Land degradation is an old and serious problem for many
communities throughout Chile, with adverse impacts on
agricultural productivity, food security and rural liveli-
hoods. Numerous connections to other environmental
problems such climate change, biodiversity losses,
droughts, etc., have been observed, which calls for action-
orientated science. It is not the intention of this chapter to
review the contested field of definitions of land degradation.
Instead, we apply the following wide description of the
process: Land degradation is a long-term loss of ecosystem
function and service, caused by disturbances from which the
system cannot recover unaided (UNEP 2007).

Regardless of any ultimate definition, the problem is
exacerbated by humans and soil degradation manifests itself
in at least two very serious environmental expressions, a
quantitative and qualitative reduction in soil quality
(Table 4.1).

Only considering the Metropolitan Region, around
14,000 ha of arable soils (Land Capability Classes [-1V)
located in the floodplains of Santiago’s rivers were lost
between 1989 and 2003. In addition, another 5,500 ha of
non-arable soils (Land Capability Classes V-VIII) from the
Andean piedmont have disappeared as the result of urban
land use (Romero and Ordenes 2004). This urban sprawl is
illustrated in Fig. 4.1.

As regards land lost to mining, there are 746 abandoned
mining dams in Chile which store around 749 million m> of
tailings and cover an approximate area of 192,107 ha
(Ginocchio 2011). Figure 4.2 shows two examples of these
dams in extreme zones of Chile, which are normally
exposed to seepage, dust, long-term erosion, bio-intrusion
etc. Regarding landfills, another important anthropogenic
invasion of soil in Chile, at least 300 sites within its territory
have been authorised or earmarked for disposal of wastes of
different origins (household, industry and construction).

It is also necessary in this context to take account of a
major hydroelectric project involving dams in Chilean
Patagonia, which will obviously result in quantitative losses
of edaphic national patrimony due to flooding of wide
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trough valleys in a pristine landscape of 5,900 ha in area
(artificial lakes on the Baker and Pascua rivers). This project
has the potential to satisfy Chile’s growing energy needs,
but it is imperative try to explore every alternative in order
to prevent any long-term damage to zonal natural resources.
Pfeiffer et al. (2010) describe Histosols, Entisols and In-
ceptisols in the zone, but additional area and other impor-
tant soil orders will be affected along nearly 2,400 km of
energy transmission lines (pylon alignment) to northern
Chile.

From a general point of view, the mining sector in the
centre and north, growing pressure of agriculture in the centre
and south, and deforestation in the south of Chile are the main
causes of soil degradation caused by man. It is important to
note that growth and over-concentration of population and
industrial activity around the principal cities are also
increasing concerns related to soil degradation processes.
Moreover, the scenario becomes more complex and worrying
when intense desertification processes are included.

Although generalised, two maps presented by FAO
(scale 1:10,000,000) for Chile give a general spatial idea of
soil constraints and human-induced soil degradation in the
country (Fig. 4.3).

Therefore, it is within this context that the present
chapter aims to describe the relevant human induced pro-
cesses in Chile, considering the Barrow (1991) concept of
erosive and non-erosive (physical, chemical and organic)
soil degradation processes.

4.1 Erosive Soil Degradation

Soil degradation by accelerated erosion is a serious concern,
especially in developing countries of the tropics and sub-
tropics. In Latin America and the Caribbean in particular,
the extent, severity and economic and environmental
impacts of soil degradation are the subject of continuous
debate, with uncertain magnitude for the twenty-first cen-
tury. Moreover, estimates of the regional land area affected
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Table 4.1 Main human-induced soil degradation problems observed
in Chile

Quantity

reduction
Uncontrolled
urbanisation
Mining wastes deposits
and landfills
Losses by accelerated
erosion

Quality

reduction

Physical quality changes ~Compaction and

crusting
Subsidence
Waterlogging

Chemical quality
changes

Excess and depletion of
nutrients

Acidification/
alkalinisation

Salinisation

Pollution (heavy metals,
pesticides,
industrial wastes)

Biological quality
changes

Organic matter changes

Biodiversity changes

are tentative and subjective, with field measurements often
technique dependent (Casanova et al. 2010a). Although
natural erosion occurs on most landforms in Chile, as soon
as land is newly put into production the process increases,
triggering accelerated degradation that represents the main
focus for most control initiatives.

An abundance of valuable research has been developed
in Chile to create initial awareness among land users about
the seriousness of the erosion problem in their operations
(Rodriguez and Sudrez 1946; Elizalde 1970; Peralta 1976;
Contreras 1986; Vargas et al. 1998; Gayoso and Alarcon
1999; Lagos 2005; Ruiz 2005). In parallel to proposing soil
conservation practices, some engineering solutions are
being specified for soil erosion within an environmentally
acceptable level of reliability (Pizarro et al. 2009; Lemus
and Navarro 2003).

With the conviction that human-induced soil erosion is
only the symptom of a deeper problem—incorrect land use
and bad management—the main research emphasis has
moved to better land management and to identifying how
much and where soil is being lost in Chile.

Despite many parallel efforts in soil erosion research in
Chile, few initiatives cover other important human-induced
erosive processes such as streambank erosion, which is
accelerated by deforestation (Fig. 4.4), tillage erosion and
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harvest erosion (Homer and Casanova 2011). Varnero et al.
(2005) report that if grass cover (on soil) in the Metropol-
itan Region is not maintained, current extraction rates will
not only cause a decline in the sustainability of this activity,
but also the degradation of soils used for these purposes.
According to Arroyo et al. (2005), peat per se comes under
the Chilean Mining Code and, like any mineral, is consid-
ered to belong to the state, regardless of who the owner of
the land may be. Peats are being exploited commercially by
private companies (concessions granted) in the extreme
south of Chile (Region XI and XII) and transported about
2,500 km to central Chile for use in the fruit, horticulture
and mushroom industries.

Even though one could argue that the phenomena of
landslides, collapses and so on are natural, it is equally true
that human actions (mining, deforestation, fires, road net-
works, construction etc.) trigger these events to occur with
greater severity (Espinosa et al. 1985). Indeed, a clear
example is the change in productive land use in the Copiapd
Valley from the mid 1970s, with an increase in the area
planted with bush vines in the order of 236 % (Castro et al.
2009a, b). This has meant the introduction of significant
morphological changes, exceeding in many places the
morphodynamic thresholds, and generating impacts on the
morphology dynamic. These impacts are significant in
terms of increased vulnerability to mass removal occurring
in episodes of heavy rains associated with the El Nifio years,
with hazard for the resident population and agricultural
workers, and in generating significant loss of infrastructure.

4.1.1 Water Erosion
Conventional and nuclear methods, but also models and
remote sensing, have been used in Chile to assess soil water
erosion (Casanova et al. 2010b; Zapata et al. 2010).

Erosion pins have been recommended by Stocking and
Murnaghan (2001) and used by many Chilean researchers
from Coastal Range to Pre-Andean soils (Region VII) to
assess sheet erosion and monitor gully head advance
(Cuitifio 1999; Cartes et al. 2009). Likewise, Lagos (2006)
and Cerda and Jimenez (2003) observed an elevated vari-
ability of soil erosion and sedimentation in Region IV and
Region V, respectively. Youlton et al. (2010) reported that
in Region V, soil erosion increases after building downward
ridges (raised beds) along steep hillslopes, in particular
during the first winter, but decreases when trees grow, while
runoff increases. Thus, after 20 Mg ha~' of soil erosion
during the first year, erosion mitigation management (soil
cover) reduced erosion by 90 %.

Despite methodological problems connected with mea-
surement of soil erosion (Boix-Fayos et al. 2006, 2007),
plots of diverse types and sizes have been utilised in Chile,
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Fig. 4.1 Urban sprawl of Santiago city between 1541 and 2009 (MINVU 2010)

mainly with three objectives: (a) to characterise erosion
processes in different zones; (b) to calibrate/verify models,
both empirical and physical; and (c) to estimate soil erosion
rate for assessing, developing and verifying control
methods.

For example, for large and small plots, significant vari-
ations in runoff responses to rainfall rates were found by
Joel et al. (2002) on hillsides of rainfed central Chile. They
concluded that a characteristic minimum rainfall intensity
(2 mm h™") for the site, irrespective of plot size, is required
to generate runoff under continued rainfall conditions. This

suggests that spatial and temporal variability of runoff
generation across hillslides depends mainly upon the het-
erogeneity of soil hydraulic conductivity and rainfall char-
acteristics. Casanova et al. (2007) studied 18 erosion plots
(2 m x 1 m) at the same location (Fig. 4.5) and observed
that spatial variability of erosion rate depends on the geo-
morphological components (slope aspect and gradient) and
temporal variability depends on antecedent soil moisture
conditions. However, they also confirmed a concept of
‘critical slope gradient that represents a soil characteristic
inclination threshold on sediment yield.
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Fig. 4.2 Mining dams in Region IV (left Tambillo) and Region XI (right Laguna Verde) of Chile

Fig. 4.3 General environmental
constraints (left) and human-
induced soil degradation (right)
in Chile (http://www.fao.org,
Accessed 15 April 2011)

A study evaluating soil erosion as a result of tillage
systems was carried out on Andisols (foothills of the
Chilean Andes, Region VIII) by Rodriguez et al. (2000).
For four soil treatments (conventional tillage, vertical
ploughing, direct drilling and permanent pasture on
11 m x 3.6 m plots), annual erosion was found to be 19.3,
5.5, 3.0 and 0.64 Mg ha™", respectively.

The expansion in recent decades of fruit tree cultivation
to steeper hillslopes, considered marginal land for agricul-
ture in the past, is mainly comprised of production of table
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grapes, avocados and citrus on ridges in the Semi-arid zone
of Chile (Fig. 4.6), while in the Mediterranean zone, vine-
yards for high quality wine production are occupying fragile
sloping lands that were formerly protected by native forest.

In Region VI, where vineyards are normally aligned in
the direction of the steepest slope (Fig. 4.7), a study is being
carried out by University of Chile and the Chilean Com-
mission of Nuclear Energy (Casanova et al. 2009) to assess
water erosion control measurements. Mulch and/or organic
emulsion were applied to soils (Ultic Haploxeralfs) in 12
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Fig. 4.4 Streambank erosion at Region XI (left Chile Chico) and Region IX (right Laguna del Laja)

Fig. 4.5 Erosion plots at hillside of central Chile (Metropolitan
Region)

plots (2 m x 10 m), with preliminary results as shown in
Fig. 4.8.

A similar study (Casanova et al. 2011) is being con-
ducted on abandoned and degraded hillsides of Region IV
with 9 plots (3 m x 1 m) on the drainage tributary area
above a gullied field. Here, emulsions are also being applied
to improve soil infiltration rate and reduce runoff (Fig. 4.9).

The universal soil loss equation (USLE) model (Wis-
chmeier and Smith 1978) and its revised version (RUSLE)
have been widely used to predict soil erosion in Chile (Brito
and Pefia 1980; Pefia 1983, 1985; Oyarzin 1993; Honorato
et al. 2001), with an appropriate database modified to local
conditions. Stolpe (2005) compared models (RUSLE-
WEPP-EPIC) for Andisols and other models without plots
(Honorato and Cruz 1999; Santibafiez et al. 2008; Bonilla
et al. 2010) to verify soil losses, using the models to sim-
ulate different future scenarios. Figure 4.10 shows the close

relationship between estimated and measured soil erosion
rates in Regions IV, VI, VII, VIII and IX of Chile.

