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1. Introduction

In the past, today and the future, forest productivity has become an important issue to
ensure the sustainability of forest resources. In a modern sense of concept, forest
sustainability may be defined as the combination of biological (biotic), environmental
(abiotic), and cultural factors that determine the rate at which the forest overcomes
“environmental resistance” and achieves the potential productivity of a site (Medlyn et al.,
2011).

Governments and managers need to ensure that society is provided with forest products in
both ecologically and economically correct ways, considering social aspects. Therefore,
forest productivity is an important criterion of sustainability because of its strong
relationship with economics and profitability.

Managers are insistently demanding precise estimates of forest biomass productivity and
potential growth rates at global and local scales. This situation creates the necessity of
research in growth and yield simulation, since accurate prediction is decisive for decision-
making. The quality of decision is strongly influenced by the types of models. Innovative
simulation strategies are essential to predict potential impacts of future changes in the
global environment (Medlyn et al., 2011).

On the one side, classical growth and yield forest models have been criticized as being
empirical, with models revealing little about physiological mechanisms that control the
adaptation to environmental conditions. On the other side, complex mechanistic models of
growth have been criticized as being cumbersome, requiring too many hard to measure
inputs variables and relying heavily on untested assumptions (Pinjuv, 2006). The above
considerations lead to the conclusion that the best option is to combine both types: empirical
and process-based models in a joint and calibrated hybrid model (Almeida, et al., 2004).
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176 Application of Geographic Information Systems

Rather than using empirical measurements or complex mechanistic models of growth,
process-based modeling attempts to simulate the general ecological mechanism of a given
ecosystem. Within the advances in computing technologies and understanding of ecological
process, process-based simulations models are providing means to address scientific and
management questions at all spatial scales, from individual trees to the entire globe (Kirk &
Burk, 2004).

Forest managers are interested not only in the characteristics of specific trees or forest
stands, but also in trends that extend across large areas such as watershed, landscapes or
ecoregions (Shindler, 1998). While scientifically based management at these coarse scales is
desired, collecting appropriate data is a major challenge. Process-based models provide a
viable alternative to large-scale field sampling for several reasons (Kirk & Burk, 2004).

This paper discusses a generalized framework for developing a regional-scale process-based
forest productivity model implemented for the study of the environmental limitations on
the growth of Eucalyptus nitens plantations. Maps of potential productivity are developed
and regulations of productivity by environmental factors are discussed. Additionally,
comments are added on the usefulness of GIS in the study of spatial patterns that govern
forest productivity.

2. Modeling forest system

2.1. Empirical model

Forests are very complex ecosystems, and historically many approaches to predict yield and
productivity of forests sites have been developed. Growth and yield of forest sites have been
modeled in different ways, and different productivity measures exist as site index, site
quality and potential site (Daniel et al., 1979).

Vanclay (1994) has defined stand growth model as "an abstraction of the natural dynamics
of a forest stand, which may encompass growth, mortality, and other changes in stand
composition and structure". Common usage of the term "growth model" generally refers to a
system of equations which can predict the growth and yield of a forest stand under a wide
variety of conditions. Thus, a growth model may comprise a series of mathematical
equations, the numerical values embedded in those equations, the logic necessary to link
these equations in a meaningful way, and the computer code required to implement the
model on a computer. In its broadest sense, the term may also embrace yield tables and
curves, which are analogous to equations, but which have been stated in a tabular or
graphical form, rather than a mathematical form (Vanclay, 1994).

An important but simple model in forestry is the plantation yield table, which may comprise
only of two columns of figures: age and the expected standing volume at that age. The yield
table may also be expressed graphically as a series of curves, with the horizontal axis
indicating age and the vertical axis indicating volume produced. It may also be expressed
more concisely as a mathematical equation (Vanclay, 1994).
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In Chile, empirical growth and yield simulators have been developed to be used in
intensively managed plantations of Pinus radiata, Eucalyptus globulus and Eucalyptus nitens.
To improve its predictive ability, the Chilean model has been adapted to growth zones and,
stratification is used to improve the productivity measure (Site Index) of the simulator. In
Chile, the need to incorporate physiographic, soil and climate data as continuous co-
variables instead of zones is relevant. However, the weakness of the discrete territory
handling that is implicit in the modeling strategy has become evident over time.

