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EXECUTIVE SUMMARY

This report summarizes the basin response associated to plantation forestry development in Chile.
The study took place in experimental catchments (3 to 90 ha) and large river basins (more than 90
km?) located between 37°21° and 41°17” south, in central-southern Chile. Water production, peak
flows and sediment transport were studied in the experimental catchments analyzing data from
rainfall, water level and sediment gauging stations operated directly with the support of the EPIC
project. Discharge and precipitation records in the larger river basins were obtained from Direccion
General de Aguas and Direccion Meteorolégica de Chile. Land use for different time periods were
generated during the project using remote images and aero photos.

In small experimental catchments, the reduction of vegetation cover generates increases in runoff
and peak discharges, and the biggest effects happen after clearfelling significant proportions of a
forest within the catchments. The combined effect of rainfall pattern, catchment size and
topography, road density and extent of affected area should also be considered to fully understand
and explain the hydrological effects of land use changes in these catchments.

Following clearcutting of the Pinus radiata plantation that covered the 79.4% of the La Reina
experimental catchment, runoff and peak flows increase both at annual and summer levels. During
the first three years of the post-harvesting period, on average a 110% increase in annual runoff
occurred and mean peak flows were 32% higher. After 6 years of development of the new
Eucalyptus spp. plantation established in the La Reina catchment in 2000, this forest is increasingly
consuming water and annual runoff has initiated a recovery towards pre-harvesting levels.
Comparisons of peak flows at the La Reina catchment for pre and post-harvesting conditions
indicate that the percentage change for the ‘large’ event category (events with rainfall volumes
greater than 50 mm) is less than that resulting from both the ‘medium’ (from 10 to 50 mm) and
‘small’ (from 5 to 10 mm) event size categories. Nevertheless, peak flow medians for 2006 are still
higher than those from the pre-harvesting conditions indicating that peak flow values after the
removal of the plantation do not show an initial important increase followed of a gradual diminution
tending towards the peak discharge levels of the pre-harvesting condition. Although runoff in La
Reina has initiated in 2006 a decrease tending towards the levels of the pre-harvesting condition,
this is not yet the case of the peak flows. At the La Reina catchment the relationship between
extreme rainfall events exceeding 100 mm in total precipitation (the upper section of the ‘Large’
event size category) and extrapolation of this relationship to increasingly larger rainfall event sizes
does appear to suggest that, at the scale of extreme events, peak flows with return periods exceeding
10 years do not differ considerably for pre and post-harvesting land cover conditions. This result

appears consistent with the suppositions regarding peak flows and extreme events and supports the
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hypothesis that, as the size of the flood peak increases, the effect of land use becomes less
important.

Data from La Reina, Los Ulmosl and Los Ulmos2 show a decrease in the annual runoff (in
percentage of annual precipitation) as the plantations increase their water consumption capacities
from about 68% the year after timber harvesting to 36% after 22 years of plantation growth.

In large catchments, annual water reductions associated to afforestation compromising more than
30% of total catchment area have been detected. The highest reduction occurs for Qsgy, While Qgoy
and Qoo are much less affected. Since Qggy and Qqgo, are used to define permanent and continuous
Water Rights, it is possible that already existing permanent and continuous water rights could be
only marginally being affected by the increase of the planted area. However, those eventual water
rights, more associated to Qsqy,, Would be the most possible affected.

At the Caraméavida, Duqueco and Mulchén river basins the trends of the relationships between
rainfall events from pairs of storms (one storm from the pre-plantation development period and one
from the post-plantation development period) and the resultant peak discharge values and
extrapolations of the relationships to increasingly larger rainfall event sizes do appear to suggest
that at the scale of extreme events, the corresponding peak flow values from pre and post-plantation
development land cover conditions do not differ considerably. In these three river basins, the
differences in peak flow values from pre and post-plantation development conditions only differ for
events with return periods lower than 5 years. These results appear consistent with the suppositions
regarding peak flows and extreme events and the findings for the smaller experimental catchments.
Although, in the large river basins to the effect of the increase of the afforested area it is necessary
to add the corresponding to the variations from one period to the other in the intensity pattern of the
precipitations that generate these peak flows and to the differences in areal distribution of
precipitation among storms and study periods.

In small experimental catchments, the increases in sediment load after clearfelling can be defined as
extreme events not necessarily generated by intense rainfalls but associated to road building and
clearcutting during final harvest operations. This reinforces the proposals that the EPIC-UACh
group, within the framework of best management practices and definition of standards for
harvesting and road planning, has been raising in forums and discussion groups

The results presented in this document can be used to provide recommendations regarding forest
management options, which allow adequate tree growth rates but are compatible with restrictions on

water availability and quality.
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1. INTRODUCTION

1.1.  Project Summary and Work Package 3 description

The impact of forest management on extreme floods is an area in which there is considerable
scientific uncertainty as well as poorly conceived policy. EPIC FORCE aims to improve the
integrated management of forest and water resources at the river basin scale through the
development of policies based on sound science, focusing on extreme rainfall/snowmelt events. It
will link scientific, management and policy research by:

1) developing a generic model for the impact of management practices on basin response to

extreme rainfall;

2) developing improved strategies for integrated forest and water management relevant to

extreme events;

3) developing evidence-based policy recommendations for national agencies and for the EU

and World Bank.
The focus areas are four Latin American countries (Costa Rica, Ecuador, Chile and Argentina),
which represent a range of humid forest and rainfall/snowmelt regimes with major flood and
erosion problems and which suffer from a lack of integrated water and forest policies.The generic
model will be derived using existing advanced modelling technology and data from the focus areas:
it will examine the hypothesis that, as the size of the flood peak increases, the effect of land use
becomes less important. The improved management strategies will be developed from reviews of
current management and of best practice, from model scenario applications and from field studies.
The policy recommendations will be developed by proposing improvements to the basis of existing
national policies in the focus countries in the light of the modelling and management studies.
Crucial participants will be the national forest and water resource agencies, which will receive the
project technologies. EPIC FORCE will improve our understanding of forest ecosystem dynamics
(for extreme rainfall events) under human pressure (from logging and forest conversion), allowing a
more sustainable use of water and forest resources. It will support the efficient and well-directed use
of limited development resources.
Work Package 3 (WP3) is analyzing basin response to forest management for extreme rainfall in
central-southern Chile, both in small experimental catchments and large river basins in areas with
large scale forest plantation development. The area is characterized by high seasonal and all year

rainfall (up to 4000 mm) with large interannual variability from EI Nifio effects.



The main land use of this area corresponds to exotic, short rotation plantations; where the problem
impacts are flooding and soil erosion; water pollution and decreased water yields. Associated with
the demands that the certification processes are imposing to large scale forest operations, the
Chilean forest companies are requiring best management practice guidelines, while other needs are

improved integrated forest (both plantation and native) and water management legislation.

1.2.  Plantation forestry at a global scale

By the year 2010, some 5.55 billion hectares of forestlands will be required to satisfy the predicted
needs for forest and wood products, carbon sequestration and biodiversity conservation (Lund and
Ireminger, 1999). These total forestland needs are by 1.38 billion hectares above the 1994 forest
existence. The results of global supply and demand analysis suggest that demand for wood will
continue to increase for the foreseeable future, due to continued increases in population and income
(FAO, 2000). However, during the past thirty years, natural forest resources have declined in a
number of countries as forests have being cleared, degraded, or withdrawn from production
(particularly in the area of natural forest available for wood supply). This trend is expected to
continue in the future specially because the use of natural forests for wood production is being
increasingly opposed by environmental and preservationist groups, who are pressing to retain the
remaining natural forests of the world in their natural state (Sutton, 1999).

This suggests that future demand will have to be supplied from a diminishing, or more restricted,
forest resource base. In other words, the burden placed on the remaining forests to produce wood
will increase commensurately. To solve this dilemma the only solution is to increasingly shift the
wood harvest from natural forests to deliberately created planted forests (Sutton, 1999).

Forest plantations account for a small proportion of the global forest area. It is estimated that in
1995 the global area of forest plantations was about 123.7 million hectares (approximately 3.5
percent of the global forest area) to then reach some 187 million hectares after increasing at an
annual rate of 14 million hectares between 1990 and 2000 (FAO, 2000; IUFRO, 2005).

The solution of moving to planted forests for wood production as many attractions, as it leaves the
remaining natural forests to be managed for their nonwood-producing objectives. Plantation forests
will not be asked to meet high demands for biodiversity, for species or age diversification and for
the use of only indigenous species (Sutton, 1999), although they will certainly require being
responsibly managed with respect to the environment as they are capable of deliver both multiple-
habitat forests and productive tree crops (IUFRO, 2005).



A key factor of plantation expansion is going to be economics, as planted forests are probably the
most capital-intense industry in existence (Sutton, 1999). Other factors than could constrain
additional development of planted forests are environmental issues, e.g., concerns about biological
risks especially when they are managed as even-aged monocultures, and scarcity of suitable land for
new planting because large parts of the remaining available land is unsuitable for plantation forestry
(altitude, slope, fertility, salinity, water table and aridity constraints) or, more frequently, because is
more valuable in alternative uses such as agriculture, urban development or industry. In addition the
hydrological effects of large scale afforestation and deforestation and water allocation issues could
further constrain the development of planted forests. As an example, the South African White Paper
on Forestry (DWAF, 1996) notes "Controversy about the effects of afforestation on water supplies
began in the 1920s, and continues today. This led to the implementation of controls on afforestation
that have been applied since 1972 through the afforestation permit system. In 1986 the industrial
forests in South Africa were estimated to consume about 1.2 billion cubic meters of water that
would otherwise have entered rivers and streams, and been available for other uses. This volume
equated to about 30% of the amount used for urban and industrial purposes, or about one tenth the
volume used in irrigated agriculture. The water consumed is a cost required to support the forestry

sector as a contributor to our economy.".

1.3.  Plantation forestry in Chile

In Chile, the forest sector participates with the 3.4% of the national GDP and the 8.8% of total
exports (INFOR, 2005). In the country, plantation forestry based on introduced Monterey pine
(Pinus radiata D.Don) and Eucalyptus spp. is very important, and near the 90% of the Chilean
forest economy comes from plantations that cover the 3% of the national territory and correspond to
the 13% of the forest lands. These plantations have grown in area from some 300 thousand hectares
at the beginning of the 1970s to 2.1 million hectares in 2004 and are established as evenaged stands
where Pinus radiata (Monterey pine) and Eucalyptus spp. represent the 68 and 24%, respectively,
of these man made forests (INFOR, 2006; CORMA, 2007).

The importance of the economic role of the forest sector is likely to increase. Forestry has a real
opportunity for expansion in the country associated to the economic revenue of plantation forests,
the existence of some 2 million hectares of uncovered plantable lands, from which 500 thousand
hectares are due to be planted in this decade (CORMA, 2007), and the existing 4.5 million hectares
of potentially productive native forests (CONAF-CONAMA, 1999).



The Chilean commercial forests are distributed between 34° and 41°30° south (see Figure 1), in
areas with Mediterranean influence where annual rainfalls vary from 1000 mm in the north to near
3000 mm in some southernmost sites (Iroumé, 2005). Precipitations are highly concentrated in
winter with summer dry periods that last up to 6 months in the Sixth, Seventh, Eighth and northern
Ninth Regions (between 34° and 38°30’ south) and about 2 to 3 months in the southern part of the
Araucania and up to the Los Lagos Regions (38°30” to 41°30’ south), Romero (1985).
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Figure 1. Areal distribution of plantation forestry in Chile.

Besides the economic importance, afforestation with fast growing exotic species has ended up being
less social and politically accepted because the supposed impact on the environment and water
resources (Gross and Hajek, 1998; Hofstede et al., 1998; Toro and Gessel, 1999).
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1.4. Hydrological consequences of intensive forest operations

The hydrological consequences of intensive forest operations on water yield and quality have
received much attention (Cameron, 2003; MacDonald and Stednick, 2003; Andréassian, 2004;
Brown et al. 2005; Sun et al. 2006). According to Calder (1992), at a global scale afforestation and
deforestation are the most important land use changes in terms of hydrological effects.
Deforestation tends to generate net erosion and nutrient losses. Afforestation tends to reduce
groundwater recharge and net water availability because the trees intercept part of the precipitation
and, owing to their deeper root system, transpire more water than grasses during the drier periods.
Although the establishment of plantations on land previously in pasture or under cultivation has
protected many areas from further erosion (Fahey, 1994; Uriarte, 1994), large scale forest
operations can severely affect water, nutrient, and sediment cycling within a catchment (Calder,
1992; Keenan and Kimmins, 1993; Rowe and Pearce, 19944, b; Rowe and Taylor, 1994; Stednick,
1996). The establishment of plantations initiates long-term changes that modify the distribution of
precipitation and its chemistry, and affects soil moisture patterns, water yield, and water quality.
Final felling operations remove the canopy and water yield returns to near pre-establishment
conditions, but the effects of logging and transportation generate massive soil and landscape
alterations leading to increases in generated runoff and larger amounts of sediment delivered into
streams.