The quest for techniques as alternatives or complements
to the existing methods has directed attention to the use of
radionuclides (Zapata 2003). In southern Chile and Pata-
gonia, a comprehensive study with '*’Cs and "Be has been
conducted by researchers at Austral University of Chile
(Schiiller et al. 2000, 2003, 2004a, b, 2006; Sepulveda et al.
2008), who report a clear advantage of radionuclides over
erosion plots and erosion pins. An initial study provided
information on selection of reference site and its spatial
variability (Schiiller et al. 1997), while recent work exam-
ined common soil forestry management practices, linear
trash barriers (woody harvesting residues) along contour
lines and the maintenance of riparian vegetation to act as a
sediment filter (Schiiller et al. 2010). In agronomic terms,
16 years after implementing zero tillage in southern Chile,
there was a substantial reduction in soil erosion rates, as
measured by '*’Cs, of about 87 % (from 1.1 to 1.4 Mg ha™"
yr~1). However, such a beneficial effect may be readily lost
if the mulch layer of old crop residues is removed or
burned. Using 'Be to measure a short-term erosion event
occurring just after a dramatic burning event. Schiiller et al.
(2007) reported substantial soil losses of 12 Mg ha=! over
this 27d period of exceptionally wet (400 mm) weather.

On the other hand, a multi-scale approach has been
implemented (Mathieu et al. 2007) to produce regional land
degradation maps for the Coastal Range of central Chile,
which is naturally sensitive to soil erosion, based on remote
sensing technology. Radiometric indices were successfully
applied to SPOT images to produce land degradation maps,
but only broad classes of erosion status were discriminated
and the detection of degradation processes was only pos-
sible when most of the fertile layer had already been
removed.

Recently, the Natural Resources Information Centre
(CIREN), a Chilean government-funded institution which
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Fig. 4.6 Construction of soil ridges on hillsides with over 100 % slope gradient at Region IV of Chile

Fig. 4.7 Vineyards in sloping
land and erosion at toeslope,
Region VI of Chile

r'

focuses on natural resources inventory and its correspond-
ing cartography (GIS), released a study on current and
potential soil erosion in Chile, which replaced a partial map
published previously (IREN-CORFO 1979; Pérez and
Gonzélez 2001). This work, which used qualitative models,
geomatic, remote sensing and SIG techniques (Flores et al.
2011), is published at 1:50,000 scale, except for extreme
zones and the Andes mountains (1:250,000). A total area of
36.8 million ha (49.1 % of national territory) displays some
level of erosion (Table 4.2), which increases from southern
to northern Chile, with the north-central zone showing the
highest eroded area (Region IV 84 %, Region V 57 % and
Region VI 52 %). Human-induced soil erosion is concen-
trated principally from Region IV to X Region (Fig. 4.11).

4.1.2 Wind Erosion

A few studies on wind erosion in Chilean soils have been
reported. The arid climate, flat geomorphology, strong south

and south-westerly winds and the characteristics of the
superficial sediments in the northern arid zone of Chile
justify the study of wind erosion and transport processes in
the coastal Atacama Desert (Flores-Aqueveque et al. 2009).
Yardangs (wind-abraded ridges of cohesive material) are
reported in these dry areas, where deflation is at a maxi-
mum, vegetation cover is minimal and sand abrasion is
acting over the bare soil surface (Goudie 2008).

The Patagonian steppes occupy the southern tip of the
continent from approximately 40 °S, are framed by the
Andes to the west and the Atlantic coast to the east and
south, and cover more than 800,000 km> of Chile and
Argentina. Strong winds are a constraint to agricultural
development in Patagonia and windbreaks are frequently
planted to allow establishment of fruit trees, pasture and
horticultural crops, and to protect agricultural crops, live-
stock and rural houses. Despite being mentioned as one of
the main degradation processes in Southern Patagonia
(Vott and Endlicher 2001), the conditions and rates of wind
erosion in this region have not been studied extensively.
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Fig. 4.8 Sediment yield and runoff generated by natural rainfall in
plots according to treatments (70 control, TE emulsion, TM mulch,
TE + M: emulsion plus mulch) at Region VI, Apalta Valley

Semi-arid steppes of this zone are prone to wind erosion,
due to the soil remaining dry for periods during intense
spring and summer winds (Gualterio 2006; Dube et al.
2011). Human mismanagement of soils has either initiated
or accelerated this degradation process in vast areas of
Eastern and Western Patagonia (Gut 2008). Rounded peb-
bles and gravels associated with glaciofluvial processes are
characteristic of the Patagonian steppe soils and are
responsible for the formation of extensive desert pavement,
where wind erosion has been able to remove finer materials
(Paruelo et al. 2007). Another indicator in this zone is
related to volcanic activity. After eruption of the Hudson

volcano in 1991, around 80,000 km? were covered by a
layer of ash ranging in thickness from 10 cm to over
100 cm, but today most of this material has been removed
from rough landscapes, principally by strong winds.

Most of the coastal dunes in Chile today are the result of
soil erosion, with sediments from denuded soils being car-
ried by the rivers to their mouths and then transported by
prevailing winds north of the mouth. According to an old
inventory by IREN (1966), 74,428 ha are occupied by
dunes in Central Chile, between Regions IV and X. Most of
the dunes present at that time were found in Region VIII,
where they covered 30,709 ha, i.e. 41.3 % of total coastal
dunes. An evaluation by Pefia-Cortés et al. (2008) of the
dynamics of dune systems of the coastal strip of Region IX
between 1994 and 2004, defined eight fields of dunes with a
total area of 4,597 ha, which represented an overall
expansion of 314 ha in the period.

However, a general review of sites covered by dunes
today shows that it is possible to observe their presence
along all territory (Fig. 4.12). It is clear that this geomor-
phological feature is not always related to human-induced
soil erosion, corresponding mainly to relict dunes, but is an
indicator of wind erosivity.

4.2 Non Erosive Soil Degradation (Physical,

Chemical and Biological)

The effect of soil formation factors is responsible for the
evolution of soils, where the forces of these factors and soil
formation processes are always operational in such a man-
ner that under natural conditions a static equilibrium state is
never attained. However, the tendencies in soil evolution at
any given time are highly sensitive, particularly when there
are man—-made changes that may generate a new equilib-
rium towards soil chemical, physical and biological degra-
dation processes. This section reviews the causes of the
main soil chemical, physical and biological degradation
processes in Chilean soils and some remediation measures
are proposed and discussed.

4.2.1 Soil Physical Degradation

From a physical point of view, soil affects plant production
through water, heat, air and mechanical conditions, all state
variables of a dynamic nature, which affect the flows of
matter and energy (Benavides 1992). Physical degradation
generates concatenated effects on the soil, which ultimately
depend on the soil water condition of the porous system and
the stability of the unions between solid particles (Horn
2003).
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Fig. 4.9 Erosion plots on hillside in Hyper-arid and Semi-arid zone of Chile (Region IV)
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Fig. 4.10 Comparison of estimated and measured soil erosion rate
(Stolpe 2005; Honorato et al. 2001). Black circles correspond to fallow
conditions

Physical degradation may be related to a wide range of
problems and processes, such as crusting, reduced perme-
ability, compaction, poor aeration, destruction of the
structure and subsidence (Table 4.1). Almost all of these are
related to the reduction or alteration of soil porosity. Thus,
soil physical degradation is related to direct or indirect
human actions that may result in deterioration of properties
such as bulk density, structure, aggregate stability,
mechanical strength and porosity. All these actions impede
the adequate development of roots in the soil, affecting the
development of vegetation and rendering the soil more
susceptible to degradation by erosion (Casanova et al.
2006).

In Chile, the Ministry of Agriculture, through a special
programme for soil recovery (Incentive System for Agro-
environmental Sustainability of Agricultural and Livestock
Soils, ISRD-S) led by the Agriculture and Livestock Service
(SAG), gives incentives and subsidies for the implementa-
tion of land reclamation works, including prairie sowing,
organic amendment incorporation and implementation of
conservation tillage systems (Ruiz 2011). The specific
management practices are focused in special areas
depending on specific needs, as well as the magnitude of the
subsidies (50-90 % of the costs) depending on the kind of
farm (size and economic resources).

Analysing the properties of the Chilean soils, it is pos-
sible to determine the strong influence of climate and parent
material at the regional level in a north—south direction, and
the effect of local relief in an east-west direction (Luzio
et al. 2010). The climate-relief interaction affects the veg-
etation that grows on the surface of the land, being less
important over time as a soil forming factor.

Thus, it is possible to identify three areas that present
different problems related to soil physical degradation. The
first includes the Hyper-arid to Semi-arid zone of the
country (Sect. 2.2.1) with very low SOM content and a high
risk of salinisation; a second zone developed under a
Mediterranean climate (Sect. 2.2.2) with intense agricultural
activity; and a third one including Rainy and Patagonian
zone (Sect. 2.2.3), with soils that have volcanic influence,
non-crystalline mineralogy and high levels of OM.

Bearing in mind that the problems are not exclusive to
each area and can occur in any area, the limitations of soil
physical properties derived from human-induced degrada-
tion by pressure on this scarce resource can be grouped into:
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Table 4.2 Actual area of soil erosion (in 1,000 ha) in different regions of Chile (Flores et al. 2011)
Region  Non Light Moderate Severe Very Non Other Excluded Eroded Studied
erosion  erosion erosion erosion severe apparent uses areas soil® area
erosion erosion
XV 48.8 255.7 171.6 468.7 583.6 0 157.1 1,479.6 1,685.5
I 60.8 1.0466 6023 1.1532 838.4 0 524.4 3,640.4 4,225.6
1I 138.1 1.341.4 32713 3,592.8 2,021.4 0 22373 0 10,2269  12,602.4
1 178.5 825.2 536.6 2,029.9 629.1 0 3,3304  36.8 4,020.9 7,566.5
v 210.0 571.6 1,142.3 1,213.9 492.5 255 4035 0 3,420.4 4,059.5
A% 162.0 2442 324.6 258.2 80.0 162.6 3684 0 906.9 1,600.0
MR 354.5 93.4 189.5 213.5 186.8 68.0 4350 0 683.2 1,540.6
VI 331.0 96.3 451.8 197.3 114.5 125.1 3223 0 860.0 1,638.3
VII 655.9 349.0 416.1 377.8 335.8 453.3 4462 0 1,478.7 3,034.0
VIII 840.1 393.4 429.1 211.6 148.6 1,443.8 2454 0 1,182.7 3,712.0
X 1,131.9 280.5 240.9 243.9 145.9 944.3 182.8 163 911.1 3,186.3
X1V 427.0 262.3 197.6 79.6 5.8 688.0 1735 3.7 545.3 1,837.4
X 750.6 574.6 423.5 138.9 333 2,142.4 745.6 249 1,170.3 4,833.7
XI 234.7 894.7 743.5 383.1 583.4 4,550.6 3361.1 0 2,604.6  10,751.0
XII 1,718.8 1,122.9 1,287.8 590.0 761.5 3,088.5 42477 43 3,762.1 12,8214
Total 7,242.6 83519 10,428.3 11,152.4 6,960.4 13,692.1 17,180.7  86.0 36,893.0  75,094.4

* Eroded soil includes light, moderate, severe and very severe classes. Unregistered information by remote sensing in zones with vegetal cover

>75 % (non apparent erosion)

a. Poor aeration caused by traffic or chemical dispersion by
irrigation practices.

b. Compaction and high mechanical strength in medium to
fine-textured soils.

c. Soil profile alterations in shallow or coarse-textured
soils.

d. Problems associated with high organic matter content.