In general, limitations of the approach taken are: 1) predictions are based on historical data
records, 2) lack of necessary flexibility to estimate changes in the stand growth in response
to environmental changes, 3) limited capabilities of extrapolation when new treatments are
not considered in the fitting data base, and finally, 4) the development and maintenance of
plot networks are expensive to establish and re-measured (Bernier et al., 2003).

Empirical models are used in most forest companies and remain valuable tools for
management, but they do not provide answers to some critical questions that arise in the
planning process, especially those related to factors that are affected by silviculture and
climate (Constable & Friend, 2000). However, recent approaches tend to improve the
applicability of empirical models under changing conditions. Examples of these approaches
are 1) the dynamic state-space approach, or 2) the development of productivity-
environments relationship (Fontes et al., 2010).

2.2. Process-based model

Limitations described for empirical models, have led to the exploration of new and more
consistent productivity definitions, such as concepts and methods used by ecologists, of which
the most common productivity measurements are gross primary productivity (GPP), net
primary productivity (NPP) and net ecosystem productivity (NEP). Growth can be defined as
the net accumulation of carbon and other organic materials in plants. An indirect
measurement of growth is used for the photosynthetic and respiration rates (Hari et al., 1991).

The processes governing forest growth are well-recognized and understood (Landsberg,
1986; Landsberg & Gower, 1997). Photosynthesis, driven by radiant energy intercepted by
the foliage, produces carbohydrates, which are respired to provide the energy needed for
protein synthesis and formation of new tissues, and partitioned to branches and stems,
coarse and fine roots and new foliage (Landsberg & Waring, 1997). Photosynthetic efficiency
is affected by the nutrient status of the foliage, and also depends on the uptake of CO2
through stomata, which may be affected by the water status of the leaves. Growth processes
are influenced by temperatures which affect process rates: extreme temperatures may cause
damage and disrupt growth temporarily or permanently (Landsberg, 2003). These processes
and their interactions produce carbohydrates, some of which become wood — the product of
interest to the commercial forester.

However, these processes can be affected by competition. Under these approaches,
productivity is determined by the amount of light intercepted by the canopy, efficiency of
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light use proportion of assimilates allocated to wood and mortality losses (Cannell, 1989).
Consequently, process-based modeling can be defined as a procedure by which the behavior
of a system is derived from a set of functional components and their interactions with each
other and the system environment, through physical and mechanistic processes occurring
over time (Bossel, 1996). Even though, process-based models were originally designed for
research purpose more recently they have been developed towards use in practical forest
management (Fontes et al.,, 2010). Therefore, process-based models attempt to predict the
products by describing the processes that lead to them, their responses to external driving
variables and the interactions between them (Landsberg, 2003). This is observed on the
schematic representation of the 3-PG process-based model (Fig.1).

Figure 1. Schematic representation of 3-PG process-based model.

The 3-PG model is a stand-level model that uses monthly or annual time steps. It requires
as inputs initial stand data, soil and weather data. The 3-PG model consists of five simple
sub models: biomass production obtained from the assimilation of carbohydrates, the
allocation of biomass between foliage, roots and stems, the determination of stem number,
soil water balance, and the conversion of biomass values into variables of interest to forest
managers.

In recent years, forest managers have expressed interest in the application of process-based
models in management decision making (Makeld, 2000, Korzukhin et al., 1996, Johsen et al.,
2001). Battaglia & Sands (1997) have identified five potential uses of process-based forest
productivity models as management tools: prediction of growth and yield, selection of new
plantations sites, identification of site limitations on productivity, assessment of risk
associated with locations or management options and use of models as surrogates for field
experiments.

However, all these models share the problems of parameter estimation caused by lack of
precise data and an incomplete understanding of some important processes.
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2.3. Linking process-based and empirical forest model

The term “hybrid modelling” refers to approaches that are grounded in both empirical and
process-based concepts of forest dynamics, thus trying to capitalize on the advantages of
each approach (Fontes et al., 2010). Specifically, the underlying idea is to benefit from the
predictive ability and parsimony in the calibration data needs of empirical approaches as
well as the explicit environment-dependence of process-based formulations (Fontes et al.,
2010). This approach offers potentially the best prospects for developing models to support
forest management (Battaglia et al., 1998).