Rainfall interception by the canopy dominates water yield in areas with medium-to-high annual
rainfall (Fahey, 1994) while throughfall and stemflow are the main sources of soil water for any
forest, stemflow being especially important for supporting the growth of individual trees in areas of
low rainfall (Voigt, 1960; Price, 1982; Huber and Oyarzin, 1983). The amount of precipitation
reaching the soil surface depends on the type and density of the vegetation cover. This cover
intercepts part of the incoming precipitation so that it is temporarily stored on the leaves, branches
and trunks from where it can evaporate (Ward and Robinson, 1989).

Evaporation rates of water intercepted by forest canopies exceed potential evaporation rates from
free water surfaces (Ward and Robinson, 1989). This is because, owing to the rougher surface, the
aerodynamic resistance of the vegetation cover is lower than that of water surfaces. As part, if not
the whole, of such interception losses represent an addition to net catchment evaporative losses, this
process may dominate water availability (Fahey, 1994).

Owing to the recognised effect of evaporation losses on water balances and water availability,
quantification and modelling of the interception process has generated great attention. Studies of

these rainfall redistribution processes include those of Aussenac (1969), Cornet (1977), Aussenac
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and Boulongeat (1980), Aussenac (1981), Howard (1972), Crockford and Richardson (19904, b, c,
d; 2000), Neal et al. (1991; 1993), Pook et al. (19914, b), Kelliher et al. (1992), Myers and Talsma
(1992), Stogsdill et al. (1992), Viville et al. (1993), Buttafuogo et al. (1994), Fahey (1994), Rowe
and Pearce (19944, b), Tiktak (1994), Haydon et al. (1996), lovino et al. (1998) and Aboal et al.
(1999). Among the interception modelling studies, those by Rutter et al. (1971/1972; 1975; 1977),
Loustau et al. (1992), Lankreijer et al. (1993; 1999), Gash et al. (1995), Whelan and Anderson
(1996), Davie and Durocher (1997a, b), Valente et al. (1997), Aboal et al. (1999), Schellekens et al.
(1999) and Jackson (2000) are prominent.

Regarding runoff, Troendle and King (1987), Stonemam and Schofield (1989), Ruprecht et al.
(1991), Cornish (1993), Ruprecht and Stonemam (1993), David et al. (1994), Bari et al. (1996),
Lane and Mackay (2001), Swank et al. (2001), Andréassian (2004) and Brown et al. (2005) showed
that after timber harvesting -and even after intense thinning- annual streamflow increases from pre-
harvesting conditions. Changes in streamflow after timber harvesting occur when more than the
20% of the forest cover is reduced (Stednick, 1996), annual runoff increases between 10 to 120%
depending on the extension of the clearcut area (Keppeler and Ziemer, 1990; Zimmerman, 1992;
Fahey, 1994; Dye and Poulter, 1995; Swank et al., 2001) and the effect is noticeable only the first
years after final harvest (David et al., 1994; Bari et al., 1996), or up to 12-15 years (Ruprecht and
Stoneman, 1993).

The effects of forests on summer flows is even greater (Harr, 1976; Swanson and Hillman, 1977;
Harr et al., 1979; Helvey, 1980; Swift and Swank, 1981; Keppeler, 1986; Keppeler and Ziemer,
1990; Calder, 1992; Fahey, 1994; Keppeler, 1998; Dye, 2000; Jones and Swanson, 2001; Cassie et
al., 2002; Gush et al., 2002, Andréassian, 2004; Brown et al., 2005), because interception and
transpiration capacity are at the highest levels during summer months, because forests are in full
vegetative period and fully leaved. The characteristics of the rains during this period (less frequent,
less intense and of smaller totals compared for example with those of winter) further favour
interception capacity, reducing again the quantity of water that reaches the soil surface (Iroumé and
Huber, 2000). Higher transpiration losses because of the deeper root systems of trees reduce soil
water reserves which sustain base flows during summer (Calder, 1992).

Peak flows also increase after timber harvesting (Fahey, 1994; Jones and Grant, 1996; Thomas and
Megahan, 1998; Beschta et al., 2000; Caissie et al., 2002). Increases only for small events have
been reported by Whitehead and Robinson (1993), Ziemer (1998) and Caissie et al. (2002), in a
range between 14 and 48% by Harr et al. (1979), Fahey (1994) and Swank et al. (2001) while Jones
and Grant (1996) found 50 and 100% increase in peak flows for small and large catchments,

respectively. The effect of storm type is still controversial as Smith (1987) found that timber
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harvesting affects storms of 100-year return periods whereas Whitehead and Robinson (1993)
reported no significant differences on flood peaks from forested and grassland catchments for large
events. La Marche and Lettenmaier (2001) and Beschta et al. (2000) reported peak flow increases
after timber harvesting for 5- and 10-year recurrence interval events while Thomas and Megahan
(1998) did not detect any change for flows having return intervals larger than 2 years.

Magnitude and duration of post-harvesting effects on base and peak flows depend on soil type,
hillslopes steepness aspect and lithology of the catchment, rainfall quantity, frequency and intensity,
as well as on extension and type of forest operations and characteristics of the vegetation that re-
establishes after the harvesting. Flow increase is proportional to harvested area in the catchment
(Hibbert, 1967), is more pronounced after clearcuttings than partial harvestings (Rothacher, 1970;
Fahey, 1994) and more significant in wet temperate regions (Keppeler, 1998). Major effects occur
up to three years after logging. Afterwards, because of vegetation regrowth, streamflow quickly
returns to baseline levels (Fahey, 1994; Keppeler, 1998; Ruprecht and Stoneman, 1993).

Rainfall chemistry is modified during its interaction with the components of the ecosystem, in
which meteorological, biological and geological fluxes exchange with the water flow, and this
results in different stream water chemistry (Uyttendaele and lroumé, 2002). Throughfall and
stemflow chemistry are modified mainly through the processes of wash off of materials that were
deposited during the preceding period without rain and leaching of nutrients from plant tissues and
canopy interactions (Potter et al., 1991). Net rainfall (stemflow and throughfall) chemistry in
coniferous and long leafed forest types can differ due to different dry deposition amounts on the
canopy surface and its quality (Rapp, 1969), plant tissue composition (Cronan and Reiners, 1983),
bark roughness (Edmonds et al., 1991), the accompanying vegetation (Denison, 1973; Oyarzun et
al., 1998) and associative wildlife.

Many studies show that one of the most important water quality problem associate with forestry is
sedimentation (Beasley and Granillo, 1988; Binkley and Brown, 1993; Ensign and Mallin, 2001).
Harvesting and site preparation techniques that expose bare soil to the erosional influence of
raindrops have the greatest potential to impact water quality and reduce soil productivity. Areas
where soil has been disturbed are subject to erosion resulting in the downslope movement of
sediment after it rains (National Council for Air and Stream Improvement, 1994). Sources of
sediment include roads, bare soil on steep slopes, cutbanks, slope failures and debris flows, and
streambank erosion and channel scour. The construction and use of roads, skid trails and landings
for access to and movement of logs, particularly in steeper areas, are harvesting activities with the
greatest erosion potential (Brown and Binkley, 1994). Extensive vehicle movement removes

vegetation and litter cover, and disturbs mineral soils, increasing chances of overland flow,
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stormflows and runoff with high erosive forces (Patric, 1978; McMinn, 1984; Gayoso and lroumé,
1995).

Sedimentation impacts from forestry operations are generally short-lived. Major impacts occur
during and for a few years after harvesting operations, until the vegetation re-establishes and road
surfaces and cut and fill slopes stabilize. Careful location and layout of roads and logging
operations and proper planning and use of best management practices (BMPSs) can lessen soil losses
by up the 50% and greatly reduce the magnitude of sedimentation effects (Yoho, 1980; Stringer and
Thompson, 2000).

1.5. Forest and water issues research in Chile

Forest operations are the most significant land-use changes in terms of their hydrological effects
(Calder, 1992), and although Bathurst et al. (1998) have analyzed the impacts of the replacement of
native forests by exotic plantations on water yield, in Chile the main hydrological effects arise from
the afforestation of uncovered lands, the type of harvesting techniques (large scale clearcuttings)
and the intense interventions that take place at the end of the growing cycle in short rotations (22-24
years in Monterey pine and 10-12 years in eucalyptus plantations), in environments characterized
by abundant and intense rainfalls in winter and dry summers (Iroumé et al., 2005).

In the driest months, water availability reductions associated with large scale plantation
developments have been generating concern among public opinion and interest and environmental
groups. This cover type is in full growing period with interception and transpiration rates at their
highest potential. Problems are occurring in drinking and irrigation water supply catchments and
where ground water table depletions are affecting water availability in farms and rural settlements.
Some studies relating forests and waters have taken place in Chile. The impacts of forest operations
on soil properties were considered by Gayoso and Iroumé (1984; 1991a, b). Data obtained from
researches related to rainfall canopy interception, soil moisture changes and evapotranspiration
processes can be found in Huber and Oyarzin (1983; 1990; 1992), Huber et al. (1985), Huber and
Lopez (1993), Caldentey and Fuentes (1995), Huber and Martinez (1995), Iroumé and Huber (2000;
2002) and Huber and Iroumé (2001) and Huber et al. (2007). Water yield and sediment delivery at a
catchment scale were studied by Iroumé (1990; 1992; 2003), Mayén (2003), Lenzi et al. (2004),
Olivares (2003), Primrose (2004) and Uyttendaele (2006, while Bathurst et al. (1998) presented
long-term simulations of the impacts on water yield of the replacement of native forests by exotic

plantations.
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Results on increases in runoff and peak flows after timber harvesting were presented in Mayén
(2003), Primrose (2004) and Iroumé et al. (2005, 2006). In these studies, the results of analysis of
runoff and peak flows registered in pre- and post-harvesting periods and from catchments with
different forest cover are compared.

Some studies of throughfall and stemflow chemistry in forests were undertaken in southern Chile
(Oyarzun et al., 1998, Godoy et al., 1999, Uyttendaele and Iroumé, 2002). These studies describe
changes of rainfall chemistry in native coniferous and broadleaved forests and Pinus radiata
plantations. Monitoring mass balances in southern Chile is important since current deposition
chemistry gives evidence of low anthropogenic influences compared to some Northern Hemisphere
regions and reflects one of the closest approximations of pre-industrial atmospheric conditions of
the world (Weathers and Likens, 1997; Galloway et al., 1996). Moreover, few studies have been
carried out in the Southern Hemisphere, especially where there is little pollution (Likens et al.,
1987; Hedin et al., 1995; Galloway et al., 1996). Studies of nutrient cycling in these ‘clean’ sites
would enhance understanding of altered nutrient cycling in polluted areas. Furthermore, this
monitoring would alert us to the anticipated increased nutrient deposition, especially for nitrogen
(Galloway et al., 1994).

Erosion processes in forest environments have been studied using experimental plots by
Stolzenbach (1998) and Rivas (2000), and more recent results with the application of the *'Be
technique are reported by Iroumé et al. (2004) and Schuller et al. (2004, 2006).

These studies have contributed to our knowledge of the role of the forests in hydrological processes,
enabling predictions of the environmental impacts of forest operations and assisting management of
water resources. Chilean water resource managers, the water and environmental regulatory
authorities, and public opinion have all become aware of the impacts of afforestation and
deforestation on water yield and water quality wherever large-scale forest operations are
concentrated. In order to be competitive in international markets, forest companies must certify their
products. In 2006, about 370,000 and 1.2 million hectares of plantation forests are certified by
Forest Stewardship Council and ISO 14001 standards systems, respectively (CORMA, 2007; FSC,
2007). Through these standards forest companies are committed to adopt best management practices
(BMPs) to reduce or mitigate their environmental impacts, so that the quantification and the
monitoring of BMP effects on water quantity and quality, erosion and sediment transport become

relevant.
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2. DESCRIPTION OF PROJECT FOCUS BASINS
2.1.  The study area
The study takes place in experimental catchments and large river basins located within the Biobio

and Los Lagos Regions (latitudinal range between 37°21’ and 41°17’ south), in central-southern
Chile, Figure 2.
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Figure 2. Location of experimental catchments (in red) and large river basins (brown and yellow

and numbers in black) within the study area.
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The northern part of the Biobio Region, from the coast to the Andes Mountains, has a warm
temperate climate with a dry season of 4 to 5 months (DMC, 2006). Mean temperatures are below
13°C, with 12°C of annual thermal amplitude and 13°C of daily oscillation, values that are lower in
the costal area and that increase toward the east. Mean annual precipitations are over 1000 mm, but
in the higher Andes Mountains precipitation is characterized by snow fall and surpasses 3000
mm/year. Cumulative rainfall for the rainy months (May to August) is less than the 70% of the
annual total, being the dryer period from December to March with monthly totals lower than 40
mm.