4.2.1.1 Poor Aeration by Restricted Horizons

Soils from the Hyper-arid to Semi-arid zone have lower
average levels of OM (<4 %), making them susceptible to
losing their structure owing to low stability. The problem
increases when there is a high amount of sodium, which
promotes the dispersion of soil. The sodium source may be
natural, as is the case of marine terraces such as the Hu-
entelauquén sector (Region IV), or induced by irrigation
practices, and reflects the effect of soil stratification on the
accumulation of salts (Fig. 4.13).

As a solution to the low OM contents, different organic
amendments are used, especially manure and compost,
being less used sources based on soluble humic substances.
In recent years, cover crops have also been used to improve
the soil physical properties in orchards (Baginsky et al.
2010; Cortés 2011). The advantage of adding OM is that it
increases the stability of the structure, promotes a stable and
functional porosity and allows air and water flow to the
roots in an adequate amount and time. In coarse-textured

soils OM also increases water retention, avoiding water
stress (see Sect. 4.2.1.3).

As regards pore function, Fig. 4.14 shows the effect of
two practices in an alluvial, deep, clay loam and stratified
Typic Haplocambid (CIREN 2007) in Region III (Copiapd
Valley). During 3 years, a manure application at doses of
40 Mg ha~' and a crop rotation (maize/broad bean/barley)
was implemented. The control was subjected to surface
tillage with chisel plough, thus maintaining a high coarse
porosity to 10 cm depth (Poblete 2011).

Even though the manure is applied on the surface, there
is an effect on water dynamics in the soil profile in the form
of higher infiltration rates (Fig. 4.14a). Nevertheless, this
higher amount of water may result in a cooler soil,
decreasing the rate of root development (Baginsky et al.
2010). In coarse-textured soils, growing crops (specifically
grasses) can improve water infiltration (Seguel et al. 2011).

The high coarse porosity of the control as a result of
tillage and the high porosity of the manure explain the high
capacity for air flow observed at the surface (Fig. 4.14b).
However, the flow decreases sharply at 20 cm depth
because of a plough pan in the control and pore disconti-
nuity in the manure treatment (Keller 2011). On the other
hand, the crop rotation favours a continuous pore system at
depth, maintaining the air flow capacity to renew oxygen to
the roots. In fine-textured soils in particular, excessive
traffic and poor irrigation practices affect the oxygen
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Fig. 4.11 Soil erosion map of
Chile including a zoom of Region
XV (above) and Region XI
(below)
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Fig. 4.12 Locations in Chile

with dunes present. Examples:
Region IV (above) and Region
VII (below)
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Fig. 4.13 Surface salt accumulation (left) caused by drip irrigation
and soil stratification (right) increases the risk of salinisation

diffusion rate in the soil (waterlogging) resulting in low
productivity (Ferreyra et al. 2011). The Chilean government
and the private sector, coordinated by the National Com-
mission for Irrigation (CNR), have made significant
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Fig. 4.14 Soil function as result of soil management. a Infiltration of
water by a ring method test. b Air flux as a function of soil depth,
performed by a laboratory test with samples equilibrated at —33 kPa

investment efforts for improving water management and
irrigation infrastructure and resolve poor soil drainage. In
fact, Law 18,450 (Development of Private Investment in
Irrigation and Drainage Works) dating from 1985 not only
allows an important irrigated area in Chile to be increased,
but also improves water use efficiency, which is relatively
low in the country. The programme is preferentially focused
on regions where irrigation is most necessary for agricul-
ture, with the public sector subsidising up to 75 % of the
construction, refurbishment and equipment costs for minor
irrigation or drainage works.

Both salinity and sodicity cause physical problems,
decreasing the osmotic potential of water and dispersing the
soil, respectively, affecting water uptake and the renewal of
oxygen to the roots (Hillel 2004). For instance, a problem
promoted by the use of manure is the salt intake, as shown
in Fig. 4.14. At the end of the season, the manure treatment
resulted in a surface EC of 6.6 dS m™~' and exchangeable
Na value of 3.9 cmol. kg_l, compared with 0.9 dS m~!
and 0.7 cmol, kg™, respectively, when a crop rotation was
used. Meanwhile, the control without any management
reached EC values of 11.5dS m™' as result of capillary
rise, showing that soil physical properties may increase the
effects of soil chemical degradation processes such as soil
salinisation.

4.2.1.2 Compaction and High Mechanical
Impedance

The first consequence of land use change from native
vegetation to a mechanised productive use is a reduction in
soil OM content. This decrease causes a loss of structural
stability, resulting in compaction processes. In agricultural
soils, the main factors responsible for compaction are
excessive traffic, the use of farm equipment that exceeds the
bearing capacity of soil and tillage at unsuitable soil water
content (Ellies 1988; Cuevas and Ellies 2001). These result
in a change in the proportion of pores with water and air
(mainly loss of coarse pores) and an increase in mechanical
resistance to root development (Ellies et al. 2000; Ellies
1999; Seguel et al. 2009). All the intense production areas
in Chile are subject to this problem.

Early studies by Ellies (1986, 1988, 1999) evaluated
changes in physical properties of Andisols and Ultisols
(Rainy and Patagonian zone) with different use intensity.
Later works (Farfas 2009; Seguel et al. 2009; Fuentes 2010;
Poblete 2011) included Alfisols, Mollisols and Aridisols.
Table 4.3 presents some important results related to chan-
ges in soil physical properties as result of compaction.

The direct consequence of tillage is to incorporate the
superficial organic mulch into the Ap horizon, making it
more accessible to the action of soil microorganisms. As
Table 4.3 shows, in general there is a reduction in OM as a
consequence of soil use. This results in an increase in soil
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Table 4.3 Soil physical properties as result of compaction processes by intense use
Pedon Land use Soil depth Organic matter Bulk density Coarse pores Mechanical
(cm) content (%) Mg m™) (>10 pm) (%) stress (kPa)
Valdivia (Andisol) Forest 0-20 19.3 nd 34.4 176*
Grassland 17.1 0.68 26.6 215*
Cudico (Ultisol) Forest 8.9 nd 30.4 125%
Grassland 7.3 1.03 18.8 160*
La Lajuela (Alfisol) Forest 0-10 10.5 1.13 23.0 115
10-30 5.7 1.38 20.8 151
Vineyard 0-10 4.8 1.53 23.5 349
10-30 4.6 1.59 11.0 283
Santiago (Mollisol) Grassland 0-10 3.6 1.29 17.4 114
Rotation 0-10 3.7 1.53 16.0 197
La Capilla (Aridisol) Grapes 0-10 2.8 1.46 19.2 nd
10-30 nd 1.62 11.7 nd
Grapes 0-10 6.2 1.02 17.1 nd
+OM 10-30 nd 1.47 14.9 nd

Valdivia and Cudico soils: Ellies (1986, 1988) and Ellies et al. (1995a), La Lajuela soil: Seguel et al. (2009), Santiago soil: Fuentes (2010), La

Capilla soil: Poblete (2011) with organic management
nd non determined
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bulk density (Db) values, with coarse porosity losses.
According to Fuentes et al. (2011), it is possible to dis-
criminate soils which by nature are more sensitive to others,
i.e. soils with high clay content (Ultisols and Alfisols), which
show great changes over time and space. In Andisols, the Db
values are still lower than 0.9 Mg m73, even under condi-
tions of high degradation (Ellies et al. 1996).

Under agricultural use without organic amendments,
while the superficial tillage reduces soil densification, it is
common to find a plough pan at 10-30 cm depth, as in the
case of Alfisols and Aridisols, with low amounts of coarse
pores. While a first effect of coarse porosity loss is reduced
ability of soil to conduct air and water (Fig. 4.14), increased
mechanical strength is also observed, hindering crop root
growth (Table 4.3, Fig. 4.15).

Values of stress at rest coefficient (kg = horizontal ten-
sion/vertical tension) over 1.0 denote excessive mechanical
strength (Bachmann et al. 2006), because of the rearrange-
ment of soil particles or aggregates into a denser soil matrix.
The surface of Andisols can be strengthened by critical stress
levels, and with use there is a transmission of stress to depth,
but the shape and the rigid nature of volcanic-derived min-
erals maintain high levels of coarse porosity (Table 4.3),
enabling rooting (Ellies 1999; Ellies et al. 2000). The results
for Aridisols in Fig. 4.15 (right) are from the same trial as
Fig. 4.14, and only with high amounts of organic amend-
ments does ko decrease below a critical level (<1). Con-
sidering the properties of Aridisols, with poor structure
development and low OM content, natural sites (with native
vegetation) probably develop high values of k.
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Fig. 4.16 Left raised bed 1.2 m
high built with San Julidn soil
(Typic Haplotorrert) and planted
with 2-years-old mandarin trees;
right Holocene sand dunes
(Typic Usticpsamment) with pine
forest

Fig. 4.17 Soil properties as a
function of depth in a raised bed
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4.2.1.3 Soil Profile Modification

Many soils in Chile lack adequate depth due to poor
structure or water retention due to coarse texture, both of
which are influenced by continuous geological processes
(volcanic eruptions, alluvial fans) alternating deposits or
renewing the parent material. In the case of depth limita-
tions, soils in the north of Chile (Hyper-arid to Semi-arid
zone) restricted by cemented or massive horizons are
common but the 7iadi, an important soil type in the Rainy
and Patagonian zone, is limited by a By horizon at 50 cm
depth on average. In shallow soils of the Hyper-arid to
Semi-arid and Mediterranean zones, a raised bed 1.5 m high
(locally called camellon) has been implemented during the
past decade (Fig. 4.16) and causes mixing of the

0 15 30
Organic amendment (Mg ha')

60

pedogenesis of the entire profile (Cortés 2011). On the other
hand, artificial drainage of riadis promotes settlement and a
loss of soil function (Ellies 2001). Obviously, the rainy
conditions provide greater potential in the latter case.
Coarse-textured soils are randomly distributed through-
out the country, being associated with Holocene alluvial
deposits, close to volcanoes and in dunes along the Coastal
Range (Fig. 4.16, right). Typical coarse-textured soils
derived from volcanic materials with alluvial transport are
those grouped in the Arenales soil series from the Rainy and
Patagonian zone (see Sect. 2.2.3), which are suitable for
forest but have marginal agricultural use in flat areas. Even
though these are naturally limited soils, in both cases
(shallow and coarse-textured soils) they are being brought
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Table 4.4 Soil properties (0-10 cm) related to water repellence in
different Chilean soils

Soil Land use OM  Wetting  Water
(yr) (%) angle (°) dispersion (%)

Valdivia Forest (0) 243 105 2

(Andisol) Grass (55) 160 79 4
Crops (123) 11.7 70 7

Huiti Forest (0) 338 118 nd

(Andisol)

Cudico Forest (0) 12.6 83 3

(Ultisol) Crops (95) 6.4 48 75

La Lajuela Forest (0) 10.5 nd 3

(Alfisol) Vineyard (8) 48  nd 78

Adapted from Valdivia and Cudico soils: Ellies et al. (1995a, b), Huiti:
Orellana (2010), La Lajuela soil: Seguel et al. (2009)
nd non determined

into agricultural use as a result of the need for new pro-
duction area, and the impact on soil properties will affect
the ecology of the area and promotes degradation unless
correct management is implemented.