The development of process-based models to predict forest growth has been developing
rapidly in the last few years. However, operational applications in forest plantations are still
at an early stage (Almeida et al., 2003). All these models cited in scientific literature share in
common the need to assess and to evaluate various parameters and processes, modeled with
sub-models, based on field measurements and independently calibrated (Sharpe & Rykiel,
1991). Some sub-models, or a subset of sub-model parameters, will fail calibration because of
the lack of adequate data, problems of scaling up, or poor understanding of processes
(Makela et al., 2000). In such case, and in order to predict system-level behavior (Makela et
al., 2000), these sub-models or sub-model parameters are best estimated by using empirical
equations relating to the whole system (Sievanen & Burk, 1993). Korzukhin et al. (1996)
presented a detailed analysis of the relative merits of process-based models and empirical
models, which highlighted the value of both classes of models and indicated how they can
be applied in forest ecosystem management. The above considerations lead to the
conclusion that the best option is to combine both types: empirical and process-based
models in a joint and calibrated hybrid model.

Hybrid models were developed from complementary merging of well understood processes
and reliable tree/stand empiricism, which aim to achieve a process model for the manager in
which the shortcomings of both approaches can be overcome to some extent. There is a
combination of causal (at the level of the process such as: carbon balance, water balance, soil
carbon cycling, soil carbon cycling) and empirical (at the higher stand level the model is
empirical) elements (Almeida et al., 2003).

Shifting views of the forest from primarily one as a production system for many products to
an ecosystem with spatially and temporally complex interrelationships is changing the
demand for information about the forest (Korzukhin et al., 1996). These new information
needs are characterized by greater complexity, limited availability of mechanistic
hypotheses, and paucity of data. In contrast to empirical models, process-based model seek
primarily to describe data using key processes that determine an object’s internal structure,
rules, and behavior (Korzukhin et al., 1996). Both types of solutions can be developed across
the full range of spatial scales. In Figure 2 we present the hybridized 3-PG model.

A hybrid approach combining the main advantages of process-based models and empirical
models has been adopted in some cases. Baldwin et al. (1993) combined a single-tree
empirical model called PTAEDA2 (Burkhart et al, 1987) with process-based model
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MAESTRO (Wang & Jarvis, 1990). Using PTAEDA?2 they projected to a certain age the stand
variables used by MAESTRO to calculate biomass production, which was fed back to
TAEDA?2? to adjust its predictions. These steps were repeated to the end of rotation. In turn,
Battaglia et al. (1999) used the process-based model PROMOD and the empirical model
NITGRO developed for Eucalyptus nitens plantations. The model PROMOD predicted the
mean annual increment (MAL m3 ha'! year!) and estimated site index (SI) applying
relationship MAI and SI. However, according to Johnsen et al. (2000) major constraints in
the implementation of hybrid models for practical forestry are those related to soil and
nutrient dynamics. The improvement of both process-based and empirical models will lead
to better hybrid models. This architecture has been demonstrated to be successful as a
practical tool in operational forestry (Almeida, et al., 2003).

Figure 2. Schematic representation of 3-PG process-based mode hybridized (adapted from Fontes
(2007)). In addition to Fig. 1, functions of replacement by an empirical model are added to the process-
based model to get variables of interest to the forester.

2.4. Overview of the 3-PG model hybridized

The model called 3-PG (Physiological Principles Predicting Growth) is a process-based
model that requires few parameter values and only readily available data inputs, and was
developed by Landsberg & Waring (1997) with the intent of being both simple and
applicable to management.

The 3-PG model is based on physiological principles and parameterized with empirical data. It
uses the concept of radiation use efficiency, where potential carbon gain is then constrained by
the biology of the species and the physical characteristics of the site, and includes allometric
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relationship for carbon allocation. The 3-PG model is generalized, with monthly time-step,
which means that biomass is the output. The important features of the model are that the
output variables it produces are those of interest and utility to forest managers.