Most of the Biobio Region (from the coast to the Andes Mountains) and the intermediate zone of
the Araucania Region (up to the 39° south) have a warm temperate climate with a dry season of less
than 4 months. In the Biobio Region annual precipitations vary from 1000 mm to the east of the
Costal Mountain Range to more than 3000 mm in the Andes Mountains (most of it is snow), while
in the Araucania Region annual totals exceed 2000 mm. Precipitation from May to August equals
the 65 to 70% of annual total. Precipitation in summer (December to February) is 5 to 6% of annual
totals, which indicates that the precipitation in spring and fall is still important. In the Biobio
Region mean temperatures are lightly lowers than those from the northern part: Diguillin presents
1°C less than Chillan, difference that also occurs in the coast with values which are 1°C or 2°C
lowers than in the central valley. The influence of the vicinity of the ocean is noticed in the
variations of annual thermal amplitude: 7.5°C in Concepcion, 10.3°C in Diguillin and 11.4°C in
Coihueco. In the Araucania Region the thermal regime registers an oscillation of 5°C with a mean
annual temperature of almost 12°C, a mean temperature of the coldest month of 8°C and with 15°C
in the warmest (DMC, 2006).

The southern coastal area of the Biobio Region, most of the Araucania Region and the Los Rios and
Los Lagos Regions have rainy temperate climate with Mediterranean influence. In the Biobio
Region this climate specifically occurs in the province of Arauco, zone influenced by the presence,
to the east, of the higher elevations of the Cordillera de Nahuelbuta. Precipitation increases from the
Biobio Region to the south, having Contulmo 140 mm more than in Concepcion which is located
170 km more towards the north. In the Araucania Region precipitations are over 1000 mm/year and
occur all year round, with a lower decrease during the summer months. In the Los Rios and Los
Lagos Regions annual precipitations are over 2500 mm in the western slopes of the Costal
Mountain range (Corral and Niebla), to then decrease to less than 1900 mm in Valdivia (Pichoy
weather station) and 1330 mm in Osorno (in the central valley) and increase again to more than
2500 mm towards the Andes Mountains (DMC, 2006). In the Biobio Region annual thermal

amplitude is low (in the order of 8°C from the Contulmo records), reaches important values in the

18



longitudinal valleys and the lower Andes areas of the Araucania Region due to the distance to the
coast and its higher continental characteristics, and is moderate in the Los Rios and Los Lagos
Regions by the presence of numerous lakes that help to maintain a thermal homogeneity.

Seven major river basins are comprised in the study area. From north to south they are: Itata (11040
km?), Biobio (24029 km?), Imperial (12054 km?), Toltén (7886 km?), Valdivia (11119 km? with the
90.8% in Chile and the 9.2% in Argentina) and Bueno (17210 km?). The flow direction of the main
rivers is from east to west, from the Cordillera de Los Andes towards the Pacific Ocean (IGM,
1983).

In the inter-fluvium of these main basins, several important rivers develop from the Central valley
or the Coastal Range of Mountains to discharge into the Pacific Ocean. These river basins have
pluvial regimes and their runoff increases from north to south associated to the increase in
precipitation.

Itata and Biobio are the most meridional rivers of the hydrographic region known as “rivers of mix
torrential regime in the sub humid zone of Chile” (IGM, 1984). These rivers are characterized by a
torrential regime with pluvial peak flows in winter and snowmelt high flows in spring and early
summer, and a pronounced low flow period in autumn.

Rivers Imperial, Toltén, Valdivia and Bueno belong to the hydrographic region of the “quiet rivers
regulated by lakes of the humid zone of Chile” (IGM, 1984). With the exception of the Imperial
River in the other river basins lakes developed during the quaternary glaciation closed by moraines
located between the Andes and the central valley. These lakes generate a runoff discontinuity
because the rivers upstream the lakes have torrential regimes with pluvial peak flows in winter and
snowmelt high flows in spring and early summer, while those flowing downstream are quitter and

even navigable.
2.2 Description of experimental catchments
Water production, peak flows and sediment transport are been studied in nine experimental

catchments, whose locations can be seen in Figure 2 (experimental catchments A to F, in red) and in

more detail in Figure 3.
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Figure 3. Location of the experimental catchments.

e Rio Tres Arroyos and Piedra Santa catchments (5.93 and 2.88 km?) are located on sandy soils
the Andes Mountains in the area of the Malalcahuello Forest Reserve (38°25.5’-38°27” S and

71°32.5°-71°35" W). Part of the annual precipitation falls as snow but runoff regime in these two

catchments is dominated mainly by rainfall with little snowmelt participation.

Th

e other seven experimental catchments (Aragonl, Aragén2, Pumillahue, Los Pinos, Los Ulmos1,

Los Ulmos2 and La Reina) have between 89.8 and 2.9 ha, are all located on the Coastal Range of

mountains on red clayed soils under forest plantation activities. All these experimental catchments

have pluvial regimes.
Main physiographic, soil and land use characteristics at the experimental catchments are

summarized in Tables 1 and 2, while digital elevation models (DEM) of selected experimental

catchments are shown in Figure 4.
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Table 1. Main physiographic characteristics of the studied experimental catchments.

Catchment Area Drainage Mean Altitude Road Soils
density  hillslope range Density
Number®  Name ha m ha % m.a.s.l. m ha
A Tres Arroyos  593.00 15.7 39.0 1095-1856 no Sandy soils derived from volcanic ashes.
B Piedra Santa 287.70 28.4 31.7 990-1705 15 Sandy soils derived from volcanic ashes.
C Aragén 1 17.80 15.9 31.0 30-270 8.8 Red clayed soils generated from volcanic ashes
deposited on metamorphic schists.
D Aragon 2 8.00 4.1 36.0 30-270 19.6  Asin Aragénl
E Pumillahue 2.94 22.4 21.0 99-153 0 Red clayed soils generated from volcanic ashes
deposited on metamorphic mica-schists.
F Los Pinos 89.80 43.8 7.6 114-224 20 Derived from volcanic ashes of intermediate to
modern age, deposited on metamorphic rocks.
Considered as a transition from loamy to red clayed
soils.
G Los Ulmosl 10.80 165.1 12.0 175-230 139  Red clayed originating from old volcanic ashes
deposited on the coastal metamorphic complex.
H Los Ulmos2 16.10 58.9 20.6 155-210 87 As in Los Ulmos1.
I La Reina 34.35 78.8 23.7 35-225 12 Transition from those originating from old volcanic

ashes deposited on volcanic conglomerates and
those derived from old clays sedimented on
volcanic andesitic and basaltic formations.

& Referred to Figure 2.
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Catchment

Table 2. Land use at the experimental catchments.

Land uses

Tres Arroyos
Piedra Santa
Aragénl
Aragon2

Pumillahue

Los Pinos

Los Ulmosl

Los Ulmos2

La Reina

79% covered by broadleaved native forests, the remaining 21% are sandy volcanic ashes above the vegetation limit.

56% broadleaved native forest, the remaining 44% is grasslands and shrubs used for cattle rising.

87.3% of catchment area covered with Pinus radiata plantations established in 1989, clearcut between last days of April
and July 2005 (winter). Riparian vegetation and roads correspond to 6.2% (1.1 ha) and 0.9% (0.16 ha) respectively.

90.5% of catchment area covered with Pinus radiata plantations established in 1993, 9.5% (0.77 ha) riparian vegetation
and roads. No forest operations during the study period.

Second growth forest where Nothofagus oblicua corresponds to 78% of total basal area. Accompanying species are Persea
lingue, Laurelia sempevirens with a few Lomatia hirsuta and Aextoxicum punctatum trees. Understory formed by
Chusquea quila, Nertera granadensis and Aristotelia chilensis.

33% of catchment area covered with adult Pinus radiata plantations established between 1976 and 1982, 40% are
grasslands and 27% riparian vegetation. No forest operations during the study period. Forested area corresponds to 73% of
total catchment area. Grasslands are continuously been transformed into natural regenerated second growth native forests
81% of catchment area covered with Eucalyptus nitens plantation established in 1997 with 1,600 trees/ha. The remaining
19% of the area corresponds to roads and riparian vegetation, 19%.

From the total catchment area, 45% is covered with Eucalyptus nitens (7.3 ha) and 23% with Pinus radiata (3.7 ha) forests
planted in winter (June-July) 2000. Roads, riparian vegetation and several stands of different species account for the
remaining 32% of the catchment area.

79.4% of catchment area covered with Pinus radiata plantation established in 1977 and clearcut and replaced by a
Eucalyptus nitens forest planted in winter (June-July) 2000. Roads and riparian vegetation correspond to 20.6%.
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Figure 4. Digital elevation models (DEM) of selected experimental catchments.
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2.3 Description of large river basins
Water production and peak flows are studied in eighteen large river basins located in areas where

plantation forests are distributed (see Figure 2). In this figure, the river basins are numbered from north

to south and the names of the rivers associated to this list are presented in Table 3.

Table 3. Large river basins and discharge gauging stations.

River basin Discharge gauging station
Number® Name Name of location Controlled catchment area
km?
1 Dugqueco Cerrillos 1545
2 Caramavida Caramavida 94
3 Bureo Mulcheén 567
4 Mulchén Mulchén 434
5 Butamalal Butamalal 118
6 Purén Tranaman 354
7 Traiguen Victoria 106
8 Quino Longitudinal 344
9 Quillén Galvarino 734
10 Muco Puente Muco 650
11 Quepe Vilcin 386
12 Puyehue Quitratle 138
13 Cruces Rucaco 1740
14 Ifiaque Méfil 424
15 Collilelfu Los Lagos 581
16 Santo Domingo Rincon de la Piedra 127
17 Damas Tacamo 408
18 Negro Chahuilco 2318

? Referred to Figure 2

Land uses for selected river basins (Duqueco, Caramavida, Mulchén, Quillén, Muco and Quepe) for
different time periods, are presented in Figures 5 to 10. A summary of the land uses considering the
categories “native forests”, “plantation forests”, “agriculture” (both grasslands and crop or cultivated
lands) and “others” (urban areas or zones without vegetation cover) for these six river basins is
included in Table 4 .
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Figure 7. Land uses at Mulchén river basin.
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Figure 9. Land uses at Muco river basin.
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Table 4. Land uses evolution in specific large basins.

Period for land use assessment

River basin Luasr;d 1975-1979 1987 1994 1998-2002
types

NF 40,31 69.21 56.14 56.14

P 40.49 40.49

Caramavida A 33.44 30.44 3.38 3.38

0 26.25 0.35 0.00 0.00

Total 100.00 100.00 100.00 100.00

B 32.11 32.11

P 36.12 3583 32.13 32.13

Duqueco A 48.28 52.97 32.73 32.73

0 15.59 11.20 3.03 3.03

Total 100.00 100.00 100.00 100.00

B 23.53 23.53

P 4179 42.31 56.09 56.09

Mulchén A 51.79 56.29 19.82 19.82

0 6.42 1.40 0.56 0.56

Total 100.00 100.00 100.00 100.00

B 6.95 7.35

P 3.24 8.29 10.66

Quillén A - 84.24 84.40 81.18

0 12.52 0.36 0.81

Total 100.00 100.00 100.00

B 38.19 38.45

P 8.04 6.08 8.12

Muco A - 86.56 55.64 53.07

0 5.40 0.09 0.36

Total 100.00 100.00 100.00

B 57.17 55.87

P 14.45 3.91 6.33

Quepe A - 69.55 26.72 25.40

0 16.00 12.20 12.39

Total 100.00 100.00 100.00
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3. DATA COLLECTION

3.1.  Data collection and monitoring equipment in the experimental catchments

Data collection, monitoring periods and equipments from the operation of the different stations in the

experimental catchment are summarized in Table 5.

Tabla 5. Records and data availability in the experimental catchments.

Catchment Equipment Data-Period Period of data missing
Malalcahuello  Rain gauge 1 1997-2007 May2001-Nov2002
Rain gauge 2 2004-2007
Limnigraph 1997-2007
Weather station 1999-2007
Rainfall interception plot 1 and 2 1998-2002
Piedra Santa Rain gauge 2004-2006
Limnigraph 2003-2006
Aragén 1 Rain gauge 2004-2005
Limnigraph 2004-2005
Aragon 2 Rain gauge 2004-2005
Limnigraph 2004-2005
Los Pinos Rain gauge 1 1997-2007 May2001-Dec2001
Rain gauge 2 2006-2007
Rain gauge 3 2006-2007
Limnigraph 1 1997-2007
Limnigraph 2 2006-2007
Pumillahue Rain gauge 2005-2007
Limnigraph 1 2005-2007
Limnigraph 2 2006-2007
Rainfall interception plot 2005-2007
Los Ulmos 1 Rain gauge 1 2000-2007 Mar2002-Aug2002
Rain gauge 2 2006-2007
Limnigraph 1 2000-2007
Limnigraph 2 2006-2007
Los Ulmos 2 Rain gauge 1 2000-2007 Mar2002-Aug2002
Rain gauge 2 2006-2007
Limnigraph 1 2000-2007
Limnigraph 2 2006-2007
La Reina Rain gauge 2005-2007 -
Limnigraph 1 1997-2007 Nov2003-Jun2005
Limnigraph 2 2006-2007 -
No precipitation data
Weather station 1997-2007 from Jan2004-Jul2005
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3.2.  Discharge data in the large river basins
The information of discharge in the large river basins has been obtained from the data bases of the

Direccion General de Aguas (the Chilean Water Authority), according to the detail of Table 6.