When a shallow soil is modified by building a raised bed,
mixing of A, and B horizons results in a loose material,
which consolidates because of its low physical and
mechanical stability, resulting in a reduction in coarse
porosity. As shown in Fig. 4.17, it is necessary to use
amendments to prevent excessive consolidation.

A soil disturbed by raised bed construction will have low
physical and mechanical stability, losing coarse porosity
and diminishing the capacity for air and water flux. The soil
in Fig. 4.17 has clay content ranging between 44 and 52 %.
Different soil amendments (commercial organic products
such as humus and humic acids) improve the soil properties
but to different extents depending on the property analysed,
and some may need to be combined to restore degraded soil.

In the case of poorly drained soils, when an artificial
drainage system is installed, natural soil settlement takes

Fig. 4.19 Negative effect of
high doses of organic amendment

Repellence index (-)
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place, caused by OM and coarse porosity losses. In Frutillar
soil series, a typical 7iadi (Typic Placaquand) from the
Rainy and Patagonian zone, 50 years of use after drainage
caused soil settlement from 90 to 50 cm deep and loss of
OM from 36 to 10 %, resulting in a decline in water
availability from 400 to 120 mm (Ellies 2001).

When coarse-textured soils have no agricultural use, they
generally serve a valuable ecological role. However, the
limited agricultural area in Chile creates pressure on the soil
resource, causing sectors that should not be in productive
use, such as dunes, to be cultivated and affecting ecological
niches. One example is the sand dunes near La Serena city
(~30°S), which have been levelled, amended with organic
materials and subjected to potato production with drip
irrigation. While there is no risk of settlement in sandy
materials, the excessive organic amendment could promote
water repellence (Ellies 1978) and preferential flow,
increasing the risk of pollution.

A special case is the extraction of sand from subsoil for
construction purposes, which alters the superficial soil
(Fig. 4.18). In this case, the soil is totally disturbed and
deposited in a ditch beside the trench.

The soil from Fig. 4.18 was classified as II LCC, with
slight restrictions by 80 cm soil depth. Subsoil sand
extraction results in a totally loose material, without bearing
capacity and with low fertility index, diluted along the
profile. Restoration of soil physical properties requires
organic amendment use, complemented with a pre-com-
paction work. Efforts have been made to restore these soils
(Macaya and Gallardo 2007), but still there is a lack of
effective legislation to protect the soil resource.

4.2.1.4 Organic Matter Content and Physical

Soil Degradation
Soil OM ensures physical-mechanical stability and there-
fore the functionality of the pore system, but high amounts
of OM could result in higher water repellence, creating a
risk of erosion or generating preferential water flow into the

Water content (%)
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soil profile. Table 4.4 shows some soil properties related to
hydrophobicity and aggregate stability in water.

The high OM in soils derived from volcanic ash ensures
good aggregate water stability (low dispersion), even after
120 years of farming, and subsequent OM mineralisation.
Nevertheless, there are potential problems with the hydro-
phobicity conferred by the OM (assessed as wetting angle)
causing water repellence, depending on the type of OM and
its interaction with mineral particles. This phenomenon is
especially critical in Andisols from the Region VIII (Pefia
1992), where dry summers promote the highest expression
of water repellence (Orellana 2010) promoting runoff and
erosion. Even in unsaturated conditions, the hydrophobicity
may promote lower hydraulic conductivity at sites that
naturally have higher OM contents (Nissen et al. 20006).
However, with an adequate crop rotation a sufficient OM
content can maintain hydraulic conductivity values that
exceed rain intensity (Sandoval et al. 2007).

The difference between the Andisols shown in Table 4.4
is that Valdivia soil is a Hapludand (well-drained Andisol or
trumao) and Huiti soil is a Duraquand (poorly drained
Andisol or 7iadi) (CIREN 2003). When these Duraquands
are drained, their high shrinkage capacity and OM miner-
alisation cause irreversible contraction and settlement
(Dorner et al. 2009), affecting pore functionality. In fact, an
initial hydraulic conductivity close to 9 m d~' has been
measured in such soils, but after a second rotation of pine
and 55 years of use it may decline to less than 4 m d~'
(Ellies et al. 1995b).

On the other hand non-volcanic soils (Table 4.4), with
lower OM contents and lower water repellence risks than
Andisols, show reduced aggregate stability under agricul-
tural use, and under strong rain events are easily dispersed
and sealed, favouring runoff processes. Ultisols and Alfi-
sols, located in the Coastal Range, are particularly sensitive
and erosion rates will depend on soil management, crop
rotation and tillage system (Ellies 2000; Traub 2010).
Finally, as shown in Fig. 4.19, it is also possible to generate
problems with excessive applications of organic

Table 4.5 Frequency of soils in the Mediterranean and Rainy and
Patagonian zones with soil pHyaeer below 5.8 at 0-20 cm (Sadzawka
2006)

Region Latitude Soils with pHyaer < 5.8 (%)
Metropolitan (32-36°S) 1
\% 14
VI 37
VII 35
VIII (36-43°S) 37
X 54
X 38

4 Human-Induced Soil Degradation in Chile

= ®fladi = Trumao = Red clayey

2]

£ 100

&

£ 80

S

< 60

w

2 40

=N

£

S 20

5 o1 el L

= 4.6-5.0 5.1-5.5 5.6-6.0 6.1-6.5
So" pr'_‘lter

Fig. 4.20 Frequency of pH,.., in soils at the Region X of Chile
(Bernier and Alfaro 2006)

amendments or by particular situations of organic inputs
(Sagardia et al. 2008). These problems are related to water
flow continuity, water repellence and soil temperature
(Keller 2011; Baginsky et al. 2010).

In NW Patagonia, Candan and Broquen (2009) reported
highly water-stable aggregates under different types of
vegetation (>80 % of >0.25 mm aggregates) in local
Andisols (Udivitrands and Haplovitrand). Furthermore, the
highest OM contents are found in the smallest-sized
aggregates and there is a significant correlation between
stable soil aggregate formation and OM, Al activity, base
content and soil reaction, suggesting that these factors can
potentially be used as edaphic indicators of aggregate sta-
bility in volcanic ash soils.

4.2.2 Soil Chemical Degradation

The main chemical soil degradation processes related to
soils in Chile are:

a. Soil acidification.

b. Soil salinisation.

c. Soil contamination.

=@=Sodium nitrate == Urea

Soil pHwater

4.6
0 50

100 150 200
Nitrogen dosis (kg ha™)

250

Fig. 4.21 Effect of nitrate sodium and urea in the soil pH in a
strongly acid soil in the Rainy and Patagonian zone of Chile (Bernier
and Alfaro 2006)
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Fig. 4.22 Maize production in the Mediterranean zone with high
NH,"-forming fertiliser application

It is important to note that the vulnerability of soils to
these chemical degradation processes is mainly dependent
on the initial state of the soil and its intrinsic soil properties,
which are discussed in this section.

4.2.2.1 Soil Acidification

In Chile, accelerated soil acidification is tending to increase
in some areas, and in the short term may cause a serious soil
degradation problem, reducing agricultural production. As
soil pH decreases, AlI’* saturation increases and plant
growth and yield may be impaired, depending on their
susceptibility to AI’* toxicity.

Soil acidification is well-known as a natural process, but
in many zones in Chile that contain a high proportion of
soils with soil pHyaer < 5.8 (Sadzawka 2006), which are
considered moderately acid (see Table 4.5), agricultural
practices and pollution from industrial, mining and other
human activities may accelerate the acidification process.
Soils in the Rainy and Patagonian zone are particularly
susceptible, with 37-88 % of all soils having pHyaer < 5.8
and with sufficient rainfall to leach out most of the base-
forming cations (Ca**, Mg®*, K* and Na%), leaving the
colloidal complex dominated by H* and AI**.

Areas with the highest percentage of acidic soils are
located in Region X, dominated by Andisols and Ultisols
(Fig. 4.20). These soils present a high risk of acidification
and usually show a high Al saturation of the ECEC
(effective cation exchange capacity) where ISRID (Incen-
tives System to Recovery Degraded Soils) has subsidised
farmers to apply lime. Several studies have confirmed that
addition of lime to neutralise the acidity and reduce the
toxic effect of AI** increases yield, forage quality, botanical
composition and nitrogen symbiosis by legumes in pastures
(Campillo et al. 2005; Bernier and Alfaro 2006). On the
other hand, studies such as that by Inostroza-Blancheteau
et al. (2008) suggest that liming is costly, laborious and not
very effective and propose as an alternative a search for
genetic variability in the genome of cropping grasses and/or
their wild relatives to resist AI**.

One of the possible factors that may intensify soil
acidification in the Rainy and Patagonian zone is continued
application of NH,*-containing or NH,"-forming fertilisers
that produce H* during nitrification (Bernier and Alfaro
2006; Campillo and Sadzawka 2006). In addition, following
the application of NH,*, the adsorbed cations are subjected
to replacement by NH," and can thus be potentially leached
from soils (Sadzawka 2006). For example, a study by
Bernier and Alfaro (2006) in a strongly acidic soil (pH 5.3)
compared the effects of nitrate sodium and urea, where the
maximum doses of N (250 kg ha™") as urea clearly gener-
ated a significant acidification effect on soil (Fig. 4.21).
Similarly, Campillo and Rodriguez (1984) in a study in two
Andisols found that application of urea may acidify the soil
to levels where Al and Mn are toxic to crop development.

There is also a risk of soil acidification in the Mediter-
ranean zone, in soils under maize production with high
NH,*-forming fertiliser applications, mainly as urea, where
in some cases N application can reach 500 kg N ha™'
(Fig. 4.22).

Other possible causes include continued application of
organic wastes to soils, forming strong inorganic acids
which lead to increased soil acidity. On the other hand,
more local sources of soil acidification are acid deposition
of sulphur dioxide (SO,) and nitrogen oxides (NOy) in areas
close to copper smelters in the Mediterranean zone, where
the impact on soil pH is more evident in the topsoil (Gin-
occhio et al. 2004; Ledén and Carrasco 2011).

4.2.2.2 Soil Salinisation

In the Hyper-arid to Semi-arid zone, potential problems in
irrigated soils have been identified due to high evaporation
rates and low annual rainfall leaving accumulated salts in
upper soil horizons. In this zone, the agricultural activities
are mainly concentrated at the bottom of a number of val-
leys, where a river usually provides irrigation water
throughout the growing season.
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Table 4.6 Annual accumulation of salts at 0-50 cm by irrigation
(8,000 m*) in the Copiap6é and Huasco valleys, Region III

Valley Source irrigation EC Salt accumulation
(dS m™) (Mg ha™")
34 18
Copiap6 Tube well 2.2 11
Ditch 5.8 30
Huasco Ditch 43 22

Adapted from Benavides (2011)

In this zone two productivity areas can be identified: (i)
valleys with intermittent rivers (the Lluta, Azapa and Loa
valleys) with some horticultural crops, orchard fruits and
lucerne production (ii) valleys with permanent watercourses
(the Copiap6, Huasco, Elqui, Limari and Choapa valleys)
with some horticultural crops and intensive production of
orchard fruits, such as avocado, citrus, table grapes and
olives (see Chap. 2).

