rainfall of
the order of 500 mm/year, ET is around 450 mm. In the case of pine plantations, the
average annual evapotranspiration is not significantly different (Poore and Fries, 1985).

Facing a possible hydric deficit due to plantations, it is possible to expect a worsening
of the effects of the droughts as (1) reduced availability of water for other farming
productions and industrial activities, (2) shortage of water supplies to towns,
(3) difficulties in the generation of hydroelectric energy and (4) modification or
destruction of wetlands, as well as of lotic and lentic systems.

4.4 Pesticides in the soil

Soil is one of the ecosystem components with greater incidence in the dynamics of
agro-chemical residues in the environment (Bohn et al., 1979). Thus, it is able to regulate
their transport through sorption/desorption, chelation and complexation processes, or by
processes of transformation and degradation through the activity of microorganisms and
mesofauna (Martins et al., 2007; Berkowitz et al., 2008; Magga et al., 2008; Pessagno
et al., 2008). These properties are a direct function of complexing ligands like citric,
oxalic and galic acids, but essentially of more structured complexing acids, like those
included in the humic and fulvic soluble fractions (Evans, 1999). Soil organic matter
emerges, once more, as a key component to the extent that its degree of availability in the
soil conditions the formation of humic-clay complexes. These complexes are critical in
determining the amount and distribution of micropores of the soil and consequently,
in the dynamics of gases in the respiratory activity and in the amount and distribution
of the specific surface of ligands (Sposito, 1989). Both factors exert a direct action
on the residues of agrochemicals such as glyphosate (Sundaram and Sundaram, 1997,
Borggaard and Gimsing, 2008) whose action, persistence and bioaccumulation in the
environment is still the centre of scientific controversy.

4.4.1 The fate of glyphosate

Land-use changes in Uruguay in the last decade and the expansion of glyphosate-tolerant
crops and afforestation have been accompanied by the use and import growth of
glyphosate [N-(phosphonomethyl)glycine]. Some data in Uruguay are eloquent: in the
1990s, the total area occupied by the soybean and eucalyptus crops was 500,000
hectares, and the import of glyphosate was of 1,000,000 kg of active ingredient. In 2007,
that area reached 1,400,000 ha and glyphosate imports grew to 6,000,000 kg of active
ingredient (MGAP-DF, 2009; MGAP-DGSSAA, 2009; MGAP-DIEA, 2009) (Figure 3).

In Uruguay, pesticides have been detected in several compartments: blood of exposed
and non-exposed populations (Boroukhovitch, 1998), fat and human serum (Rampoldi,
2002; Mafiay et al., 2004), soil and water (CARU, 1993; Janiot et al., 1994; Deambrosi,
1996), and food (Dellacassa et al., 1999, Manay et al., 2004). As in the rest of the world,
the glyphosate is the most commonly applied herbicide in Uruguay (near 80%, MGAP-
DGSSAA, 2007) and more than 100 clinic cases of human health problems have been
reported (Burger and Fernandez, 2004).
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Figure 3  As the chart shows the growth of the area of forests and soybean crops is associated
with increased imports of glyphosate in Uruguay (MGAP-DF, 2009; MGAP-DGSSAA,
2009; MGAP-DIEA, 2009) (see online version for colours)
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Justifications used to defend the use of this herbicide are, among others: (1) glyphosate
is rapidly inactivated in soil and water, (2) it is immobile and does not leach soil
(Christoffoleti et al., 2008; Duke and Powles, 2008), (3) it is nearly impossible for
glyphosate resistance to evolve in weeds or it may be minimised by simple management
measures (Christoffoleti et al., 2008), (4) it has a low irritation potential in eyes and skin
and therefore no risk to human health, and (5) it is environmentally safe (Duke and
Powles, 2008; Gustafson, 2008).

However, evidence shows that glyphosate (1) is very persistent in soils and sediments
(Eberbach, 1998; Fomsgaard et al., 2003; Laitinen et al., 2006), (2) can be easily
desorbed from the particles, be highly mobile in the soil and leach to the lower soil
(Vereecken, 2005; Borggaard and Gimsing, 2008), (3) can be carried by soil particles
suspended in water runoff (Skark et al., 1998), (4) is chemically stable in water and is not
tied to photochemical degradation (FAO/OMS, 1986), (5) tops the list of pesticides that
cause poisoning in several countries (Royal Society of Chemistry, 1997), including
Uruguay (Burger and Ferndndez, 2004), (6) causes a set of acute symptoms, including
recurrent pruritus, respiratory problems, blood pressure increase and allergic reactions
(Burger and Fernandez, 2004), (7) has led to the emergence of a glyphosate-resistant
ryegrass (Bergelson et al., 1998), (8) is toxic to some beneficial arthropods and predators
for agriculture (Locke et al., 2008), (9) increases the susceptibility of crops to diseases
(Locke et al., 2008) and (10) has harmful effects on the tadpoles of some species of frogs
(Relyea, 2005). Moreover, phosphate fertilisers may inhibit the adsorption of glyphosate
in soil, keeping it available (Simonsen et al., 2008).
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Despite the existence of recent reviews about the glyphosate, the references are still
scarce at understanding the role of soil on the dynamics of this herbicide (biodegradation,
average time of residence, bioavailability, or transport), its degradation products and
surfactants in the soils. Perhaps the controversy regarding the effects of glyphosate-based
products could be explained by the level of specialisation of the disciplines, which
deal with the subject. Nevertheless, an advanced knowledge of the cause-effect relation
of this herbicide in the environment does not imply a deeper understanding of the
conditions that determine its mean residence time in cultivated soils and consequently its
accumulation and later bioavailability. The contribution provided by those surveys
conducted to understand the effects of the land-use change could contribute to surpass
those differences from an edaphic point of view. However, the bioavailability of
polluting agents as glyphosate is essentially determined by the history of soil use which
determines the quantity and quality of organic matter.