Table 6. Available discharge data from large river basins.

Discharge gauging station

River Controlled ~ Geographic Period of
catchment ~ coordinates discharge
Name of location area (UTM) records
Number? Name (km?) W S
01 Duqueco Villucura 1545 72°012" 37°33"  1963-2004
02 Caramavida Caramavida 94 73929" 37°36"  1960-1991
03 Bureo Mulchén 567 72014" 37°43"  1960-2004
04 Mulchén Mulchén 434 72014" 37°43"  1960-2004
05 Butamalal Butamalal 118 73°15" 37°49"  1960-1996
06 Purén Tranaman 354 73°01" 38°02"  1960-2004
07 Traiguén Victoria 106 72°19" 38°13"  1960-2004
08 Quino Longitudinal 344 72022" 38018"  1960-2003
09 Quillén Galvarino 734 72047"  38°24"  1960-2004
10 Muco Puente Muco 650 72°925" 38937"  1960-2004
11 Quepe Vilcan 386 72013" 38°41"  1961-2004
12 Puyehue Quitratde 138 72040" 39°09"  1948-2004
13 Cruces Rucaco 1740 72954" 39°33"  1969-2004
14 Ifaque Mafil 424  72957" 39040  1986-2004
15 Collilelfu Los Lagos 581 72049" 39°51"  1987-2004
16 Santo Rincon de la
Domingo Piedra 127 73°08" 39°23"  1992-2004
17 Damas Tacamo 408 73°03" 40°37"  1986-2004
18 Negro Chahuilco 2318 73°14" 40°42"  1986-2004

# Numbers refer to Figure 2.

The fluviometric stations in these river basins correspond to natural sections of the channels partially
improved in some cases. The analyzed records are at daily level, because only from mid 1990's a
change from limnimetric records (with reading once to the day) to continuous records with digital data

loggers began.
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3.3.  Precipitation data in the study zone
The information of precipitation in the study zone is obtained from records of 230 stations operated by
the Direccion General de Aguas and the Direccion Meteoroldgica de Chile. Sixty six per cent of these

stations have daily records while the rest has monthly data, covering different time periods. The

location of these stations is in Figure 11.

4EIEIIEIDD BDEI::IEIEI E!EIEIIEIDEI
6000000- =+

N

5800000- +

Precipitation Station:

4+ Dalily
¢ Monthly

5600000- +

d0 0 40 20 kKm

N ]
2400000- + . +
1 r_'""-I ) 1
400000 Ba0000 aoo0on

Figure 11. Location of precipitation stations in the study zone.
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4. RESULTS

4.1, Land use changes and water production in experimental catchments

4.1.1 Annual runoff for different forest cover conditions

Runoffs at La Reina catchment were studied during pre-harvesting (years 1997, 1998 and 1999) and
post-harvesting (years 2000 to 2006) periods. Also, runoffs registered in the Los Ulmos 1 and 2 and La
Reina catchments were compared for the period between years 2000 and 2002.

At the La Reina experimental catchment, annual runoff ranged between 321 and 1653 mm during the
pre-harvesting period (years 1997, 1998 and 1999) and between 1773 and 2427 mm in the first three
years of the post-harvesting period (years 2000, 2001 and 2002), Iroumé et al. (2005). Mean annual
runoff coefficients (annual runoff/annual rainfall) were 40.1% during pre-harvesting conditions (range
20.5-51.6%) and 69.9% in the post-harvesting period (range 69.1-71.6%). Annual runoffs were on
average 917 and 2033 mm/year during pre- and post-harvesting periods respectively, resulting in a
mean increase of 1116 mm/year (i.e. 122%) after the clearcut of the Pinus radiata plantation that
covered the 79.4% of the catchment area. The 122% increase in runoff may be partly due to the higher
rainfall during the post-harvesting period (on average the annual rainfall was 621 mm/year or 27%
higher than in the pre-harvesting period). The actual importance of timber harvesting is not easy to
determine, although a reduction in interception and transpiration rates certainly occurred after logging.
The effect of forest removal on runoff was analyzed using a double mass approach comparing data
from La Reina and Los Pinos catchments, Figure 12.

The significant increase in gradient (from 0.73 to 1.42) of the graph of the first three years of the post-
harvesting period (years 2000 to 2002) compared with the pre-harvesting period indicates that more
water was discharged from the catchment when the vegetation cover was removed. The increase in
runoff commenced at the beginning of February 2000 which coincided with the final period of
harvesting operations initiated in October 1999 (lroumé et al., 2005). Projecting the 1997-1999
cumulated runoff trend beyond January 2000, it is possible to estimate “virtual” annual runoff for years
2000, 2001 and 2002 as 802, 1088 and 1175 mm, respectively. Comparing these estimations with the
measured annual runoffs for the same years (1773, 1898 and 2427 mm), the double mass analysis
indicates a mean increase of 1013 mm/year (971, 810 and 1258 mm in years 2000, 2001 and 2002,

respectively).
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Figure 12. Monthly runoff double mass curve analysis between Los Pinos and La Reina catchments for
the 1997-2002 study period (from Iroumé et al., 2005).

As previously mentioned mean annual runoff was 917 mm/year for the pre-harvesting period (years
1997, 1998 and 1999). After timber harvesting, runoff increased on average 1116 mm/year between
years 2000 and 2002, but from the double mass analysis a smaller amount (1013 mm/year) could be
attributed to the effect of forest removal, with the remaining 103 mm/year probably caused by the
higher rainfall occurred during the post-harvesting period. Therefore, in average a 110% increase in
runoff during the post-harvesting period can be associated with clearcutting the Pinus radiata
plantation that covered the 79.4% of the catchment. For this location and level of annual rainfalls
between 2000 and 2002, interception losses of 460 mm/year and transpiration of 570 mm/year have

been measured in a 20-22 years old Radiata pine plantation (Huber and Lépez, 1993; Huber and
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Iroumé, 2001). The 1013 mm/year mean increase in runoff after timber harvesting derived from the
double mass analysis seems consistent with the elimination of the interception capacity and the
reduction in transpiration potential of the remaining vegetation as compared with the previous forest
cover.

By expanding the double mass approach to compare runoff from La Reina and Los Pinos catchments
between August 2005 and March 2007 (see Figure 12), it is possible to appreciate that the effect of
forest removal on runoff is still noticeable. But in this case the gradient of the graph of the 2005
(August)-2007 (March) post-harvesting period has fallen to 1.11 indicating that after 6 years of
development of the new forest water production has initiated a recovery towards pre-harvesting levels.
Annual evapotranspiration rates measured in the La Reina catchment during the period 1997-2006
(annual evapotranspiration as ET= P — Q, being P and Q annual measured precipitation and runoff) are
compared with ET estimated using the Zhang’s model (Zhang et al., 2001). Zhang’s model estimates
annual ET in fully forested or grassed catchments from annual precipitation in the area. The result of

this comparison is presented in Figure 13.
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Figure 13. Actual ET (ET = P-Q) and Potential ET (for forest and grass conditions, Zhang model) for
the La Reina conditions.
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Actual ET in La Reina for years 1997 to 1999 (La Reina fully forested) are comparable but even higher
than the ET estimates for a forested watershed using Zhang’s model. Years 2000 and 2001 are the first
two years after forest clearcutting, and actual ET is even lower then estimated ET from a fully grassed
catchment. Six years after the plantation, the new Eucalyptus forest has a lower ET rate than a fully
developed plantation of Monterey pine like the one covering La Reina in years 1997 to 1999, Figure
13.

Runoffs registered in Los Ulmosl and 2 and La Reina were compared for the period 2000-2002. For
the three years of the study period, annual runoffs in Los Ulmosl (forest planted in 1997, 81% of the
area) were lower than at the Los Ulmos2 catchment (forest planted in 2000, 68% of the area), Iroumé
et al. (2005). In 2000 and 2001 the differences in runoff between Los Ulmos1 and Los Ulmos2 were 59
and 50 mm/year, but in 2002 the difference augmented to 217 mm/year, reflecting the higher water
consumption of the Eucalyptus plantation in its fifth year of growth. In 2002 the plantation at Los
Ulmos1 should have intercepted between 320 and 470 mm/year and the vegetation at Los UImos2 no
more than 100 to 150 mm/year (Huber and Lépez, 1993; Huber and Iroumé, 2001). The difference in
interception losses between these two catchments (220-320 mm/year) may explain the difference in
runoff. Runoff differences between Los Ulmosl and Los Ulmos2 should reach a maximum in years
2004 or 2005, and then decrease as the plantation in Los Ulmos2 develops and becomes similar (in
terms of interception and transpiration capacities) to the one in Los Ulmosl. From 2000 to 2002 La
Reina and Los Ulmos2 catchments featured a relatively similar vegetation cover. During these years,
runoff coefficients ranged between 69.1% and 71.6% in La Reina and 60.3% and 64% in Los UImos2.
A larger size (La Reina = 34.4 ha and Los Ulmos2 = 16.1 ha), higher percentage of clearcut area
(79.4% in La Reina and 68% in Los Ulmos2) and steeper terrain (mean slope of 23.7% in La Reina
against 20.6% in Los Ulmos2) may explain the differences in annual runoff coefficients.

Data of annual precipitation and runoff registered from 1997 to 2006 at La Reina, Los Ulmosl and Los
Ulmos2 was used to generate a relationship between annual runoff coefficient and the degree of
development of the plantation. The relationship (r* of 0.70) between annual runoff (in percentage of
annual rainfall) and the number of years after the establishment of the plantation shows a decreasing
trend from about 68% the year after timber harvesting to 36% after 22 years of plantation growth,
Figure 14. The data used for the analysis come from years with different annual total rainfall, but
clearly show a decrease in the annual runoff coefficient as the plantations develop and increase their

water consumption capacities (i.e. interception and transpiration rates).
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Figure 14. Annual runoff depletion associated with plantation growth (from Iroumé et al., 2005, plus
additional data)

4.1.2 Summer runoff for different forest cover conditions

Summer runoffs at La Reina catchment were studied for periods under pre-harvesting and post-
harvesting conditions. Also, runoffs registered in the Los Pinos, Los Ulmosl and 2 and La Reina
catchments were compared for different summer periods (Iroumé et al. 2005).

Runoffs in the four catchments for one of the summer study periods (December 2000 to March 2001),

expressed as daily mean specific discharge (I/s/ha) are presented in Figure 15.

41



Period 2000/01

1,6

14 | R Los Ulmos1 :

12 - Los Ulmos2
f Los Pinos ; "

1014 ----- La Reina ) "

Daily mean specific discharge (I/s/ha)

~ » -t g § ~ » -

01/12/00

08/12/00 -
15/12/00
22/12/00 A
29/12/00 A
05/01/01 A
12/01/01
19/01/01 -
26/01/01 A
02/02/01 A
09/02/01 A
16/02/01
23/02/01 A
02/03/01 A
09/03/01 A
16/03/01 A
23/03/01 A
30/03/01 A

Day

Figure 15. Daily mean specific discharge for period 1% December 2000 to 31% March 2001 in the four
catchments (from Iroumé et al. 2005).

It is possible to appreciate that the Los Pinos catchment has higher baseflows (represented by the flows
between storm periods). Its bigger storage capacity derived from larger size and deeper soils compared
with that of the other catchments, increases soil water reserves which maintain baseflows in the dryer
summer periods. The two Los Ulmos catchments behave similarly, but Los Ulmosl shows a lower
baseflow than Los Ulmos2. The differences seem to reflect the higher water consumption by the
established plantation in the first one, while in second the vegetation has been reduced to the riparian
areas and some bushes and residues from the previous harvesting operations.