Torres and Acevedo (2008) reported that in the Lluta and
Azapa valleys the salinity is increasing, causing a marked
salt accumulation effect which is seriously affecting crop
production in these areas. They noted that the electrical
conductivity of the irrigation water (EC;,) is high, with
values of >2 and >1 dS m~' in the Lluta and Azapa val-
leys, respectively, which may contribute to the problem of
salinity of these soils. In the Lluta Valley in particular, the
salinity problems are more important in poorly drained soils
located in lowlands, where EC;, can reach values of
6dSm™".

In the Lluta Valley, the concentration of boron (B) in
irrigation waters ranges between 9 and 29 mg L™, which
may cause toxicity in plants in irrigated soils.

Similarly, in the valleys with permanent watercourses
(between 27 and 32°S), salt build-up may be caused by
irrigation with poor quality water. For instance, Hugo
(2008) noted that salinisation has been observed in many
sectors of irrigated soils in these valleys. Since fruit-bearing
species such as table grapes do not tolerate high concen-
trations of salt or sodium, this can delay the start of harvest
and seed germination, decreasing the overall productivity.

In a study in the Copiapé Valley, Sierra et al. (2001)
reported that the main rivers used for irrigation demon-
strated a medium level of salinity (>0.76 dS m™"), but in
the valley 76 % of the soils showed EC > 4 dS m™' so the
use of irrigation water poses a risk of soil salinisation. As an
example, Table 4.6 shows salt build-up by irrigation with
saline water in the Copiap6 and Huasco Valleys calculated
by Benavides (2011), where accumulation of soluble salts at
0-50 cm in the soil can reach 30 Mg ha~' yr™".

In the Elqui Valley, where the main B input to the soil
comes from irrigation water, table grapes have shown visual
symptoms of B toxicity, which are correlated with high B
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contents in tissue analysis ranging between 135 and
376 ppm (Valenzuela and Narvdez 1983). In addition,
correction of soil B deficiency is complex due to the narrow
range between sufficient and toxic levels, and there is a high
risk of generating B toxicity in sensitive plants to excess B.
For instance, Lavin (1988) in an experiment in the Medi-
terranean zone, evaluated the same B application by ferti-
gation to 21 different fruit species, and found that fig, kaki,
mulberry, pistachio raspberry and walnut showed some
degree of B toxicity.

Another possible cause of soil salinisation in these val-
leys may be the use of fertilisers with a high saline index.
Oyarzin et al. (2008) noted that with a larger contribution
of fertilisers, the salinity will increase in the root area unless
the irrigation is applied at washing rate to keep the original
saline balance.

It is well-known that plants exhibit a wide range of
tolerance to salinity and specific ions. One possible solution
for these areas has been the use of salt-tolerant plant species
or the selection of varieties more resistant to high salt levels
in soil. Table 4.7 summarises some studies of salt-tolerant
species carried out in the Hyper-arid to Semi-arid zone of
Chile.

Native species such as quinoa (Chenopodium quinoa)
have been cultivated for centuries in the Hyper-arid to
Semi-arid zone in soils with high salinity, even with EC
values close to 10 dS m~! (Delatorre et al. 1995). In
addition, Delatorre and Pinto (2009) have taken advantage
of quinoa by selecting plant material in the nursery
according to relative salt tolerance, where they found that
Amarilla selection was the most tolerant to salts.

In another study, Ferreyra et al. (1997) in a field exper-
iment near Calama town (Region II) evaluated the effects of
irrigation with saline water (ECjy, 8.2 dS m~' and B content
of 17 mg L") on the growth and yield of 42 crop species,
including local varieties. They found that plant growth and
yield were higher than expected from published informa-
tion, which they attributed to the milder climate in Chile
compared with that in Riverside-California, where much of
the salt and B tolerance data have been obtained. They
added that the productivity of the local variety of sweet corn
(Zea mays L.) suggests that it is more salt-tolerant, which
has arisen as a consequence of seed selection practised since
the time irrigation began in the Region, which predates the
sixteenth century. In the Lluta Valley too, a variety of
sweetcorn (Zea mays L., amylacea) have arisen as a con-
sequence of seed selection, suggesting that it is extremely
tolerant to salinity and high B levels (Bastias et al. 2004).
Other species studied include jojoba (Simmondsia chinen-
sis), some clones of which have been found to be particu-
larly resistant to salinity (Botti et al. 1998a), which could be
a profitable alternative for the Hyper-arid to Semi-arid zone.
Botti et al. (1998b) found that the most salt-resistant clone
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Table 4.7 Summary of some studies (Sotomayor et al. 1994; Benavides 2011; Botti et al. 1998a; Martinez et al. 2009) in salt-tolerant species

carried out in the in Hyper-arid to Semi-arid and Mediterranean zones

Region or valley Specie  Yield Soil Water
pH EC B (mgkg™") pH EC B
dSm™h @ASm™) (mgL™
Lluta Valley Olive 36-73 (kg/tree) 73-17 213 31-55 7.7-84 22-34 8-23
Copiap6Valley Olive 12-37 (kg/tree) 7.7 52 4 - 3.4 -
Regions I and Region IV Jojoba 81-1,131 (g seed/plant) — 2-38 - - 1-7 -
Quinoa  1-7 (Mg ha™") 7.5-81 14 - - - -

had some differences in morphological and anatomical
parameters compared with those grown under non-saline
conditions, such as the lowest stomata and trichome density
and the largest stomatal size.

Other studies (Ferreyra et al. 1997; Botti 2000; Silva
et al. 2010) have focused on finding salt-tolerant fruit trees,
bushes and CAM plants by evaluating new varieties or
rootstocks in trees to be used in the Hyper-arid to Semi-arid
zone of Chile. These species include olive (Olea europaea
L.), pomegranate (Punica granatum L.), fig (Ficus carica
L.), pistachio (Pistacia vera L.), caper bush (Capparis
spinosa L.), aloe vera (Aloe barbadensis M.) and pickly
pear (Opuntia ficus-indica L.). For example, Sotomayor
et al. (1994) studied the natural adaptation of some olives in
the Lluta Valley, where some trees can survive under
extreme saline conditions. Other studies are looking at the
introduction of more sensitive species to salinity. For
instance, Castro et al. (2009a, b) evaluated the tolerance to
saline irrigation waters for different rootstocks in avocado,
because it is one of the most sensitive species to salinity
(Fig. 4.23) and has been intensively planted in the Medi-
terranean zone of Chile. They found that the Nabal root-
stock was the most tolerant to salts, by retaining the highest
chloride concentration in the roots and greatly limiting the
concentration found in the leaves.

On the other hand, more advanced irrigation techniques
have been introduced in the Hyper-arid to Semi-arid zone
(drip and sprinkler systems), which can control rhizosphere
salinity by keeping soil water content high and free of salts
near to the emitters, while the salts are accumulated in the
boundary between the moist and dry zone. In the Copiapd
Valley, Osorio and Césped (2000) found that in irrigated
table grapes the soils showed EC > 5 dS m_l, with the
highest salinity values at the mid-point between two drip
lines and in first 40 cm of the soil profile. The contents of
Na, CI and B were also high in relation to the tolerance
range for table grapes. They tested several combinations of
irrigation systems and found that single drip line and mi-
crojet sprinkler irrigation systems provided better control of
the salinity in the root zone.

Fig. 4.23 Leaf symptoms of chloride excess in avocado in the
Mediterranean zone of Chile

4.2.2.3 Soil Contamination
Although the principal criteria used to estimate trace ele-
ment threats are bioaccumulation, toxicity and persistence
(Kabata-Pendias 2011), trace elements such as cadmium
(Cd), cobalt (Co), chromium (Cr), copper (Cu), nickel (Ni),
antimony (Sb) and zinc (Zn) can reach concentrations in
soils that are toxic to plants and microorganisms (McBride
1994), but lead (Pb) and mercury (Hg) should be of concern
as serious human health risks. In Chile, a number of studies
have found that soil heavy metals pollution occurs mainly
near Cu mines, Cu smelters and mine tailings, particularly
in the Hyper-arid to Semi-arid and Mediterranean zones
(Gonzilez et al. 1984, 2008; Gonzalez and Bergqvist 1986;
Gonzélez and Ite 1992; Ginocchio 2000; De Gregori et al.
2003; Ginocchio et al. 2004; Montenegro et al. 2009; Ne-
aman et al. 2009). It is important to note that although the
wastes from Cu mining activities in Chile can broadly vary
in physico—chemical properties and total metal contents,
they usually have high total Cu levels (Ginocchio 2011).
Even agricultural soils have been found to be polluted by
heavy metals several kilometres from the source, where the
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Fig. 4.24 Lead content in soils in the vicinity of various Chilean
rivers (Tchernitchin et al. 2006)

magnitude of heavy metal pollution of the soils near these
sources depends on the type of chemical element and the
possibility of its dispersion by wind or irrigation water,
affecting in this way extensive areas of agricultural soils
(Romo-Kroger et al. 1994; Gonzélez 2000; De Gregori et al.
2003). Pizarro et al. (2010) noted that rivers of central-
northern Chile are exposed to heavy metal pollution from
different sources, such as mining activities, natural orogeny
processes, volcanic activity and geology. They suggested
that mining pollution is the main process contributing to the
increasing annual trend in As and Cu. Tchernitchin et al.
(2006) evaluated the Pb content in soils in the vicinity of
several Chilean rivers and suggested that in some cases the
Pb originated from natural sources, while in others, it was
anthropogenic and coincided with high Cu concentrations
(Fig. 4.24). Similarly, Gonzdlez (2000) noted that in three
valleys of the Mediterranean zone, high Cu concentrations
in soils were associated with the soil concentrations of other
metals such as Pb, As, Cd and Zn in the Puchuncavi
(32°40'S) and Maipo (33°37’S) valleys, and with Pb, Cd and
Zn in the Aconcagua (32°55") Valley.

On the other hand, Biester et al. (2002) found an increase
in Hg accumulation rates in moorlands in the Rainy and
Patagonian zone within the past 100 years, and suggest that
this is at least partly attributable to global dispersion of Hg
derived from anthropogenic sources in the Northern
Hemisphere.

Table 4.8 shows a list of studies examining heavy metal
soil contamination, particularly by Cu, due to the great
importance and impact of the copper mining activities
carried out from the extreme north to the Mediterranean
zone of Chile.