The 3-PG model lies between traditional growth and yield and detailed physiological
representations, physiological process predicting growth, and the model is a “big leaf”
carbon balance. A “big leaf” model is one that represents a forest canopy as a homogeneous
structure, usually leaf area index (LAI), that is the area of leaves per unit area of ground
surface. This model is based on two fundamentals ideas (Mason, 2010): net primary
productivity is a linear function of absorbed photosynthetically active radiation (¢p.a.), with
the slope of the function varying with environmental states and, allocation of carbon can be
estimated from allometry and that allocation to roots will vary with fertility of soils. In
addition, the 3-PG model uses Beer’s law to estimate absorbed photosynthetically active
radiation given any amount of radiation and LAL

As described by Landsberg & Waring (1997), the basic structure 3-PG model:

i.  Estimates Gross Primary Production (PG) based on the utilizable photosynthetically
active radiation (¢p.a.u) and the canopy quantum efficiency (a.C). The value of ¢p.a.u is
obtained by reducing the photosynthetically active radiation (¢p.a.) through non-
dimensional modifying factors whose values vary between 0 and 1. The modifying
coefficients reflect constraints imposed on the utilization of ¢p.a. by vapor pressure
deficit (VPD), drought, and stand age. Soil fertility determines allocation of carbon to
above and belowground components. Drought is defined for soils of different textures
by the ratio of water in the root zone to the maximum available (6). The model also
includes suboptimal temperature and frost modifiers.

ii. Estimates Net Primary Production (Px) from PG. The model uses the proportion
PN/PG=cpp, which has been found to be 0.47 + 0.04 for diverse types of forests and
geographic locations (Waring, 2000).

iii. Estimates carbon in root biomass using two basic relations: the inverse relation between
stem growth and the Pn fraction allocated to soil, and the effects of drought and
nutrition on the annual allocation of carbon to root biomass.

iv. Calculates changes in stand density over time using a sub-model derived from the self-
thinning law coupled with stem growth rates.

v. Apportions carbon among aboveground tree components using allometric relations:

Where W is the tree’s total biomass and i is the tree component. The parameter Ni
reflects the species’ genetic characteristics.

vi. The growth rate of trees declines with age. To this respect, the hydraulic limitations theory
proposes that the decline of forest productivity with age is a consequence of whole-plant
and leaf-specific hydraulic conductance with tree height caused by increased friction.
Based on this theory, the 3-PG model estimates the effect of age on tree growth using the
linear relation between hydraulic conductivity and PN, in which stem conductance
declines with age and thereby induces a lower stomatal conductance (g).
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3. Potential use of GIS coupled with process-based model for asses’
forest productivity

A review of forestry applications in GIS reveals an extensive range of activities. GIS for
forest management may be characterized by two broad and related categories: resource
inventory including monitoring and analysis, modeling or prediction to support decision
making (McKendry & Eastman, 1991).

The massive data management and its transformation into information requested by users
with different goals of information, has been promoted heavily from the 80's with the rapid
development of so-called Geographic Information Systems (GIS). System design involves
the existence of a set of elements or parts that are interrelated, in the case of Geographic
Information Systems the following elements can be distinguish: 1) User information, 2)
Spatial and / or space, 3) Software for managing spatial data and 4) Hardware.

Unlike traditional information systems, GIS is a specialized system, designed to handle
geographic data with spatial reference. Since human activity and the action of nature and
their interactions occur in a geo-referenced environment (the earth), GIS provides a
platform capable of structuring, integrating and connecting data of different nature, and
enhancing the capabilities of analysis compared to Information Systems with no spatial
reference.

A process-based model to estimate productivity in plantations, involves handling a wide
range of spatially referenced data that needs to be collected from different sources, input to
the GIS, standardized, organized, integrated and analyzed, generating new data for use as
information in the process-based model that generates the results of growth and yield.

The data to be integrated corresponds to climate, soil, topography and plantations. Data
should be organized into the GIS as a spatial data base model, creating subsystems that
provide information to the process simulator.

The organization of a GIS system for this purpose is shown schematically in Figure 3.