The effect of forest removal in summer water production is analysed using a double mass approach
comparing data from La Reina with Los Pinos as the control. Figure 16 shows the relationship between
accumulated daily runoff in La Reina and Los Pinos for several summer periods (summer period is

assumed from 1% December one year to 31* March following year).
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Figure 16. Runoff double mass curve analysis between Los Pinos and La Reina catchments for
different summer periods (in blue, pre-harvesting conditions; in red, post-harvesting conditions)

A noticeable change in the slope of the accumulated runoff occur since the 2000-2001 plot, indicating
an important increase in runoff at the La Reina catchment compared with the two pre-harvesting
periods (1997-1998 and 1998-1999). The accumulated daily runoff plot in the first half of the 2000-
2001 period follows the same trend than in 1998-1999 (a pre-harvesting period), but an important
increase in runoff at La Reina can then be appreciated (the change in the accumulated runoff
relationship occurs since the beginning of February 2000, what is consistent with the clearcutting
operation initiated in October 1999 but concentrating its major effects at the end of the harvesting
period). In the last two months of the 1999-2000 period, the plantation at La Reina was in the final
steps of the clearcutting and forest removal operations, and in 2000-2001 La Reina was in a post-

harvesting condition. The increase in runoff registered in periods 1999-2000 (especially in the last two
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months of this summer period) and the following clearly indicates the effect of timber harvesting in

this catchment.
4.2. Land use changes and water production in large river basins
4.2.1 Precipitation pattern in the study zone

Impacts of land use change in flow production are presented for the Duqueco, Caramavida, Mulchén,
Quillén, Quepe and Muco large river basins (basins number 1, 2, 4, 9, 10 and 11 in Figure 2).
Precipitation pattern from the area where these six river basins concentrate has been characterized
using rainfall data from the period 1963-2004 registered in the pluviometric stations of Los Angeles,
Collipulli, Cafiete, Trupan, Laguna Malleco and Temuco (Maguehue). The location of these six river

basins and six pluviometric stations is shown in Figure 17.

SEDIDDD E4DIDDD TQDIDDD BDDD an

- N

Trupan
Los{Angeles
= 1
5340000
Q- K

Seriyl
. . . Colllpulh
- Dlscharg_e Gauglng Station : \ _

(Large River Basins)

m Precipitation Station aguna alleco

seoo0-  + 5 n i _‘r N
‘ B

Temuco
5680000- + -+ ’J/ -+
'/-\’_j
560000 540000 720000 800000
=0 [u] =0 1TE0 Em

Figure 17. Location of selected river basins and pluviometic stations.
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Figure 18 presents annual rainfalls during the period 1963-2004 registered in the pluviometric stations
of Los Angeles, Collipulli, Cafiete, Trupan, Laguna Malleco and Temuco (Maguehue), which have
been used to characterize the precipitation pattern of the study zone. It is observed that the annual
precipitation of all the stations has a similar behavior throughout the years of the study period. For
example, the rainiest and the driest years are the same in all the stations. An increase of annual
precipitations from west to east is noticeable, with the smaller values in the Los Angeles station located

in the central valley, and the higher in the Laguna Malleco station at the foothills of the Andes
Mountain range.
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Figure 18. Annual rainfall regimes at the Los Angeles, Collipulli, Cafiete, Trupan, Laguna Malleco and
Temuco (Maquehue) stations during period 1963-2004.
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When analyzing the 20-year moving means of these stations (Figure 19), the condition of similar
behavior is reinforced. The records of all these stations follow a similar trend, situation that allows
considering their pluviometric data to characterize the precipitation of the study zone and to use their
precipitation as Control to analyze the tendency of the water production of the river basins included in

this study.
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Figura 19. Annual precipitation 20-year moving means at the Los Angeles, Collipulli, Cafiete, Trupan,
Laguna Malleco and Temuco (Maquehue) weather stations, period 1963-2004.

The homogenous behavior of the precipitation records of these stations allows defining as Control

station the arithmetic mean of annual precipitation registered in these pluviometric stations.

4.2.2 Inter-annual runoff behaviour in the study basins

The results of the comparison among cumulative annual runoff of Quepe, Muco and Quillén and

cumulative annual precipitation at Control station are presented in Figure 20.
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Figure 20. Comparison among cumulative annual runoff of Quepe, Muco and Quillén and cumulative

annual precipitation at Control station.

As it can be seen in Figure 20, is not possible to appreciate changes in the homogeneity of the
accumulated annual runoff trends in the Quepe, Muco and Quillén river basins (r* are higher than 0.99
in the three equations of best fit). Between years 1987 and 2002, the area covered with forests
(plantations and native forests) changed from the 14 to 6% in the Quepe river basin, stayed in 8% for
Muco and increased from 3 to 7% in Quillén, maintaining these three river basins a mainly
agricultural-cattle raising vocation. Land use changes in the river basins Quepe, Muco and Quillén
have not been important, and would explain the homogeneity in annual runoff trends. Anyway, the

changes in forested area are below the 20% of total basin area, threshold that has been mentioned by
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Keenan et al. (2004) as to be able to generate changes in water production produced by an
increase/decrease of the forested surface.

Since the cumulated annual runoffs of these river basins are homogenous, the arithmetic mean of the
annual run-offs in the fluviométricas stations Quepe, Muco and Quillen will be used as Control Station
to analyze the tendency of the water production of the other river basins considered in this study.

The comparison between the cumulated annual runoffs of the Caramavida river basin water gauging
station and Control station is shown in Figure 21. It is possible to appreciate a break in the
homogeneity of the cumulated annual runoffs from year 1979, as of which the slope of the tendency of
the cumulated values decreases from 1.32 in period 1960-1978 to 1.1 in period 1979-1991. This means
that from year 1979 a decrease of annual runoff in Caramavida river basin has taken place. In this river
basin, towards years 1975-1979 near 40% of the total area was covered by forests, while in 1994
forests covered near the 97% of the basin surface. This fact indicates that this river basin has

undergone a significant land use change since de last years of the 1970°s.
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Figure 21. Comparison among cumulative annual runoff in Caramavida and cumulative annual runoff
of Control station.

48



The comparisons between the accumulated annual runoffs of the Duqueco and Mulchén river basins

with those from the Control station are shown in Figure 22.
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In these two cases it is also possible to appreciate a break in the homogeneity of the accumulated
annual runoff trends, and in both river basins it happens in year 1979. For the Duqueco river basin,
since 1979 the slope of the tendency of the accumulated values changes from 0.93 for the period 1963-
1978 to 0.83 in period 1979-2004, whereas in the case of the Mulchén river basin this slope is reduced
from 1.04 in period 1961-1978 to 0.80 in period 1979-2004. This means that since year 1979, in
Duqueco and Mulchén a decrease of annual water production has taken place.

In Duqueco, during 1975-1979 the forested area was the 36% of the total basin surface but in year 1994
the area under forests was 64% of total area. In the case of Mulchén, the area under forest increased
from 42 to 80% of total basin area since 1975-79 to 1994.

In the Caramavida, Duqueco and Mulchén river basins the increase of the forested area was sustained
in new plantations that represented a significant land use change. Agreeing with the results of 137
experimental river basins studied by Andrassian (2004), with the studies of Smith and Scott (1992) and
Kennan et al. (2004) in river basins in Australia and by Dye (1996) in South Africa, among others, the
decrease of annual runoffs registered since 1979 in the Caraméavida, Duqueco and Mulchén river basins
could be attributed to the increase in the area under forests.

The reductions in runoff noticed since 1979 in the Caramavida, Duqueco and Mulchén river basins

(total and mean annual reduction for the period starting in year 1979) are summarized in Table 7.

Table 7. Reduction in runoff in the Caramavida, Duqueco and Mulchén river basins.

Runoff reduction

River basin Study Year of the Period of Total runoff Annual runoff
period break in the runoff reduction in the reduction
accumulative reduction period in relation
runoff trend with the previous
period
(mm) (mm/year)
Caramavida  1960-1991 1979 1979-1991 3195 246
Duqueco 1963-2004 1979 1979-2004 4078 157
Mulchén 1961-2004 1979 1979-2004 11442 440

The decrease in water production since 1979 in these three river basins can be associated to the

increase in evapotranspiration capacity of the new forests. The increase in evapotranspiration losses

50



due to the increase of the afforested area (in percentage of the total area) in these three river basins is

determined using the model proposed by Zhang et al. (2001), Table 8.

Table 8. Increase in evapotranspiration losses in Caramavida, Duqueco and Mulchén associated to
increases in forests area (in percentage of total basin area), for each river basin.

River basin

Caramavida  Duqueco Mulchén
Forested area (% of 1975-1979 40 36 42
total basin area) 1994 97 64 80

Increase of forested area (%of total basin area)

between periods 57 28 38
Considering the

Increase in minimum 143 71 96

evapotranspiracion precipitation

losses estimated using Considering the

the Zhang model maximum 296 148 199

(Zhang et al., 2001), in precipitation

mm/year Con3|der!n_g the 210 105 141

mean precipitation
Runoff reduction, in mm/year 246 157 440

In this table, the annual average precipitation in the pluviometric station of Los Angeles has been
defined as “minimum precipitation” (1138 mm in period 1967 to 2004) which registers the lower
annual precipitations between the stations used to characterize the precipitation pattern, as “maximum
precipitation” the mean annual precipitation for the same period in the Laguna Malleco station that
presents the higher precipitations between the considered stations (3039 mm for period 1967 to 2004),
and as “average precipitation” the arithmetic mean of the mean annual precipitations in the six stations
(1634 mm, period 1967-2004).

In the Caraméavida and Duqueco river basin, the reductions in water production in 246 and 157
mm/year, respectively, are of the same order of magnitude than the estimated increases in
evapotranspiration rates due to the increase in the areas under forest. Higher evapotranspirations of 246
and 157 mm/year are estimated Caraméavida and Dugueco, which tends to confirm that the decrease in
runoff from 1979 in these two river basins could be controlled by the increase in the forested area. For
the Mulchén river basin, the reduction in runoff is of the order of 440 mm/year while the increases in

evapotranspiration are estimated in the range of 96 to 199 mm/year, reason why the diminution in the
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runoffs could not be attributed only to the increase of the plantations, and other water uses such as

irrigation or drinking water supply could be contributing.

4.2.3 Flow duration curves in the study basins

The study of the changes occurred in water production of the Caramavida, Dugeco and Mulchén river
basins is complemented by means of the analysis of the mean daily discharge flow duration curves.
Figure 23 presents the mean daily discharge flow duration curves of the Caramavida river basin,
corresponding to the records of all the period of availability of data, to the 1960-1978 period
considered as previous to the plantation development and the 1979-1991 period immediately after the

break in the water production trend that shows preceding Figure 21.
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Figure 23. Flow duration curves of mean daily discharge, Caraméavida river basin.

In Figure 24 the mean daily discharge flow duration curves for the Mulchén and Duqueco river basins

are presented, following the same procedure described for Caramavida.
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Figura 24. Mean daily discharge flow duration curves, Duqueco (above) and Mulchén (below) basins.
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From the mean daily discharge flow duration curves of Figures 24 and 25, the mean daily discharges
(50% of time discharge exceeded) and the daily discharges having 80 and 90% of time exceeded have
been extracted for each river basin and every period (period before the change, after the change, and all

year of records), Table 9.

Table 9. Qsox%, Qso% and Qg in Caramavida, Duqueco and Mulchén river basins, for different periods.

QSO% Q80% QQO%

River basin Period /dayy Relative d Relative Relative
(mmy/day) value (mmy/day) value  (mm/day)  yalue

Caramavida 1960-1991 2.91 0.95 1.34 0.92 1.09 0.89
1960-1978 3.07 1 1.46 1 1.23 1

1979-1991 2.62 0.85 1.15 0.79 0.95 0.77

Dugueco 1963-2004 2.61 1.03 0.78 1.05 0.47 1.04
1963-1978 2.54 1 0.74 1 0.45 1

1979-2004 2.67 1.04 0.83 1.12 0.49 1.09

Mulchén 1961-2004 2.09 0.76 0.85 0.75 0.66 0.87
1961-1978 2.75 1 1.13 1 0.76 1

1979-2004 1.77 0.64 0.79 0.70 0.64 0.84

From Figures 23 and 24 and Table 9 it can be appreciated that in the Caramavida and Mulchén river
basins the values for Qsow%, Qso% and Qe during the period starting in year 1979 are lower then the
previous period ending in 1978 confirming the effect of the decrease in water production as a result of
the increase of the area under forests. In Caramavida, Qsg, is reduced for period 1979-1991 to a 85%
of the measured in period 1960-1978, whereas Qgoy, and Qg are reduced to 79 and 77%, respectively,
between both periods. In Mulchén, the greater reduction happens for Qsqy Which in period 1979-2004
is a 64% of the measured in 1961-1978, whereas Qg and Qggy are reduced to 70 and 84%,
respectively, between both periods. For the Caramavida and Mulchén river basins, the differences
between the mean daily discharge flow duration curves corresponding to the records of all the period of
availability of data and those from the periods previous and subsequent to year 1978 are statistically
significant (Kolmogorov-Smirnov test, p < 0.05).

In the case of the Duqueco river basin the situation is different, since the values of Qsge, Qg% and Qggee
are higher for period after 1979, which that does not agree with the reduction in the water production
that is detected since this year according to the analysis shown in the precedent Figure 23.