These studies clearly show that the total Cu in soils near
copper mining activities centres far exceeds the normal
range found in agricultural soils (McBride 1994; Kabata-
Pendias 2011; Hooda 2010). These observed elevated val-
ues in soils are a consequence of Cu mining activities, and

4 Human-Induced Soil Degradation in Chile

therefore pose a range of environmental and health risks.
Copper is retained in soils essentially indefinite, because it
is not degradable and consequently these Cu contaminated-
soils pose a long-term risk of increased plant uptake and
leaching, with potentially adverse implications for the wider
environment, including human health. In some cases, the
concentrations of other trace elements such as Zn, Pb, Cd,
As, Sb and Hg were higher than the range of means for
polluted soils worldwide, which also entails serious risks for
human health (Higueras et al. 2004; Tchernitchin et al.
2006; Hugo 2008).

In addition, De Gregori et al. (2003) found a clear
decrease in Cu, As and Sb concentrations in soils with
increasing distance from a Cu smelter in Region V
(Fig. 4.25). They highlighted the transport process down-
wind from the smelter or within the combined influence of
the smelter and the tailings dams.

In a monitoring experiment in the same area, Gonzdlez
and Ite (1992) found that in 9 years period the Cu content in
some soils had increased by a factor of 6.5. Similarly, Hugo
(2008) reported that at close proximity to Cu mining com-
plexes, the Cu concentration in the soil exceeded the natural
content 100 fold, easily surpassing the maximum tolerance
limit for plants.

Kelm et al. (2009) added that once Cu is deposited in
soils due to transport by wind, there is potential for acidity
surges and Cu mobilisation in topsoils after rainfall. To
avoid this transport, liming application may decrease Cu
concentrations and Cu”* activity in the soil solution (Muena
et al. 2010). It is important to note that to predict the phy-
totoxicity and environmental risk of Cu the chemistry/
mineralogy of mine materials, soil chemical conditions and
plant physiological status should be also considered (Ba-
dilla-Ohlbaum et al. 2001; Ginocchio et al. 2002, 2009).
These studies suggest that hot spots of heavy metal-con-
taminated soils are located around Cu mining activities,
which are increasing in scale over time. Therefore, ame-
liorative measures should be carried out to stabilise the
heavy metal in contaminated soils and to avoid its spread in
the environment.

Another possible source of heavy metals to soils is fer-
tiliser application. Molina et al. (2009) analysed the trace
element composition of 22 fertilisers currently used in Chile
and found that phosphorus (P) fertilisers had the highest
trace element concentrations. They also noted that the long-
term use of P fertilisers may increase the levels of As, Cd
and other trace elements in agricultural soils.

On the other hand, few studies have been done in Chile
to evaluate the impacts of persistent toxic chemicals in
Mediterranean zone soils. Barra et al. (2005) evaluated the
distribution of 15 polycyclic aromatic hydrocarbons
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Table 4.8 Summary of some studies of soil contamination by total copper (Cu), zinc (Zn), chromium (Cr), lead (Pb), cadmium (Cd), arsenic
(As) and antimony (Sb) in agricultural zones near copper mining areas in the Hyper-arid to Semi-arid and Mediterranean zones of Chile

Region Cu Zn Cr Pb (mg kg™")
\% 30-100" 10-200 - 56-225

\% 242-7,921 60-512 - 39-717

VI 162-751 138-153 - 47-50

-II-V 11-530 - - -

\% 45-680 125-174 - 21-105

\% 92-872 - - -

\Y 310-640 - - -

v - - 545 2-129

v 60-800 85-220 - 29-103

Cd As Sb References

1-5 - - Gonzalez et al. (1984)

2-12 18-724 - Gonzélez and Ite (1992)
0.2-0.4 - - Badilla-Ohlbaum et al. (2001)
- 3-202 0.4-11 De Gregori et al. (2003)

0-1 - - Ginocchio et al. (2004)

- - - Gonzalez et al. (2008)

- - - Neaman et al. (2009)

1-7 - - Montenegro et al. (2009)

Muena et al. (2010)

# Normal ranges of total heavy metal contents in agricultural soils [adapted from McBride (1994), Kabata-Pendias (2011) and Hooda (2010)]:
As =22-165mg kg™ ; Cu=2-109 mgkg™' ; Sb=0.19-1.77 ug kg~ ; Cd = 0.06-1.1 mg kg™" ; Zn = 17-125 mgkg™' ; Pb = 11-

145 mg kg™! ; Cr = 7-221 mg kg™’

(PAHs), seven polychlorinated biphenyls (PCBs), and three
organochlorine pesticides in topsoils in a watershed. They
found that PCB levels in soil samples were very low and the
level of chlorinated pesticides was generally low and
reflected the historical use of pesticides. However, the PAH
levels found were more related to local sources of con-
tamination near the sampling areas, such as forest fires and
the presence of boilers fed with wood residue pellets, where
the reported data could be of some concern. In another
study, Flores et al. (2009) studied simazine adsorption
behaviour in two agricultural soils and suggested that it is
mainly governed by simazine-organic matter interactions
and simazine-clay interactions. In addition, Alister et al.
(2005) reported that water quantity has a significant effect
on the quantity of simazine moving downward through a
soil in the Mediterranean zone. Nario et al. (2009), in a
study on the risk of environmental contamination due to the
application of pesticides in the same zone, highlighted that
runoff is the main process for pesticide transport in the
landscape.

4.2.3 Soil Biological Degradation

Soil organic matter (SOM) and biodiversity can decline due
to biological soil degradation processes, leading to a
reduction in soil functions such as decomposition and
recycling of chemical and organic materials, as well as
control of water and gas flows. This soil degradation
problem is particularly important in Chile, for instance El-
lies (2000) estimated that many soils have lost from 20 to
50 % of their SOM stocks in surface soil since cultivation
began at the end of the nineteenth century.

In the Mediterranean zone, Ovalle et al. (1990) noted
that possible causes of this continued decrease in soil
organic carbon (SOC) stocks include inappropriate
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Fig. 4.25 Relationships between the element concentration in soil
from Puchuncavi Valley, and the distance from Ventanas industrial
complex, Region V of Chile; a copper (O) and arsenic (A) and
b antimony (O) (De Gregori et al. 2003)

agricultural methods, excessive woodcutting and systematic
overgrazing. This zone has a common natural agroecosys-
tem, locally named espinal, where the dominant vegetation
is Acacia caven trees with a spring grass cover rich in
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Fig. 4.26 Degraded espinal in the Mediterranean zone of Chile
(Region V)

annual plants (named Mediterranean annual prairie) (Silva
and Lozano 1986; Ovalle and Squella 1988). In particular,
unsustainable management of the vegetation in the espinal
has progressively lowered the SOM content and soil fer-
tility, as evidenced by decreasing forage production and
lower coverage of trees (Stolpe et al. 2008), as shown in
Fig. 4.26.

For instance, Muifioz et al. (2007a) found that at 0—-40 cm
depth in the soil the degree of coverage of A. caven, ranging
from native forest to much degraded espinal, directly
affected the C stocks, decreasing these when the tree cov-
erage diminished and soil use intensity increased, as shown
in Fig. 4.27.

In addition, Mufioz et al. (2008) in a study of the C
distribution, structure and functional properties in different
SOC fractions in espinal ecosystems with different land
surface coverage, found that the aromaticity of SOC in the
intermediate fraction was lower in well-preserved espinal
(33 %) than in degraded espinal (50 %). They noted that
these data reflect the effect of greater soil use intensity
under degraded espinal due to the inverse relationship
between A. caven land coverage and soil use intensity.

In the Rainy and Patagonian zone, there is also some
evidence that organic matter (OM) in Chilean volcanic soils
is being degraded after human intrusion. Heredia et al.
(2007) found that soils under native forest showed higher
OM level than agricultural soils. They found that in agri-
cultural soils the soluble C or labile C is increased and
contributes greatly to the solubilisation, mobility and
availability of plant nutrients, but also enhances losses of
organic C by lixiviation. Similarly, in this zone Ramirez
et al. (2003) developed a study that compared the floristic
composition and SOM content in native forest and anthro-
pic prairie in an Andisol and an Ultisol. They found that
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Fig. 4.27 Soil organic carbon stocks under canopy of Acacia caven
in the espinal ecosystems in the Mediterranean zone soils. Ecosystem
studied (n = 8): native forest is NF, well-preserved espinal is WPE,
good espinal is GE, degraded espinal is DE and much degraded
espinal is VDE. (Muiioz et al. 2007a)

compared with the forest, the OM at 0-20 cm in the prairie
decreased from 15.5 to 13.6 % and from 11.5 to 5.1 % in
the Andisol and Ultisol, respectively, with the floristic
composition following the same tendency. In a study in
Andisols in this zone, Undurraga et al. (2009) concluded
that measurements of dissolved organic C (DOC) and N
(DON) reflect non-intensive and intensive soil management
and can be used as good biological indicators of changes in
SOM, as more sensitive parameters than soil total C and N.
In the same zone, Alvear et al. (2005) reported that tillage/
residue management induced significant changes in soil
biological activities, such as microbial biomass and soil
enzyme activities. For instance, they found that no tillage
increased C and N of microbial biomass in comparison with
conventional tillage.

On the other hand, loss of biodiversity is also considered
a soil biological degradation symptom, because soil
organisms are a key components in a number of crucial
processes, such as OM decomposition, nutrient cycling,
nutrient retention, C sequestration, N fixation and pollutant



4.2 Non Erosive Soil Degradation (Physical, Chemical and Biological)

100

80 -

HH
|_
i

Respiration
(ug C-CO, g'dry soil)

NF WPE GE DE VDE
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degradation, among others. Fuentes and Varnero (2011)
noted that in the Mediterranean zone the alteration of esp-
inal ecosystems not only affects the C pools in the soils, but
also the microbial communities and their enzymatic and
biochemical activities. Therefore, they recommend that to
evaluate the soil biological degradation the focus should not
only be on quantification of the SOC stocks, but also on the
role of microbial communities in the soils. On the other
hand, microbial activity in soils has been related to soil
respiration rate. For instance, Mufioz et al. (2007b) in the
Mediterranean zone found that the respiration of microbial
communities was affected by ecosystem degradation at
0-10 cm soil depth under the tree canopy, with soil respi-
ration in native espinal ecosystems greater than in other
degraded ecosystems (Fig. 4.28).

Therefore, ameliorative measures to recover OM and
biodiversity are needed in soils affected by degradation
processes. During recent decades, some efforts have been
made by government to afforest degraded soils in the
Hyper-arid to Semi-arid zone, including some trees (Pros-
opis tamarugo) and bushes (Atriplex nummularia and
Atriplex repanda) (Olivares and Gasté 1981; Ormazdbal
1991).

Aronson et al. (2002) noted that agroforestry systems are
a promising approach to rehabilitating damaged agroeco-
systems, sustaining profitable agricultural production,
restoring soil fertility on degraded lands and biological
conservation. Similarly, Aronson et al. (1993) highlighted
the beneficial effects of including nitrogen-fixing legume to
optimise the amount of atmospheric N fixed in a degraded
arid or semi-arid land ecosystem, to promote the develop-
ment of associated plants, and to improve soils and enhance
possibilities for the spontaneous or assisted return of native
plants and animals. Ovalle et al. (1999) added that water
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resources in the Mediterranean zone, especially precipita-
tion and runoff, must be better managed. Considering the
latter point, Salazar et al. (2006) reported that the use of
runoff water harvesting combined with agroforestry systems
in the central zone of Chile can be beneficial for increasing
SOC and N stocks, which indicates that these land man-
agement practices can be used for restoration of degraded
soils and potential SOC sequestration in degraded espinal
ecosystems. Figure 4.29 shows a field experiment combin-
ing agroforestry with water harvesting at the Germén Greve
Silva Experimental Station, University of Chile, which
started in 1996 in the Mediterranean zone (Salazar and
Casanova 2011). It can be seen that after 14 years, the
system has been able to survive under extreme scarcity of
water.