The use of Geographic Information Systems, in our experience, demonstrated the high
flexibility of analysis, data integration capabilities provided by GIS and functionality
required for forest productivity studies. As shown in Figure 3, the concept of GIS used is
modular and contains four subsystems described below.

3.1. Data acquisition

Corresponds to the use of input and storage facilities provided for the GIS software designed
to input, store and edit basic data collected. This stage includes the standardization of
information and the development of thematic maps and their associated databases.

The climate data include rainfall, temperatures (maximum, minimum and optimum for
photosynthesis of the species), solar radiation, and vapor pressure deficit and frost days. In
the case of soil chemical properties, N, P, K and trace elements were considered to construct
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a ranking of soil fertility. Soil physical properties were also used, such as depth, texture,
structure, bulk density, field capacity and permanent wilting point allowed us to estimate
available soil water holding capacity. Along with soil data details of geography and terrain
such as latitude, longitude, slope, aspect, altitude and topographic position were also
considered.

GROWTHAND YIELD
SPATIAL DATA
GIS ENVIRONMENT SIMULATION
ANALYSIS SUBSYSTEM SUBSYSTEM

H_/ \ J

A
T
&=

RESULTS ANALYSIS SUBSYSTEM

X J

Figure 3. Diagram of the integration process and data analysis of GIS to quantify forest plantation
productivity.

3.2. Data integration and analysis

This subsystem uses spatial analysis capabilities data to perform geospatial interpolation
from discrete spatial data. As an example, the interpolation of climate can be mentioned
where data from weather stations are interpolated to create surfaces with appropriate pixel
size (pixel: unit of spatial resolution in the map). Soil and topography information were
produced and integrated, using the GIS overlay capabilities that allow the integration of
graphical data and their associated databases. Orographic description was made by the
creation of Digital Terrain Models and their derived products: slope and aspect. Data from
the forest and its spatial distribution were integrated to define areas with the specie and
validate the response of the system.
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3.3. Growth and yield simulator

This subsystem corresponds to the software platform used to simulate forest development
under different climate, soil and environmental conditions. This subsystem includes
functions and species-specific physiological parameters that explain growth, such as specific
leaf area, light conversion efficiency of photosynthesis, light conversion efficiency
constraints on associated with temperature, fraction of absorbed radiation by the canopy,
allometric equations, foliage turn-over, maximum leaf stomatal conductance, stomatal
conductance canopy maximum and wood density. This subsystem produces for each
geographic area productivity results for the species and forest site-specific conditions.

3.4. Results and analysis subsystem

The results may be returned to the GIS platform to be converted into thematic maps, editing
and distribution to different information users.

4. Application of 3-PG model and GIS to estimate productivity of
Eucalyptus plantations in the region of Biobio, Chile

To assess the appropriateness of a simplified process-based model to predict potential forest
growth over the study area, we applied a geographic information system (GIS) with spatial
layers of climate and soils to the 3-PG model.

4.1. Study area

The Biobio Region comprises 36,929 km? extending north-south from 36° 00" to 38° 30" south
latitude and east-west from 71° 00" west longitude to the Pacific Ocean. The Andes
Mountains to the east and the Coastal Mountain Range to the west define four agro-climatic
areas located longitudinally: the coastal dry sector, the inner dry sector, the central valley,
and the Andean foothills. The climate and soils of each agro-climatic area determine
potential land-uses and productive capacity (Del Pozo & Del Canto, 1999).

4.2. Functions and parameters of the model

Considering the basic structure 3-PG model, Table 1 shows functions and parameters used
in this study.

These functions and parameters differ from the original model (Landsberg & Waring, 1997),
following Sands (2000) for 10-year old Eucalyptus nitens. aC, canopy quantum efficiency, MJ;
¢p.a.u, photosynthetically active solar radiation utilized, MJ m?2 per month%;¢ Top, optimum
temperature for photosynthesis, °C;Tmi, minimum temperature for growth, °C; Tma, maximum
temperature for growth, °CL, LA m?>m?; dia, average stem diameter (mm); m, soil fertility
rank (m is 1 fertilized soil and decease to 0,1 in non-fertilized soils). To obtain maximum
potential MAI, nutritional status was not limiting photosynthetic production and m is 1.