Nevertheless, in Duqueco the differences between the mean daily discharge flow duration curves
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corresponding to the records of all the period of availability of data and those from the periods previous
and subsequent to year 1978 are not statistically significant (Kolmogorov-Smirnov test, p < 0.05).

The analysis of the flow duration for the Caramavida, Duqueco and Mulchén river basins was repeated
for the daily discharges of the low flow summer months (November to March), also considering the
records of all the period of availability of data and those from the periods previous and subsequent to
year 1978, Figure 25.
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Figure 25. Mean daily discharge flow duration curves of the summer months (November to March),
Caramavida, Dugqueco and Mulchén basins.
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As it was done for the daily discharges of the full year, from the mean daily flow duration curves
generated from the summer months data (November to March) shown in Figure 25, for each river basin
the values for Qsoe, Qsow and Qgne, TOr every period (before the change, after the change, and all the

record) were selected, Table 10.

Table 10. Qsov, Qsos Y Qoo Of the low flow summer months (November to March) in the Caraméavida,
Duqueco and Mulchén basins, for the different periods.

QSO% Q80% QQO%

River basin Period /dayy Relative d Relative Relative
(mmy/day) value (mmy/day) value  (mm/day)  yalue

Caramavida 1960-1991 1.62 0.86 1.16 0.88 0.97 0.83
1960-1978 1.88 1 1.32 1 1.17 1

1979-1991 1.41 0.75 1.00 0.76 0.92 0.79

Dugueco 1963-2004 1.05 0.88 0.48 0.92 0.35 0.92
1963-1978 1.19 1 0.52 1 0.38 1

1979-2004 0.97 0.82 0.45 0.87 0.34 0.89

Mulchén 1961-2004 1.10 0.69 0.69 0.83 0.56 0.93
1961-1978 1.59 1 0.83 1 0.60 1

1979-2004 0.97 0.61 0.67 0.81 0.55 0.92

In the three river basins the values of Qsoy, Qgos and Qgoy, Of the summer months are lower since year
1979 when compared with those from the 1963-1978 period. The higher reduction is noticed for the
Qso% Value in the three river basins. The values of Qs represent periods in summer with a certain
level of soil water availability which, since year 1979, is being consumed by the forests that cover
important part of the total area of these three river basins. The values of Qg and Qoo represent
periods in summer of diminished soil water availability in the ground, in which the physiological
activity of the trees is noticeably reduced then the effect of the increase of the afforested area on these
low water flows seems to be smaller. This fact is quite important since Qg and Qgoy, are used to
define permanent and continuous Water Rights, those that should be being affected only marginally by
the increase of the planted area, while the most affected possible water rights could be those of
eventual character.

For the Caramavida, Duqueco and Mulchén river basins, the differences between mean daily flow
duration curves of the summer months of corresponding to the records of all the period of availability
of data and those from the periods previous and subsequent to year 1978 are statistically significant

(Kolmogorov-Smirnov test, p < 0.05).
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4.3. Extreme events and land use changes in experimental catchments

4.3.1 Peak flows for different forest cover conditions in the experimental catchments

Figure 26 illustrates the relationship between the size of rainfall events and the resultant peak flows at
La Reina. This relationship was considered independently for the pre- and post-harvesting periods
(1997 to 1999 and 2000 to 2002, respectively), and in these cases the r? values were 0.77 and 0.46
indicating moderate and lower correlation, respectively. The value of r* is lower for the pre-harvesting
condition and reflects the higher variance between the size of rainfall event and peak flows as compare
with the situation in the post-harvesting period. Peak flow generation processes are very much affected
by antecedent moisture conditions and rain total, intensity and duration of each storm event. Type of
vegetation influences rainfall interception and soil water retention. Deep rooted trees with spreading
branches may induce variation in interception and retention that is not so pronounced in a more

homogenous cover that occur after timber removal.
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Figure 26 Peak flows at La Reina catchment (from Iroumé et al., 2005).
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At the La Reina catchment, mean peak flows for the pre- and post-harvesting periods were 48.3 and
63.8 I/s, respectively. This difference (statistically significant as determined by the t-statistic at a 95%
level) represents a mean increase in peak flows of 32% after clearcutting the forest that covered the
79.4% of the area of this experimental catchment. On average, the volume of precipitation from
individual rainstorms that generated these peak flows during the pre- and post-harvesting periods were
not significantly different (t-statistic, 95% level), therefore supporting the hypothesis that the increases
in peak flows are associated to the differences in land cover between the two periods.

The range of peak flow increases after timber harvesting were strongly correlated with the extension of
the clearcut area within a catchment, and the 32% increase found in this research is rather low
considering the harvested area at La Reina. Since afforestation effects in reducing peak flows is bigger
for smaller storms (Fahey 1994, Calder 1992), then precipitation characteristics in the studied area
(annual rainfall concentrated in winter months and intense events) explain the lower impact of changes
in forest cover on peak flows. In this wet temperate region where the La Reina catchment is located,
timber harvesting had a greater effect in increasing annual runoff compared to peak flows.

Figure 27 reveals the relationship between the size of rainfall events and the resultant peak flows at the
Los Ulmos catchments, for the period 2000-2002. In each case the r? values were close to 0.6 indicating
moderate correlation. Mean specific peak flows were 2.6 and 2.7 l/s/ha at Los Ulmosl and Los

Ulmos2, respectively, representing a non significant difference (t-statistic, 95% level) of 2.1%.
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Figure 27. Peak flows at the Los Ulmos catchments (from Iroumé et al., 2005).
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Notwithstanding the differences in the area of forest cover between the two Los Ulmos catchments, the
more developed plantation in Los UImosl seems to have more effect on annual runoffs than in peak
flows. Besides the influence of forest cover, the differences in size (Los Ulmos1 is smaller than Los
Ulmos2), hillslopes (Los Ulmos2 is steeper than Los Ulmosl), drainage density (165 m/ha in Los
Ulmosl and 59 m/ha in Los Ulmos2) and forest road density (139 m/ha in Los Ulmos1 and 87 m/ha in
Los Ulmos2) between the two catchments also affect peak flow processes.

The mean specific peak flow measured at La Reina during the period 2000-2002 (post-harvesting
conditions) was 1.9 I/s/ha, lower than those registered in Los Ulmosl and Los Ulmos2 (2.6 and 2.7
I/s/ha, respectively) for the same period. This disparity may be possibly explained in terms of size as

La Reina is larger then the two Los Ulmos catchments.

4.3.2 Extreme event analysis at the La Reina catchment for the pre and post-harvesting periods

Peak flows at the La Reina catchment were analyzed separating the peak flows into categories based on
rainfall-event volume (‘small’ rainfall events from 5 to 10 mm, “medium’ events from 10 to 50 mm
and ‘large’ events with rainfall volumes greater than 50 mm), Primrose (2004). Comparing post and
pre-harvesting conditions, the percentage change for the ‘large’ event category is less than that
resulting from both the ‘medium’ and ‘small’ event size categories as was hypothesized. This trend is
revealed in graphical form in Figure 28, where the logarithmic scale used on the y-axis serves to
illustrate the relative, proportional change in median values for each event size category, rather than the

absolute change.
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Median Pre and Post- Harvesting Peak Flow Values for the Small, Medium
and Large Rainfall Event Size Categories
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Figure 28. Graphical display of the differences in pre and post-harvesting median peak flow values for
each rainfall event size category - the bars represent the maximum and minimum peak flow values for
each category. Pre-harvesting period is between 1997 and 1999, post-harvesting from 2000 to 2003
(from Primrose, 2004)

From Figure 28 it can be observed that percentage increase in median peak flow values between the pre
and post-harvesting periods is greatest within the ‘small’ events category as illustrated by line ‘a’,
whilst the smallest percentage increase in median values is represented by line ‘c’ within the ‘large’
events category. This result is consistent with the theory that the ‘damping’ effect of forest cover on
peak flow values is less prevalent during larger, more extreme rainfall events.

This analysis is expanded including peak flow data from 2005 and 2006, Table 11. The results
presented in Table 11 show that in this catchment and for the three categories of rainfall-event size
basis, the post-harvesting peak discharges are higher that those of pre-harvesting period (statistically
significant differences), which indicates that the removal of the vegetal cover has a significant effect in
the peak flows. Nevertheless, the increase in the discharges of the post-harvesting period in the “large”
events is minor from those of the category “small”. This seems to confirm that the effect of the forest

operations is of greater importance in events of smaller return periods.
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Table 11. Median of peak flows for event size categories, for the pre-harvesting period and each year
of the post-harvesting period, La Reina catchment.

Size of the rainfall event

Year Small Medium Large
Median of peak flows, pre- All 4.6 18.5 69.2
harvesting condition (I/s)
Median of peak flows, post- 2000 13.8 29.8 101.3
harvesting condition (I/s) 2001 11.7 29.5 180.2
2002 14.2 46.6 100.6
2003 13.1 41.2 154.9
2005 20.7 41.2 99.4
2006 14.9 42.6 108.3

Considering the first and the two last years after plantation harvesting in the La Reina catchment (years
2000, 2005 and 2006, respectively), the percentage increase in the median peak flow values for the
Small, Medium and large rainfall event size categories are:
o Small events *“: Pre-harvesting to year 2000, increase is 3 times; pre-harvesting to year 2005,
increase is 4.5 times; and, pre-harvesting to year 2005, increase is 3.2 times.
e Medium events: pre-harvesting to year 2000, increase is 1.6 times; pre-harvesting to year
2005, increase is 2.2 times; and, pre-harvesting to year 2005, increase is 2.3 times.
o Large events: pre-harvesting to year 2000, increase is 1.5 times; pre-harvesting to year 2005,
increase is 1.4 times; and, pre-harvesting to year 2005, increase is 1.6 times.
These results, together with the information displayed in Table 11, show that in spite of the
development of the new plantation established in year 2000, peak discharges registered in the sixth
year after are still significantly higher to those of the pre-harvesting period.
In order to observe these results in graphical form and to be able to visualize some tendency, the values

of the peak flow medians of every period and event size appear in Figure 29.
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Figure 29. Trends of median peak flow values for the pre-harvesting and each year of the post-
harvesting periods, La Reina catchment (Iroumé et al., 2006, plus additional data)

From Table 11 and Figure 29 it is possible to observe that the changes in the peak flow values during
the first years after the removal of the plantation do not show an initial important increase followed of
a gradual diminution tending towards the peak discharge levels of the pre-harvesting condition. There
is no a consistent pattern for none of the categories of event sizes, and it is not either possible to notice,
for example, a particular year of the post-harvesting period where all the peak flow medians have
reached a “maximum”.

Peak flow medians for 2006 are still higher than those from the pre-harvesting conditions. Although
runoff in La Reina has initiated in 2006 a reduction tending towards the levels of the pre-harvesting
condition (see Figure 12), this is not yet the case of the peak flows.

Flow duration curves were calculated for each of the pre and post-harvesting years (1997 to 1999 and
2000 to 2003, respectively) at the La Reina catchment. The behavior of this catchment was performed
comparing the change in the Qg high flow values illustrated on a flow duration curve. It may be
questioned as to why the Qiqy Vvalue was adopted and not the Qg Vvalue. The justification for this
decision is based on the conclusion that the extreme Qg flow is likely to exhibit considerable
variability and thus may not be representative of a characteristic high flow.

In order to construct a curve for each year in the period of study, the hourly discharge data was
aggregated to daily totals in litres/second and then ordered to give the percentage of the year for which

each discharge was exceeded; the curves are displayed in Figure 30. From this figure it can be seen that
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there is a definite upward ‘shift” of the Qg value in the post-harvesting years, with a maximum Qg

value of 2000 I/s occurring in 2000 compared with a minimum Q1qq, value of 500 I/s in 1998.

Flow Duration Curves for the Pre and Post Harvesting Years
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Figure 30. Flow duration curves for each of the pre and post-harvesting years (period 1997-2003).

In an attempt to examine this idea in more detail, further consideration was given to the pre and post-
harvesting peak flow values arising from extreme rainfall events exceeding 100 mm in total
precipitation (the upper section of the ‘Large’ event size category). In total, across the period of data
analysis (1997 to March 2007), only 36 precipitation events exceeded this rainfall total-9 in the pre-
harvesting period and 27 in the post-harvesting period.

Figure 31 reveals the relationship between these extreme events and the resultant peak discharge

values.
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Figure 31. Pre and post-harvesting relationship between precipitation events greater than 100 mm and
resultant peak discharge.

The trend from Figure 31 and extrapolation of the relationship to increasingly larger rainfall event sizes
does appear to suggest that at the scale of extreme events, the corresponding peak flow values from pre
and post-harvesting land cover conditions do not differ considerably. This result appears consistent
with the suppositions regarding peak flows and extreme events.

A question still to be answered is how extremes are the extreme events recorded at the La Reina

catchment. The following peak flow record is available in this catchment, Table 12.