In the same study, Salazar et al. (2011) reported that after
12 years, the treatments with water harvesting had higher
OM contents (Fig. 4.30) than the control, which comprised
degraded natural pasture. This suggests that this practice
had positive effects in improving the water content in the
soil, stimulating biomass production of trees (Acacia sal-
igna) and the decomposition of litter and favouring the
process of root turnover. They used A. saligna as N-fixing
trees, and also found that agroforestry combined with water
harvesting showed the highest accumulation of N content as
a result of increased litter and root turnover (see Fig. 4.30).

It is important to note that some management practices
that aim to restore degraded soils may have unexpected
negative effects in the short term. For instance, Pérez-
Quezada et al. (2011), in a field experiment in the Hyper-
arid to Semi-arid zone, evaluated the conversion of eco-
systems from natural conditions with arid shrub land
(moderately disturbed by grazing) to afforested conditions
(2-year-old plantation of A. saligna). They found that stocks
of ecosystem C decreased from 32.4 in the natural places to
19.8 Mg ha~"' at the afforested sites, mainly due to loss of C
from the soil C pool at 0-50 cm depth during site prepa-
ration for afforestation (Fig. 4.31).

In one of the few studies carried out in the Rainy and
Patagonian zone, Klein et al. (2008) analysed SOC and the
organic soil horizons in five stands at different stages of
development (Fig. 4.32): intact native forest (NI); a 3-year-
old shelterwood stand (S3); an 8-year-old shelterwood stand
(S8); a 14-year-old stand that was initially treated with
shelterwood and subsequently final cut (10 year after the
first intervention) (S14), and a 25-year-old stand subjected
to a exploitative intervention (E25). Short-term effects of
shelterwood cuts on SOC were only detected in the upper
10 cm of the mineral upper horizons, where comparison of
the SOC per unit area between the NI and S3 stands indi-
cated a significant net C loss of 5 Mg ha™', whereas long-
term effects of shelterwood cutting on SOC could not be
verified for this type of forest.
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Fig. 4.29 Agroforestry under
water harvesting field experiment
located in the Mediterranean
zone. Initial conditions in 1996
(left) and 2010 situation (right)

It is important to note that the development of computer
simulation models has also provided tools to predict the
effects of management practices to recover OM and biodi-
versity in soils affected by biological degradation processes.
However, in Chile few soil carbon model applications have
been carried out. In one study, Stolpe et al. (2008), using the
Century model, predicted that less intensive management
could gradually increase soil organic C (3.19 to
3.86 Mg ha™' in 100 years) in degraded espinal, thereby
improving the general quality of the soil and agroecosys-
tem. In another modelling approach, Salazar et al. (2011)
used the ICBM/N model and predicted that in a degraded
Mediterranean annual prairie system, there was a slight
trend for decreasing OM over time, which may indicate a
negative OM balance, whereas a degraded Mediterranean
annual prairie system with introduced A. saligna trees
increased the OM stocks.

4.3  Desertification
Ecosystems in semi-arid and arid regions around the world
appear to be undergoing various processes of degradation
commonly described as desertification, probably caused by
land misuse, soil mismanagement and a harsh climate.
Desertification is a stage of extreme degradation that includes
environmental and socio-economic aspects. It involves soil
degradation as an inseparable term of deficient sustainability
of ecosystem, which covers a wide variety of interactive
phenomena, both natural and anthropogenic. In this sense,
basic investigation has to precede monitoring, because it is
not possible to know what to monitor if basic processes are
unknown and, the impacts on inhabitants are ignored.

Much of the agricultural production in Chile derives
from areas subject to the effects of desertification: the irri-
gated valleys in the northern Hyper-arid to Semi-arid zone
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Fig. 4.30 Soil organic matter content and total nitrogen content in
different soil layers (year 2008) for the treatments control (P), agroforestry
(A), agroforestry with water harvesting (AR), woody perennial (W) and
woody perennial with water harvesting (WR) from Villarroel (2012)

of the country down to Region IV, and south of Santiago
down to Region VII (Fig. 4.33). The areas considered vul-
nerable amount to about 45 % (340,000 km?) of the
national land surface, affecting 1.5 million inhabitants
(Beekman 2007).



4.3 Desertification

145

Carbon (Mg ha™'}

} i

[ Natural
I Afforested

Soil depths (cm)

Fig. 4.31 Soil carbon content at five soil depth intervals in natural
and afforested conditions of an arid Mediterranean shrubland in Chile
(Pérez-Quezada et al. 2011)

In ecosystems subject to desertification, the vegetation
cover is highly variable, with large patches of bare ground
where solar radiation reaches the surface without interfer-
ence. Therefore, plant cover is an important factor for
combating desertification, because it protects the soil sur-
face from raindrop impact, enhances infiltration and retards
runoff (also reducing spatial variability in both), resulting in
arresting land degradation. Optimal production, as dictated
by the farmer’s particular needs, comprises a well-planned
combination of productive system components, so agro-
forestry emerges as the best option to establish diverse,
stable and productive systems. Using either native or exotic
species is a potent and efficient tool for biological recovery,
allowing higher productivity than pristine vegetation under
the same ecological conditions. The presence of trees
modifies site microclimate in terms of temperature, relative
humidity and wind speed, among other factors. With respect
to spatial niche differentiation in agroforestry systems, the
general expectation is that deep-rooted trees will not com-
pete with, but rather complement, shallow-rooted annual
crops (Daudin and Sierra 2008). Consequently, yield
advantages for components in agroforestry systems within

semi-arid environments occur only when profile soil water
status remains high throughout the growing season, or when
the trees are managed with a reduced transpiration surfaces
(Mclntyre et al. 1997). However, in the case of arid and
semi-arid rainfed farming, there is insufficient rainfall to
maintain such plant cover.

4.3.1 Coquimbo Region and Patagonia, Two
Emblematic Cases of Desertification

in Extremes Zones of Chile

Desertification is particularly important in Region IV,
which is recognised at planetary level and characterised by
a steeply landscape and a semi-arid climate. Rural devel-
opment in this region takes place under constant tension
between use of the natural resources and economic activity.
Favourable agro-ecological and climate conditions in the
valleys have stimulated the rapid expansion of fruit pro-
duction, notably table grapes and grapes for processing into
liquor (pisco), both with outward orientation. However, the
dynamism of the fruit sector has not translated into an
improvement of quality of life for most people in the region.
Moreover, the complex and diverse land tenure (Agricul-
tural Communities) in rainfed conditions contribute to
increase this tension. On the whole, this situation may be
further exacerbated by the interactions among adverse cli-
mate factors, with recurrent drought episodes, few torrential
and destructive rain events, and a historical reduction in the
amount of rainfall (Fig. 4.34). These features mean that this
region is extremely prone to runoff and soil erosion, espe-
cially when the soil is unprotected by vegetation. Natural
regeneration of plants in many arid zones occurs only for
every 5 or 7 years (or less frequently), when two successive
years of favourable conditions occur (Hahm and Wester
2004).

Land degradation in this zone has been attributed to
increased population pressure on natural resources and to
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the droughts that have affected the region for many decades.
Even earlier, natural resources had been severely depleted;
at present, further degradation is taking place at rates that
could lead to an environmental collapse in the near future.
For example, Bahamondes (2003) reported that certain
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threatening agricultural practices have not diminished
notably the large goat population and the gathering of
firewood.

Agricultural communities are social organisations of
small farmers, joined by family bonds or friendship, living
on communitarian ownership, which is basically an undi-
vided and indivisible expanse of land. These communities
have their origin in land grants to generally licensed mili-
tary personnel of the Spanish armies (sixteenth—seventeenth
centuries). Many of these lands were subdivided by inher-
itance and finished up as minifundia, while a few remained
undivided, either as haciendas or as communities. Grazing
privileges on the ranges and slopes, which often constitute
by far the largest proportion of the community lands, are
enjoyed by all members.

Although most of the 180 agricultural communities
identified in Chile have holdings between 500 and
10,000 ha and their total area covers almost 1 million ha
(25 % of the Region IV), only a small proportion is clas-
sified as permanently suitable for agriculture and stock
rearing. In fact, only 1,000 ha are irrigated, and a further
9,000 ha are of limited use because of insufficient water.
Furthermore, almost 900,000 ha can only be used as
rangeland. For the 70,000 inhabitants of the agricultural
communities, per capita land with some agricultural
potential is extremely low: 0.017 ha of permanent agricul-
tural land, 0.13 ha of cropland with limitations and 0.69 ha
of land suitable for dry-farming or grazing. The proportions
of these different categories of land vary greatly. All agri-
cultural communities have the same problem of having to
subsist on a small area of land of low agricultural value,
most of which is covered by unproductive shrub on which
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Fig. 4.34 Average annual
precipitation (1869-1999) in
Vicufia and La Serena (Young
et al. 2010) at Region IV of Chile
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Fig. 4.35 Scheme of land
possession types in rainfed zone
of Region IV (above). Very
steeply cropped land (/[uvias)
with erosion features (below)

Common land

even the goats have difficulties surviving in many years.
The widespread failure of crop and animal production,
especially since the 1968 drought, has forced a large sector
of the rural population to put even greater pressure on the
region’s natural resources. However, it seems clear that the
present rates of extraction of wild plants and firewood
cannot be sustained by the ecosystem in the future.

Within the agricultural communities, members generally
have the possibility to be the owners of small private plots
that are permanently assigned to families, while larger tracts
of dryland for crops are often rotated. For several decades, it
has been traditional that rainfed soils on steep slopes are
widely used in the production of cereals (wheat, barley) and
umbelliferae (cumin, anise). This activity net of subsistence
has contributed to the degradation of the scarce land
available, with an abandonment of agricultural land at
certain sites, locally called lluvias (Fig. 4.35), where the
soil has lost its natural fertility or has reached levels of
severe erosion. Cultivation is followed by at least 1 year of
fallow (Fig. 4.36) and after harvesting the stubble fields are
grazed by farm animals (goat overgrazing).

Land abandonment constitutes a depreciation of envi-
ronmental capital stock and has many, mostly negative,
socioeconomic and environmental consequences. While it

can be argued that the /luvias are a management system that
is not recommended and which should be excluded, it is
equally true that farmers are continuing with this practice
and will continue in the future, giving validity to the tragedy
of the commons hypothesis (Hardin 1968).

In Region IV, plant productivity has decreased over time,
caused by a negative water balance (Kalthoff et al. 2006)
and intense soil degradation. In the inner rainfed area, plant
productivity is low due to lack of adequate water, which
induces a short growing season. However, the socio-eco-
nomic effects of an imminent climate change will be
reflected most clearly in the existing marginal system of
communities, because farmers with access to supplementary
water and financial support will be able to respond better
than those poor farmers.