Use of GIS to Estimate Productivity of Eucalyptus Plantations: A Case in the Biobio Chile’s Region

Values of functions and
Variable References
parameters

Light conversion

- Maximum oC ranges from 1.8
efficiency of

Landsberg, 1986; Waring, 2000

to 4.2 MJ* pp.a.
photosynthesis 0425 CMI" ppau
Constraints on light
conversion efficiency Top was set at 20°C, Tmi 2°C .
associated with and Tma 32°C Battagliaet 2l (1998)
temperature
Specific leaf area 4.0 m?2 kgt Landsberg & Waring (1997)
Fraction of radiation
-(1. -0,5* i 7
absorbed by the canopy 1-(1.38 exp(-0,5*L) Landsberg & Waring (1997)
. . _ .1

Allocation equation for Stem mass, kg=0.00007*dia. Tickle et al. (2001)
stem mass (mm?%)
Allocati ion f Foli kg= *dia.

‘ocatlon equation for oliage mass, kg=0,00005*dia Tickle et al. (2001)
foliage mass (mm?295)
Wood density 500 kg m3 Sands (2000)
Foliage turn-over 2% per month-! Tickle et al. (2001)

i leaf 1

Maximum leaf stomatal o5 1 Sands (2000)
conductance
Maximum canopy 0.02 ms! Sands (2000)

stomatal conductance
Fraction of production nr= (0,8%0,23)/(0,23+(0,8-

allocated to roots 0,23)mep.a.u Sands (2000)

Table 1. Functional forms and parameters used in this study.

4.3. Predicting potential productivity

Battaglia et al. (1998) developed a simple analytic model for the relation between LAI and
dry matter production in Eucalyptus nitens. In their model, “increasing LAI increased light
interception and hence dry matter production, but simultaneously increased canopy
respiration. Consequently, for a given light utilization coefficient, there was a value of LAI
that maximized PN” (Battaglia et al. 1998). We ran the 3-PG model until reaching an
optimum value of LAI, which we estimated using the equation of Battaglia et al. (1998) as:

LAI = 1/kIn [(seQk) / (r,NF +y)]

Where LAI is the canopy leaf area index (m? m?), k is the canopy light extinction coefficient,
s is the specific leaf area (m2 kg! DM), ¢ is the light utilization efficiency (kg C MJ1), Q is the
annual incident radiation (MJ m yr), ro is maintenance respiration rate per unit canopy N
content (kg C kg N yr?), NF is the average leaf N concentration (kg N kg DM) and vy is rate
of carbon loss as litterfall (kg C kg? DM yr?). We used the parameter values of Battaglia et
al. (1998) with the exception of Q, which was measured in the Biobio region, and & which, as
described below, we calculated on a site specific basis.
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Light utilization efficiency (g), therefore the optimal LAI, varies with site conditions,
particularly water availability and temperature (Battaglia et al., 1998). To estimate how
environmental conditions affect the distribution of optimal LAI throughout the Biobio
Region, we used Landsberg’s (1986) equation relating € to mean annual temperature (T) and
water stress index (W), in the form:

€ = 0.00195f fr
where fT = max{0,(1-(T-13.2/9.9)2)} and fT= max [0,(1+0.9 InW)]

In this modeled relationship, 13.2 °C is a value that maximizes net canopy production and
9.9 is a value of temperature stress. W was calculated as the annual mean of the daily ratio
of actual to potential evaporation (Battaglia et al., 1998). Actual evapotranspiration was
calculated as the product of potential evaporation and a factor crop as estimated by
Worledge et al. (1998). Potential evaporation was estimated from Mean Class A pan
evaporation distributed in the Biobio region (Del Pozo & Del Canto, 1999). Note that the LAI
values estimated by the in PN-maximizing model should not be interpreted as those
necessarily present in the plantations.

4.4. Analysis of plot information and validation of the 3-PG model

To validate the 3-PG model for Eucalyptus nitens in the Biobio Region, data from 46
permanent, 1000 m? plots were used. The plots were part of the national eucalypts growth
and yield cooperative and were scattered over the main area of Eucalyptus nitens plantations
in the Biobio region. The plots are measured annually and have between 6 and 12
measurements, at ages that vary between 7 and 17 years old. Data collected on each plot
include age, diameter at breast height (Dbh), volume, and density together with climatic and
soil variables that describe site conditions.