Table 12. Peak flows, La Reina catchment.

Instantaneous peak flow Mean daily peak flow

Year Q Date Q Date
(m3/s) (m3/s)

1997 0.313 28-07-97 0.255 28-07-97
1998 0.039 09-04-98 0.033 15-08-98
1999 0.263 09-08-99 0.152 09-08-99
2000 0.325 02-06-00 0.240 03-06-00
2001 0.342 17-07-01 0.275 07-01-01
2002 0.337 12-10-02 0.318 12-10-02
2003 0.340 19-06-03 0.163 20-06-03
2004 - - - -
2005 0.179 30-07-05 0.116 30-07-05
2006 0.296 24-07-06 0.230 24-07-06
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By means of a frequency analysis (Gumbel) the return periods associated to these maximum discharges
are determined, and are graphically summarized in Figure 32.
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Figure 32. Instantaneous peak flow return periods, La Reina catchment.

For the period of information availability, the maximum measured instantaneous discharge in the La
Reina catchment was 0.342 m®/s, registered the 17" of July, 2001, and the corresponding return period
is 10 years. In year 2002 the maximum measured instantaneous discharge was 0.337 m%s (the 12" of
October) with an associated return period of 3.3 years.

It is difficult to interpret the turn out of the Gumbel analysis to define return periods to the La Reina
peak flows, because of the short available data record. The records of years 2001 and 2002 are
considered to expand the peak flow analysis in this experimental catchment. From the frequency
analysis of the rainfall data of the Isla Teja (Valdivia) and Remehue (Osorno) stations, the return

periods associated to annual and maximum 24-hour precipitations are determined, Figures 33 and 34.
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Figure 34. Maximum 24-hour rainfall return periods, Isla Teja and Remehue stations.
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In both figures it is possible to appreciate that for a given return period both annual and maximum 24-
hour precipitations are higher in Isla Teja than in Remehue. From these analyzes, the return periods
corresponding to the records of years 2001 and 2002 in these two pluviometric stations are determined,

Table 12.

Table 12. Detail of the frequency analysis at the Isla Teja and Remehue rainfall stations: results for
years 2001 and 2002.

Year 2001
Maximum 24 hours rainfall Annual precipitation
Pax 24h Date Return period P Return period
Station (mm) (years) (mm) (years)
Isla Teja 102.4 08/07/2001 2.6 2245.7 2.0
Remehue 48.8 26/05/2001 1.5 1270.3 2.0
Year 2002
Maximum 24 hours rainfall Annual precipitation
Prax 24h Date Return period P Return period
Station (mm) (years) (mm) (years)
Isla Teja 155.7 12/10/2002 22 3140.2 29
Remehue 83.3 01/10/2002 12 1668.1 15

In the case of year 2001, the annual and maximum 24-hour precipitation records correspond, both at
Isla Teja and Remehue, to return periods of the order of 2 years. This means that the highest peak flow
recorded in La Reina (with a period of return of the order of 10 years) occurred in a year that was not
particularly rainy in the zone where this catchment is located. In 2002, the maximum 24-hour and the
annual precipitations have return periods 22 and 29 years in Isla Teja and of 12 and 15 years in
Remehue, which indicate that in a rainy year for the study zone the maximum recorded peak flow in La
Reina in 2002 has a smaller return period than the one registered in year 2001.

The analysis of the La Reina peak flows is completed, for years 2001 and 2002, of the revision of the
maximum daily discharges registered in larger river basins in the area where this experimental
catchment is located. The records of the Cruces in Rucaco, Ifiaque in Méfil, Collilelfu in Los Lagos,
Damas in Tacamé and Negro in Chahuilco stations are used (stations number 13, 14, 15, 17 and 18,
Figure 2 and Table 6), to assign return periods (Gumbel analysis) to the maximum discharges of years

2001 and 2002, Table 13.
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Tabla 13. Peak flows in years 2001 and 2002 and return periods in selected river basins in the
Valdivia-Osorno area (La Reina included)

Year 2001 Year 2002
Basin-station Area Qmax: Date Return Qmax: Date Return
period period
(km?) (m®/s) (years) (m®/s) (years)
La Reina 0.342 0.342 17/07/2001 10 0.337 12/10/2002 3.3
Collileufu-Los
Lagos 581.0 257.0 08/06/2001 2.9 416.0 13/10/2002 15.4
Ifiaque-Mafil 424.0 144.0 09/06/2001 2.9 249.0 13/10/2002 16.4
Cruces-
Rucaco 1740.0 677.0 09/06/2001 35 821.0 14/10/2002 8.7
Damas-
Tacamo 408.0 48.3 28/05/2001 1.2 113.0 13/10/2002 4.3
Negro-
Chahuilco 2318.0 437.0 17/07/2001 2.6 682.0 13/10/2002 7.6
Sto. Domingo-
R. de Piedra 127.0 92.3 08/07/2001 2.1 189.0 12/10/2002 9.9

% Qmax for La Reina is instantaneous peak flow and mean daily peak flow for the other basins.

In all these river basins but La Reina, the maximum discharges of year 2001 have return periods
between 1 and 3 years, of the same order that the annual and maximum 24-hour precipitations at the
Isla Teja and Remehue stations in that year. For year 2002, the return periods of the registered
maximum discharges in these larger river basins are superiors to those of year 2001, the exception
being again La Reina. In addition, it draws attention that all the peak flows (including the one
registered in La Reina) were generated by the same storm (all the maximum discharges were recorded
between October 12 and 14, 2002).

Looking at the return periods of the peak flows registered in the larger basins in years 2001 and 2002
(Table 13), it is possible to assign to the La Reina highest registered peak flows return periods in the
range of 4 to 16 years (in the order of 10 years, in average).

Under these circumstances, peak flow values from pre and post-harvesting land cover conditions at La
Reina only differ for events with return periods clearly lower than 10 years. The trend from Figure 31
and this extreme event analysis at the La Reina catchment seem to suggest that for 10-year and larger
return period extreme events, peak flows from pre and post-harvesting land cover conditions do not
differ considerably which supports the hypothesis that, as the size of the flood peak increases, the

effect of land use becomes less important.
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4.4.  Extreme events and land use changes in large river basins

4.4.1 Peak flow analysis in large river basins

The maximum discharges in the Caramavida, Duqueco and Mulchén river basins were analyzed. For
these three river basins return periods were assigned (Gumbel frequency analysis) to the daily
maximum discharges using the records of all the period of availability of data and those from the
periods previous and subsequent to year 1978, in which a break in the water production trend has been
detected (see Figures 21 and 22).

The result of this analysis for the Caramavida the river basin is graphically shown in Figure 35. On the

other hand, Figure 36 presents the results for the Duqueco and Mulchén river basins.
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Figure 35. Daily peak discharge return periods for all the period of availability of data and those from
the periods previous and subsequent to year 1978, Caramavida river basin.
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Figure 36. Daily peak discharge return periods for all the period of availability of data and those from
the periods previous and subsequent to year 1978, Duqueco and Mulchén river basins.

In the case of the Caramavida and Duqueco river basins, for a same return period the daily maximum
discharges from the “after year 1979” period are superiors that the corresponding ones to “before year
1978”. This would be indicating that the development of the plantations in these river basins, that
generated a reduction in water production, does not reduce the levels of peak discharges.

In the case of the Mulchén river basin, the daily maximum discharges are smaller in the period of forest
development, indicating a potential effect of afforestation in decreasing both water yield and peak
flows.

However, the three curves (in Figures 35 and 36) generated by means of the Gumbel analysis for these
three river basins do not show statistically significant differences (Kolmogorov-Smirnov test). This
could be indicating that the increase of the afforested area would be affecting only marginally the
levels of peak flows, when comparing the data from the periods before and after the development of
the plantations.

Table 14 presents the daily maximum discharges in the Caramavida, Duqueco and Mulchén river
basins with return periods of 5, 10, 25 and 100 years, obtained using the records of all the period of

availability of data and those from the periods previous and subsequent to year 1978.
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Table 14. Five, 10, 25 and 100 year return period peak flows, Caramavida, Duqueco and Mulchén
basins.

River basin Period Qmax =5 Qmax T=10 Qmax T=25 Qmax T=100

(mm/day) (mm/day) (mm/day) (mm/day)

- 1960-1991 63.9 74.2 87.3 106.6
Caramavida ;954 1978 55.8 65.7 78.2 96.7
1979-1991 64.4 74.2 86.7 105.1

1963-2004 46.4 55.2 66.4 82.9

Duqueco 1963-1978 40.2 48.6 59.2 74.9
1979-2004 44.7 52.9 63.4 78.9

, 1961-2004 33.2 39.6 47.6 59.5
Mulchen 19611978 34.8 421 51.2 64.8
1979-2004 28.8 34.0 40.6 50.4

The results that appear in Table 14 for the Caramavida and Duqueco river basins confirm what was
previously mentioned in relation that peak discharges of the period of greater development of the
afforested area are majors to the maximum discharges of the previous period.

Table 15 shows the variation (in percentage) of the peak discharges taking the period “before year

1978 as reference.

Table 15. Variation (in %) of peak flows having return periods of 5, 10, 25 and 100 years in the

Caramavida, Duqueco and Mulchén basins (reference period, the previous to year 1978).

River basin Period Variation Variation Variation Variation
Qmax T=5 (%) Qmax T=10 (%) Qmax T=25 (%) Qmax T=100 (%)
- 1060-1991 14.44 12.94 11.61 10.27
Caramavida 1964 1978 0 0 0 0
1979-1991 15.30 12.95 10.84 8.71
1963-2004 15.43 13.71 12.23 10.79
Duqueco 19631978 0 0 0 0
1979-2004 11.20 9.04 7.18 5.38
, 1961-2004 454 5,92 -7.10 -8.23
Mulchén 1 961.1978 0 0 0 0
1979-2004 -17.38 -19.16 -20.71 22219
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These results are contradictory and they do not allow concluding on a potential reduction of the
maximum peak flows after an increase of the afforested area in large river basins.

Daily peak flows from two specific pair of years in the pre and post-plantation development periods
were compared at the Caramavida river basin. Two pairs of characteristic years with similar annual
rainfall totals were chosen using the rainfall data from the Cafiete station; one pair of rainy years and
one of dryer years.

The first pair included 1975 (from the pre-plantation development period) and 1984 (from the post-
plantation development period) with 1457 and 1528 mm/year, respectively. These two rainy years were
preceded by dry years (1974 with 1182 mm/year and 1983 with 897 mm/year).

The second pair considered the dry years 1974 (from the pre-plantation development period) and 1986
(from the post-plantation development period) with 1183 and 1277 mm/year, respectively. These two
years were also preceded by dry years (1973 with 1144 mm/year and 1985 with 1217 mm/year).

Flow duration curves were calculated for each of these two pairs, Figures 37 and 38.
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Figure 37. Flow duration curves for two specific rainy years at Caramavida.
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Figure 38. Flow duration curves for two specific dry years at Caramavida.

The behavior of this catchment was performed comparing the change in the Qg high daily flow

values illustrated on the two flow duration curves. In the wetter condition, Qi value is 19 m*/s in
1975 and 14 m%s in 1984, while in the dryer condition Qiqs is 15 m*/s in 1974 and 13 m*/s in 1986.

From these figures it can be seen that there is downward ‘shift’ of the Qg9 value in the post-plantation

development years indicating that the increase of the forested area do as an effect in reducing peak

discharges.

A frequency analysis (Gumbel) of maximum 24-hour precipitations was realized in the Los Angeles,

Collipulli, Cafiete and Trupan pluviometric stations (these stations, together with Laguna Malleco and

Temuco were used to characterize the precipitation pattern of the area where the large river basins

analyzed in this report are located). This analysis realized for the periods previous and subsequent to

year 1978 and with every year of the series of precipitation records is presented in Figure 39.
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Figure 39. Return periods of maximum 24-hour precipitations, Trupan, Los Angeles, Collipulli and
Cariete stations, for all the period of availability of data and those from the periods previous and
subsequent to year 1978.

In the Los Angeles, Cafiete and Trupan stations, maximum 24-hour precipitations are higher for the
period “after year 1979”, whereas for the Collipulli station it happens the opposite.

To analyze peak flows at the Caramdvida, Duqueco and Mulchén river basins, to the effect of the
increase of the afforested area it is necessary to add the corresponding to the variations from one period
to the other in the intensity pattern of the precipitations that generate these peak flows, which coincide
with the findings of Pizarro et al. (2006). Because rainfall is not uniform over a large area even during
large storms, differences in areal distribution of precipitation among storms and study periods can add

to the variability of peak flows when comparing the periods “before year 1978 with “after year 1979”.