Soil and water conservation in Hyper-arid to Semi-arid
zone of Chile is a priority. Integrated management of these
cultivated hillsides has been poorly addressed by the
national investigations, but abundant documentation relat-
ing to the management of runoff in these conditions has
been produced (Verbist 2011; Verbist et al. 2009; Sangiiesa
et al. 2010).

A field study examining an agroforestry and/or rainwater
harvesting combination with A. saligna was carried out in a
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Fig. 4.36 Rills erosion in a lluvia (above) and in a hillside being
grazed by goats (below), Region IV

rainfed area of central Chile, between 1996 and 2004. The
field experiment, located at German Greve Silva Experi-
mental Station of the University of Chile (Santiago),
assessed the influence of this synergic combination on some
soil fertility parameters at four depths (Salazar 2003; Leiva
2005; Salazar et al. 2006) of a Typic Haploxeroll (see Sect.
4.2.2). Soil physical properties were evaluated later by
Bauza (2009) and Moreno (2012) to obtain improved val-
ues. The lack of significant statistical differences observed
was attributed to poor contribution of OM, leading to the
conclusion that in more arid conditions, addition of organic
amendments is essential to benefit plant growth and
improve soil quality.

Traditionally, research has tended to propose or suggest
techniques that aim to change the use and management of
soils (Salazar and Casanova 2011). Even though there are
many options being offered, farmers have preferred to
maintain their traditional use and management. Therefore,
an initiative (Casanova et al. 2011) in Region IV is starting
a trial that aims to establish a demonstration area to show
different options (Acacia saligna, Atriplex numularia and
Prosopis chilensis trees, with and without organic amend-
ments) in soil and water conservation to local farmers
(Fig. 4.37). Clearly, although an important biophysical
potential for intensification and enhancement of arid zones

Fig. 4.37 Soil and water conservation practices in deeply degraded
soils in Region IV, initial (April-2011, above) and later (October-2011,
below) scenarios. Microcatchments, stone-lines and erosion plots

exists, it is necessary to give more attention to socio-

economic variables of the system. Many authors

(Abdelkdair and Schultz 2005; Montambault and Alavala-

pati 2005) argue that the integration of agroforestry system

with rainwater harvesting will require active participation
by farmers in all planned trials.

Finally, it should be emphasised that at least three
important institutions are working in this desertified region
of Chile:

a. CEZA (Centre of Arid Zones Studies, University of Chile:
http://agronomia.uchile.cl/centros/ceza/index.html)

b. CEAZA (Advanced Centre of Arid Zones Studies:
http://www.ceaza.cl)

c. CAZALAC (Water Centre for Arid and Semi-Arid
Zones in Latin America and the Caribbean: http://www.
cazalac.org/eng/index.php).

Desertification in the Patagonia (eastern side of the
Andes) is also a significant environmental problem, both
due to its severity and to the area it covers. The areas
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classified as irreversible for the development of agricultural
and livestock production activities cover 58 % of the whole
area, i.e. 73,544,300 ha of Argentinian territory (Mazzonia
and Vasquez 2010). Overgrazing by sheep is assigned as the
main cause of desertification in the zone, because grazing,
by removing perennial grasses and pulverising the surface
soil can have a major impact on soil erosion (Chartier and
Rostagno 2006). However, hydrocarbon extraction and
mining activities have also been incorporated into the sys-
tem, with the subsequent clearing of extensive areas. For
western Patagonia, Holz and Veblen (2011) report that
although in both pre-historic and modern times climate
variability is the dominant control on years of widespread
fires, aboriginal farmers and Euro-Chilean settlers have
amplified fire activity (particularly during the twentieth—
twenty-first centuries) and shifted the region’s fire regimes
to new behaviours, which threaten the soil severely (Vott
and Endlicher 2001). Moreover, results obtained by Marti-
nez-Harms and Gajardo (2008) show an unbalanced cov-
erage of the National System of Protected Areas in Chilean

Patagonia. These authors conclude that despite the high
amount of regional area allocated to conservation, key ter-
ritorial units in the provision of ecosystem services, which
are vulnerable to human action, remain without a conser-
vation category (Fig. 4.38).

4.3.2 Easter Island, an Example of Collapse
by Soil Degradation

Nowadays, the soils of the Easter Island show the effects of
intensive soil degradation processes, particularly soil ero-
sion. In the Island the sheet erosion is evident, with abun-
dant gullies in the northern area. In the 1940s, Diaz (1949)
found that soil erosion was an important soil degradation
constrain that affected soils with slope >10 %, occupied
mainly with pastures covering 50 % of this degraded areas.
While in the 1990s, Honorato and Cruz (1999) reported that
20 % of the soils of the island present erosion processes,
mainly located in hilly areas (slope >15 %) around the main
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volcanoes. They noted that other studies in the island esti-
mated severe erosion processes in 57 % of the total area.

However, the causes of these soil degradation processes
are not totally clear yet. Louwagie et al. (2006) suggested
that physical soil degradation is witnessed by increased
erosion on the island since the introduction of grazing sheep
(from 1872 to 1985) and cattle (in the 1970s) with ensuing
overgrazing, especially on slope positions. Mieth and Bork
(2005) added that after the woodland clearance around AD
1,300-1,400 the soils were exposed to the harsh climate
conditions, where surface impacts after the destruction of
the vegetation realised by agriculture in open land and by
the construction of new settlements enabled migrating sheet
erosion. Diamond (2007) noted that new information on
Easter Island is helping to identify the cause of the massive
deforestation that occurred prior to European arrival, but
unanswered questions still remain. Even Mieth and Bork
(2005) hypothesised that soil erosion may have played a
dominant role in the breakdown of Easter Island stone
culture.

Mieth and Bork (2005) in the area around Poike volcano,
estimated a rate of 8.6 Mg ha~' yr™"' of soil transported by
erosion. They suggested that gullies in this area were caused
by excessive overgrazing, while in its formation the soil rate
loss was around 190 Mg ha~' yr~'. Although the same
authors highlighted the effects of strong winds over soil
surface in the badlands in the Cumming Cape, they noted
that water erosion is the main degradation process in this
portion of the Easter Island.

4.4  Future of Soil Conservation in Chile
At the present time, combination of climate changes and
land cover changes is particularly threatening for soil con-
servation in Chile. The average net annual deforestation rate
(1975-2008) for Central Chile was estimated by Schulz
et al. (2010) to be —1.7 %, with a reduction in dryland
forest and conversion of shrubland to intensive land uses
(farmland) as major trends in this highly dynamic land-
scape. Moreover, Chile stands to be one of the planet’s most
vulnerable countries to climate change due to glacial melt
and shifts in rainfall patterns. All glaciers in Chile had a net
retreat between 1955 and 2007, with mean frontal rates
of —22myr ' (Le Quesne et al. 2009). According to
ENERSIS-Fund (Garcia and Ormazabal 2008), 45 % of the
original forest area in continental Chile was lost during the
sixteenth century due to factors mainly such as fuel-wood
extraction, carbon and wood, fires and land clearing for
agriculture production and livestock.

The most direct effect of climate change on erosion by
water can be expected to be the effect of changes in rainfall
erosivity. Ellies (2000) reported that in central and southern
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Chile, 5-8 % of the annual precipitation (from 500 to
2,500 mm yr~') has a high kinetic energy, with a range of
erosivity ranging between 27 and 35 MJ ha~' mm™"'. Bo-
nilla and Vidal (2011) and Santibaiiez et al. (2008) descri-
bed this factor for other important areas of Chile (Fig. 4.39).

Annual precipitation is forecast to change by more than
30 % in some areas of the country by 2040, an amount that
illustrates Chile’s vulnerability under a future scenario with
increased (double) atmospheric CO, levels. The central
Chile, for example, may see a significant reduction in pre-
cipitation, while the Altiplano zone in the far north will
experience higher precipitation levels due to tropical
cyclone activity. Precipitation will decrease by about
20-25 % between Antofagasta (20 °S) and Puerto Montt
(45 °S), but will increase from Chiloé Island to the south.
As a consequence of these trends, aridity will increase in
north and central Chile down to the Region VIII (CON-
AMA 2010).

The Chilean government has subsidised soil conserva-
tion activities through a major national programme (ISRD).
This aimed to improve the productivity of Chilean soils,
focusing on the restoration of degraded soils that cannot be
used anymore in a sustainable and productive way. The first
programme ran from 1999 to 2010, controlled by the
Agriculture Ministry, and today a new programme (ISRD-
S) is being introduced.

In the ISRD programme, all cash payments were awar-
ded through an invitation to tender, covering about
50-80 % of the total costs of soil conservation practices,
including agricultural inputs, labour and technical material.
Six different subprogrammes were developed: regeneration
of a permanent plant cover, crop rotations rehabilitation and
soil conservation by physical structures. After 15 years,
almost 31 million dollars were assigned to an annual
average of 3,548 users and 102,000 ha.

At the end of ISRD (2010), from a territorial point of
view a zone from Region VII to the extreme south con-
centrated 85 % of invested resources, and Region X alone
received almost 32 % of the investment.

However, there is no legislation which regulates land use
by land owners in Chile. The government has developed
decrees to promote sustainable land use, but its application
is not mandatory. In fact, direct legal aspects of soil deg-
radation have in the past been generally neglected at the
national level (Cavieres 2000). Today, it appears to be
economically beneficial for some land users to exploit soils,
transferring the capital loss to society. There is thus an
urgent need to enact a Chile Soil Law as soon as possible,
including the protection, conservation and recovery of these
resources as main objectives. While such legislation is
lacking, the State is not fulfilling its constitutional obliga-
tion to ensure the protection of one of fundamental natural
resources of the nation (Escarate et al. 2005).
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Administrative regions of Chile
With human-induced soil degradation, soil resilience including monitoring, impact evaluation, assessment

represents an expression of soil to resist or recover from
such perturbation, a concept that must be considered when
rejecting or stimulating soil management practices (Casa-
nova 2000). The Hyper-arid to Semi-arid zone is known to
be more sensitive to soil degradation than other climate
zones of Chile and requires in general considerable man-
agement inputs and appropriate conservation practices.
From the point of view of the soil scientist, different soils of
central Chile have a widely varying susceptibility to deg-
radation due to the vast range of physical, chemical and
mineralogical properties involved, requiring specific mea-
sures against erosive and/or non-erosive degradation. Alfi-
sols, for example, are subject to low productivity and soil
degradation and have several characteristics which make
management difficult, including low water-holding capac-
ity, low aggregate stability and high soil strength when dry.
In the southern part of the territory, while fresh volcanic
deposits with low cohesiveness may be particularly prone to
degradation, their progressive development towards mature
Andisols generally shows more resilience.

The land capability classes (LCC) along Chile illustrated
in Fig. 4.40 represent a trend from north to south of generally
better soil quality. As mentioned above, this natural heritage
of the country must be protected considering its integration to
other natural resources, sustainable productive activities and
the socio-economic particularities of stakeholders.

Finally, it is possible to think that it is high time for
action, i.e. to pass from rhetoric to practice in soil conser-
vation with sustainable soil use and management programs,

experiments (participative, innovative and adapted to local
reality), natural resources inventory (base lines and dat-
abases), reliable data generation and above all a solid and
comprehensive training of all the actors involved. Although
considerable progress in erosion modelling has been made,
model validation for major soil zones and ecoregions is
often lacking (Casanova et al. 2010b).
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