The accuracy of validation of the 3-PG model was evaluated by the Mean Square Error
(MSE), in measured units and percentages. To evaluate bias the Aggregated Difference
(AD), in measured units and percent, was used.

4.5. Geographic information system

Equal productivity zones were delineated using GIS Software (Chang, 2004). The following
databases were used:

4.5.1. Spatial soil model

The Earth Ordering System (scale 1:250,000) developed by Schlatter et al. (2004) and soil
origin data provided by the Instituto de Investigaciones de Recursos Naturales (1964) were
used to construct the soil layer. The maximum available soil water was estimated from
retention curves provided by Carrasco et al. (1993).
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4.5.2. Spatial climate model

The spatial distribution of monthly maximum, mean and minimum temperatures was
obtained from Santibafiez & Uribe (1994). Estimates of monthly solar radiation values were
derived from maximum and minimum data at direct measurements performed by the
Instituto de Investigaciones Agropecuarias using the procedure of Bristow & Campbell
(1984). Maximum potential solar radiation on a flat surface was obtained by correcting from
latitude and elevation (Running et al, 1987). This potential value was corrected by the
monthly variation of the angle of solar declination over the earth’s surface (Waring, 2000).

4.5.3. Digital elevation model

The slope and aspect models were derived from a digital terrain elevation model generated
with information provided by regular Chilean cartography (Instituto Geografico Militar,
2001). Slope and exposure classes were derived using a Triangle Irregular Network (TIN),
which is an elevational data storage system (Crosier et al., 2004).

4.5.4. Map construction

Each digital coverage layer was created, cleaned and processed using the Arc Info Work-
Station System version 7.1 running in a UNIX platform. GIS results were exported to the 3-PG
model. Finally, the 3-PG estimations and the basic layers where converted to shape format and
manipulated in Arc View 3.2, where the cartography was built. The resulting maximum MAI
values were grouped using the legend tool to define potential productivity zones.

The classification method used is the Natural Breaks default classification method in Arc
View. This method identifies breakpoints between classes using a statistical formula (Jenk’s
optimization). The Jenk’s method minimizes the sum of the variance within each of
the classes to find groupings and patterns inherent in the data (Crosier et al., 2004). We used
the program 3PGpjs (Sands, 2000) to predict potential productivity with a 3-PG interface
from the CSIRO Forestry and Forest Products & CRC for Sustainable Production Forestry.
The calibration of these models for diverse Eucalyptus species has been described by
Landsberg et al. (2003).

4.6. Results of the application

To evaluate the effects of spatial variation in climate and soils on forest productivity across
broad regions is of main importance to a forester. In our study, we are interested in
predicting potential MAI, as measure of productivity, and how it is influenced by
environmental factors.

4.6.1. Model validation for MAI prediction

MALI values observed in the growth plots varied between 23 and 50 m® ha'! at age 10 and
were highly correlated with MAI simulated by the 3-PG model. Additionally, a low bias was
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recorded with AD of 0.26 in absolute terms and 0.85% in percentage terms. The model also
had acceptable precision; MSE had an absolute value of 4.55 and a percentage value of
14.6%.

4.6.2. Potential MAI in the Biobio region

There are three main physiographic landscapes dominating the Biobio Region. The coastal
range along to the Pacific Ocean and the Andes Cordillera enclose the Central Valley from
north to south and create a great variety of climates, soils, and forest sites.