4.4.2 Extreme event analysis at the Caramavida, Dugueco and Mulchén river basins

In an attempt to examine this idea in more detail, i.e. the joint and contradictory effect of increase of

forested area and increase in rainfall intensity since 1979 in the Caraméavida, Duqueco and Mulchén
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river basins, further consideration was given to the pre and post-plantation development peak flows.
For each of these three basins several pair of storms (one storm from the pre-plantation development
period and one from the post-plantation development period) were identified. Each pair was chosen in
terms of similar total event precipitation and accumulated rainfall for the previous 7 and/or 14 days.

Figures 40, 41 and 42 reveal the relationships between these rainfall events and the resultant peak
discharge values for the three river basins.
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Figure 40. Pre and post-plantation development relationships between pairs of precipitation events and
resultant peak discharges, Caramavida river basin.
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Figure 41. Pre and post-plantation development relationships between pairs of precipitation events and
resultant peak discharges, Mulchén river basin.
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Figure 42. Pre and post-plantation development relationships between pairs of precipitation events and
resultant peak discharges, Dugueco river basin.

The trends from Figures 40, 41 and 42 and extrapolations of the relationships to increasingly larger
rainfall event sizes do appear to suggest that at the scale of extreme events, the corresponding peak
flow values from pre and post-plantation development land cover conditions do not differ considerably.
Figures 43, 44 and 45 present the comparisons of the resultant peak flows from each of the event pairs

and from each of the three studied river basins.
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Figure 43. Comparison of resultant peak flows from event pairs, Caramavida river basin.
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Figure 44. Comparison of resultant peak flows from event pairs, Mulchén river basin.
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Figure 45. Comparison of resultant peak flows from event pairs, Duqueco river basin.

The comparisons presented in Figures 43, 44 and 45 indicate that, for similar rainfall conditions, peak
flows generated in events during the period before the increase of planted area are consistently higher
than those from the period subsequent to 1978. But from the same figures it is possible to conclude that
as peak flow size increases the corresponding peak flow values from pre and post-plantation

development land cover conditions do not differ considerably.
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At the Caramdvida river basin, the differences in peak flow values from pre and post-plantation
development differ considerably only for peak flows lower than 60 m®s. This level of peak flow
corresponds to return period between 2 and 5 years (data extracted from Figure 35).

At the Mulchén and Duqueco river basins, peak flows from the pre and post-plantation development
periods differ significantly for peak flows lower than 120 and 500 m?®s, respectively. The
corresponding return periods for these peak flow values are in the order of 2 to 5 years (from Figure
36).

In these river basins, peak flow values from pre and post-plantation development conditions only differ
for events with return periods lower than 5 years. These results appear consistent with the suppositions

regarding peak flows and extreme events and the findings for the smaller experimental catchments.

4.5.  Sediment transport in experimental catchments

Monthly suspended sediment loads (TSS, ton/ha) for catchments Los Ulmos 1 and 2 and Arag6n 1 and

2 are shown in Figure 46.
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Figure 46. Monthly suspended sediment load in experimental catchments.
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In the period January 2004 to October of 2006 it can be appreciated that at the Los Ulmos 1 and 2
catchments, the monthly suspended sediment transport is only significant during July, associated to the
periods of major precipitations and runoffs. The value of 3 ton/ha registered in Los Ulmos 2 in July
2005 seems quite high considering that none forest operations took place during the study period in this
catchment.

The plantation of the Aragon 1 catchment was clearcut in winter since April 2005, situation that
explain the important increase of suspended sediment load as compared with the sediment load from
the neighbouring and undisturbed Aragon 2 catchment. In July 2005, the Aragon 1 catchment monthly
suspended sediment load was 6 ton whereas in Aragon 2 monthly suspended load was 6 ton. The
investigation in the two Aragon catchments could not continue beyond September 2005, because the
amount of sediment transported damaged the instruments and made collapse irreversibly the gauging
section. Most of the sediment transport in the Aragonl catchment originated from cut and fill forest
road slopes, in a watershed were the riparian vegetation and buffer protection zones were practically
nonexistent.

The increases in sediment load after clearfelling can be defined as extreme events not generated by
intense rainfalls but associated to plantation forest operations. This reinforces the proposals that the
EPIC-UACh group, within the framework of best management practices and definition of standards for

harvesting and road planning, has been raising in forums and discussion groups®.

4.6.  Hydrological simulation scenarios in experimental catchments

4.6.1 Management scenarios analysis at La Reina using SHETRAN

The La Reina area model was generated using the existing SHETRAN physically based, spatially
distributed catchment modelling system. Calibration was completed for this catchment for two separate
periods: firstly, for 1996-1999 with mature plantation forest; and secondly, for 2000-2001 with
vegetation appropriate for a logged forest.

Details of SHETRAN application to the La Reina catchment are presented in Birkinshaw and Bathurst
(2007), in the D14 of this EPIC Project.

! Correspond to the “Policy issues” proposed by the UACh-EPIC group.
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4.6.2 Simulation analysis at Los UImos2 using WaSIM

The Los UImos2 area model was generated using the existing WaSiM-ETH (Water Balance Simulation
Model) physically based, spatially distributed catchment modelling system. Calibration was completed
for this catchment for the period January 1 to December 31, 2004. Discharge simulations performed for

year 2004 are shown in Figure 47.

120 + [¢]
r 20
100 +
r 40
I Precipitacion L 60
80 + — Medida
—— Simudada
r 80

Escorrentia (mm)

Precipitacion (mm)

Figure 47. Discharge simulation at Los UImos1 experimental catchment using WaSIM.

According to the results obtained in this simulation for year 2004, a coefficient of determination (r*) of
0.57 was obtained comparing the measured and simulated values. This value is something smaller than
the obtained by authors such as Verbunt et al. (2003) and Gurtz et al.(2003), that obtained
determination coefficients surpassing 0.8 simulating runoff in mountain river basins. On the other
hand, in a four years simulation Rode and Lindenschmidt (2000) obtained a coefficient of 0.68 that was

considered as a good result although the simulation presented a tendency to overestimate the peak.
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Something similar tends to happen in this investigation, where the simulated peak values are under or
overestimated in relation to the observed records, but the tendency of the graphs is similar (see Figure
47).

According to Rode and Lindenschmidt (2000), in zones of humid climate two mechanisms exist that
originate the run-off. The first one occurs when the soil surface is saturated by the precipitations and
the second happens when the ground water level rises and the soil is saturated from below. These
mechanisms tend to happen in zones near to the drainage network. In humid climates the precipitation,
soil saturation and the presence or absence of interflow will accelerate or slow down the generation of
overland flow.

Some investigators have raised the necessity to consider the initial characteristics of the soil and the
precipitations, to be able to carry out a successful simulation (Niehoff et al. 2002, Piepho 2002 and
Verbunt et al. 2003). Thus, the quality of the simulation will be in direct relation with the quality of the

input data and the calibrated parameters.
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5. CONCLUSIONS

The data presented in this report provides an insight to the basin response associated to plantation
forestry development in Chile. Different studies have been carried out in diverse research sites and
forest cover conditions and add significantly to the knowledge of the hydrological behavior of forested
small and large catchments in the country.

In small experimental catchments, the reduction of vegetation cover generates increases in annual and
summer runoff and peak discharges, and the biggest effects happen after clearfelling significant
proportions of a forest within the catchments. The combined effect of rainfall pattern, catchment size
and topography, road density and extent of affected area should also be considered to fully understand
and explain the hydrological effects of land use changes in these catchments.

Following clearcutting of the Pinus radiata plantation that covered the 79.4% of the La Reina
experimental catchment, runoff and peak flows increase both at annual and summer levels. During the
first three years of the post-harvesting period, on average a 110% increase in annual runoff occurred
and mean peak flows were 32% higher. In the wet temperate region with high annual rainfall totals
concentrated during winter months as the one where the La Reina catchment is located, timber
harvesting has a greater effect in increasing annual runoff than peak flows. After 6 years of
development of the new Eucalyptus spp. plantation established in the La Reina catchment in 2000, this
forest is increasingly consuming water and annual runoff has initiated a recovery towards pre-
harvesting levels.

In the two Los Ulmos experimental catchments, the older plantation in Los Ulmosl increasingly
consumed more water than the three years younger forest cover established at Los UImos2 (59 mm in
2000 and 217 mm in 2002), although mean specific peak flows differences between these catchments
were not significant. Data from La Reina, Los Ulmosl and Los Ulmos2 show a decrease in the annual
runoff (in percentage of annual precipitation) as the plantations increase their water consumption
capacities from about 68% the year after timber harvesting to 36% after 22 years of plantation growth.
Reductions of forest cover appear to cause higher runoff and peak flows, although catchment
morphology, extent of data sets and rainfall characteristics occurred before and after forest operations
should be carefully considered to fully understand the hydrological effects of forest cover changes.
Comparisons of peak flows at the La Reina catchment for pre and post-harvesting conditions indicate
that the percentage change for the ‘large’ event category (events with rainfall volumes greater than 50
mm) is less than that resulting from both the ‘medium’ (from 10 to 50 mm) and ‘small’ (from 5 to 10
mm) event size categories as was hypothesized. Nevertheless, peak flow medians for 2006 are still

higher than those from the pre-harvesting conditions indicating that peak flow values after the removal
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of the plantation do not show an initial important increase followed of a gradual diminution tending
towards the peak discharge levels of the pre-harvesting condition. Although runoff in La Reina has
initiated in 2006 a decrease tending towards the levels of the pre-harvesting condition, this is not yet
the case of the peak flows.

At the La Reina catchment peak flow values from pre and post-harvesting land cover conditions only
differ for events with less than 10-year return periods. The relationship between extreme rainfall events
exceeding 100 mm in total precipitation (the upper section of the ‘Large’ event size category) and
extrapolation of this relationship to increasingly larger rainfall event sizes does appear to suggest that
at the scale of extreme events peak flow values with return periods exceeding 10 years do not differ
considerably for pre and post-harvesting land cover conditions. This result appears consistent with the
suppositions regarding peak flows and extreme events.

In large catchments, annual water reductions associated to the increase in forested area have been
detected. A reduction of 157 to 440 mm/year in runoff was identified in three large river basins. In two
of these basins the reduction in annual runoff can be explained through the increase of annual
evapotranspiration capacity of the new planted area, whereas in the third basin annual runoff reductions
are controlled not only by increases in forest water consumption. In the three river basins, the values of
Qs0%, Qsow and Qggy, Of the summer months are lower since 1979 (the year since reductions in runoff
were detected). In the three river basins the highest reduction occurs for Qsgy. The values of Qsgo,
represent periods during the summer with a certain soil water availability, which as of year 1979 is
being consumed by the forests covering an important part of the area of these river basins. The values
of Qgoy and Qgoy represent periods during the summer with lower soil water availability in which the
physiological activity of the trees is noticeably reduced, and this could be the reason why the effect of
the increase of the afforested area on these low flows seems to be smaller. Since Qggy and Qgge, are
used to define permanent and continuous Water Rights, it is possible that already existing permanent
and continuous water rights could be only marginally being affected by the increase of the planted area.
However, those eventual water rights, more associated to Qsg, Would be the most possible affected.

At the Caramavida and Dugueco river basins, for a same return period the daily maximum discharges
from the “after year 1979” period are superiors that the corresponding ones to “before year 1978,
which could indicate that the development of the plantations in these river basins, that generated a
reduction in water production, does not reduce the levels of peak discharges. Although, in the Mulchén
river basin, the daily maximum discharges are smaller in the period of forest development, indicating
in this case a potential effect of afforestation in decreasing both water yield and peak flows. To the
effect of the increase of the afforested area it is necessary to add the corresponding to the variations

from one period to the other in the intensity pattern of the precipitations that generate these peak flows,
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and because rainfall is not uniform over a large area even during large storms, differences in areal
distribution of precipitation among storms and study periods can add to the variability of peak flows
when comparing the periods “before year 1978 with “after year 1979”.

For each of the Caramavida, Duqueco and Mulchén river basins several pair of storms (one storm from
the pre-plantation development period and one from the post-plantation development period) were
identified and chosen in terms of similar total event precipitation and accumulated rainfall for the
previous 7 and/or 14 days. The trends of the relationships between these rainfall events and the
resultant peak discharge values for the three river basins and extrapolations of the relationships to
increasingly larger rainfall event sizes do appear to suggest that at the scale of extreme events, the
corresponding peak flow values from pre and post-plantation development land cover conditions do not
differ considerably. In these three river basins, the differences in peak flow values from pre and post-
plantation development conditions only differ for events with return periods lower than 5 years. These
results appear consistent with the suppositions regarding peak flows and extreme events and the
findings for the smaller experimental catchments.

In small experimental catchments, the increases in sediment load after clearfelling can be defined as
extreme events not generated by intense rainfalls but associated to plantation forest operations. This
reinforces the proposals that the EPIC-UACh group, within the framework of best management
practices and definition of standards for harvesting and road planning, has been raising in forums and
discussion groups

The results presented in this document can be used to provide recommendations regarding forest
management options, which allow adequate tree growth rates but are compatible with restrictions on

water availability.
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