4.5 Impacts on biodiversity

The biological diversity can be defined as the property of the different living beings to
be varied. Thus, each class of being (gene, cell, individual, community or ecosystem) is
expressed in each and all the hierarchic levels of nature, from molecules to ecosystems
(Solbrig, 1991). This way, biodiversity does not only depend on species richness, but also
on the genetic diversity found within each species, on alpha diversity, i.e. community
or habitat diversity in a site, on beta diversity, i.e. temporal or spatial variability of
the species within a narrow range of habitat variability, on gamma diversity, i.e. the
variability of the landscape within a single ecosystem, and finally it depends on the
interactions that occur among these different hierarchical levels in space and time
(Halffter and Moreno, 2005).

Biodiversity is used as a parameter to measure the direct or indirect impact of
human activities in the ecosystems, particularly, the transformation and simplification of
their biotic structure (Halffter and Ezcurra, 1992; Moreno, 2001; Halffter et al., 2005)
and from its condition the capacity of resilience of the ecosystem can be inferred.
The simplification of the biotic structure is the consequence of the present model of
agro-industrial development based on a small number of cultivars. This simplification
generates the replacement of a self-organised and resilient system by another much
simpler one that is dependent on exogenous income regulated by economic variables.
The territorial advance of agriculture over entire habitats produces their irreversible
disappearance and, in this way, a generalised process of genetic erosion and loss of
resilience. The simpler the cultivar management is (structurally), the greater the impact
can be. It is also important to take into consideration the eco-physiological characteristics
of the species and variety implanted in relation to those which are replaced. That is, the
greater the functional differences of implanted populations with the preexisting ones,
greater will be the impact of the land-use change. Also, the larger the size and closeness
between productive units are, and greater the intrinsic biodiversity of the habitat affected
by the change, greater will be the impact of land-use change.
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In the case of Uruguay, this would determine that the implanted afforestation model
will maximise these impacts:

1 Its eco-physiological requirements differ substantially from those of grassland which
have co-evolutioned with the other ecosystem components. This is not only because
the crop is monospecific, but because of its condition of fast-growing tree.

2 Present management units are usually contiguous and greater than 1,000 ha,
sometimes occupying almost all units of soil or site that characterise a habitat.

3 In Uruguay, these productive units also cover biological corridors of importance,
as the highlands named ‘Sierras del Este’, located in the east of the country
(in particular in its NE portion) which today have a low level of disturbance, and are
characterised by mottled patching of grassland, associated to the presence of small
native forest, isolated trees and shrubland.

4 They cover the areas defined as of great diversity of ligneous species (Grela, 2004)
naturally associated to a great diversity of fauna, endemic species, as well as,
according to Brazeiro et al. (2008) a greater proportion of mammals in danger of
extinction (Figure 4).

Figure 4 Geographical distribution of the number of threatened species of mammals in Uruguay
(Brazeiro et al., 2008) and the distribution of ‘priority forest soils’
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5 Summary

The transfer of tree plantations and pulp mill industry towards the Rio de la Plata basin is
basically due to a series of advantages in the current worldwide context. Among other
advantages, lower production cost of raw materials, access and use of water for free,
cheap land, fertile soils, legal gaps, lower requirements on environmental control, tax
exemptions are considered.

The intensity in the use and management of the natural resources affected to these
large-scale production systems brings along a series of still unknown environmental
disruptions. These disruptions include not only those specific to the cellulose pulp
extraction process, but also those involved in tree plantations, i.e. the production phase of
raw materials. In this phase, these disruptions are not so evident and easy to measure.

Nevertheless, there is a considerable amount of scientific background to say that the
grassland afforestation leads to an alteration of the physicochemical properties of the
original soil, a decline in the yield of water in the catchment’s area and water table,
causing a severe negative impact on biodiversity.

An increase in the environmental liability is the economic result of the impact on all
soil and water parameters affected by the conversion of grassland to tree plantations.

The loss of ecosystem services provided by the grassland becomes an increase in
direct and indirect spending by the State. In fact, in a shorter or longer term, the State
will have to bear the costs of externalities (e.g. erosion and flood control, pronounced
droughts hydric deficit mitigation, replacement of soil nutrients with synthetic fertilisers,
pest control through synthetic compounds, etc.).

As noted, the global value of services without a market price may exceed the GDP
of a country.

From a social point of view, the summarised aspects result in a reduction in the
margins of freedom in terms of food safety. Food production in the next years, and
the access in amount and quality to them, constitutes one of the major challenges. The
accesses to other minor goods of social consumption as the cellulose pulp is not so.

Future research should further study these and other environmental impacts and also
about the limits of resilience of the affected systems. But above all, enough information
is not available yet, and requires further complex interdisciplinary approaches.
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Note

1 CONEAT groups are not strictly soil basic cartographic units, but they constitute
homogeneous areas in terms of productive capacity of cattle meat and wool.