Predicted MAI classes for Eucalyptus nitens plantations ranged from 17 m? ha'! yr! to 62 m3
ha? yr!in the Biobio Region general, predicted MAI increased in mountainous terrain in the
foothills of the Andes following gradients in precipitation, annual temperature, and soil
fertility (Fig. 4; Table 2). Not surprisingly, highest predicted MAI were in areas with highest
precipitation, coolest annual temperatures, and the most fertile soils. Elevation by itself was
not a good predictor of MAI, as highly productive sites occurred at both low and high
elevations. Soil nitrogen concentrations on the most productive sites varied widely but on
average, soils were considerably more fertile and held more water than sites with lower

productivity (Table 2).
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Figure 4. Potential productivity classes of MAI (m3 ha! yr?) for the Biobio Region, as estimated by the
3-PG model. (The predicted values of MAI in each site are not possible to reach under the operational

silviculture).
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MAI P T
ite Class oy (myr) (e ¢C)
Very high >55 55 1250-2000 13.0
Very high >55 6.2 1500-2550 12.0
Moderate 47.6-52.0 5.8 640-1100 14.7
Very low >35 6.6 750-1250 14.0
(a)
Site Class (mslfﬁl;r- 1) Soil order Al’zir:;de Texture ‘(/jn};(): (10\1/0)
Very high >55 Alfisol 160 Fr-arc 410 0.05-0.25
Very high >55 Inceptisol 830 Fr-lim 570 0.18-0.35
Moderate 47.6-52.0 Alfisol 130 Fr-arc-are 340 0.04-0.09
Very low >35 Alfisol 170 Are 52 0.01-0.07
(b)

Note: In table 2a) and 2b), MAI is the potential mean annual increment as estimated by 3-PG model; N is soil nitrogen;
WHLC is available soil water holding capacity; Q is the annual incident radiation; P is the annual precipitation, and T is
the mean annual temperature. Data were provided by the Instituto de Investigaciones de Recursos Naturales (1964)
and Instituto de Investigaciones Agropecuarias (Del Pozo & Del Canto, 1999).

Table 2. a) Climates variables related to the potential productivity of 10-yeard old Eucalyptus nitens on
the Biobio Region; b) Soil variables related to the potential productivity of 10-yeard old Eucalyptus nitens
on the Biobio Region.

Combined with spatial information derived from GIS, the 3-PG model can generate valuable
information for the development of operational silviculture (Almeida et al., 2004). The AD
values (0.85%) and MSE values (14.6%) obtained for MAI confirm that process-based models
hybridized have precision levels similar to traditional inventories. Our work corroborates
the suggestion of Tickle et al. (2001) that process-based models are a valuable tool for
predicting growth at a regional level. Additionally, 3-PG model provide insights into the
role of environmental variables in determining MAI that are very difficult to obtain with
traditional inventories (Waring, 2000; Almeida et al., 2004).

To better understand the factors that explain potential productivity of Eucalyptus nitens
plantations in the Biobio region, we used soil and climate information from Del Pozo & Del
Canto (1999) and Carrasco (1993). In addition typical values of observed environmental
variables are presented for very high, moderate and very low MALI classes (Table 2a and 2b).

Highest productivity sites occur on inceptisols and on those alfisols in areas with relatively
high precipitation and regularly subjected to freezing temperatures. In the Biobio Region,

189



190 Application of Geographic Information Systems

inceptisols are derived from volcanic ash, and have high water holding capacity, good
drainage, and high nitrogen concentrations (Rodriguez et al., 2009). They also occur in areas
of relatively high precipitation. Alfisols are marine terrace soils with good drainage. In
addition to high precipitation, those alfisols with high productivity also have high water
holding capacity, with relatively high average soil nitrogen concentrations (Table 2). High
productivity areas span a wide range of elevation, mean annual temperature, and annual
incident radiation. Consequently, the productivity of Eucalyptus nitens in the Biobio Region
does not respond directly to any of these three factors (Rodriguez et al., 2009). However, the
factors considered here may affect productivity through several distinct mechanisms, in
which factors can interact or factors are related with seasonal variation (Battaglia & Sands,
1997). Because water is considered to be the main factor limiting productivity, productivity
is consistently related to the capacity of the soil to store water (Dye et al., 2004); this is the
case with the inceptisols derived from volcanic ash and alfisols derived from marine
terraces, that have high water holding capacity and can explain the highest productivity in
these sites (Table 2).

The relatively small change in MAI over a large elevational span is consistent with the
ecophysiology of Eucalyptus nitens. Optimal temperatures for photosynthesis span between
a wide range (14 to 20°C) for the species (Battaglia et al. 1996) — this commonly occurs with
temperatures in the study area. Our results support the hypothesis of Battaglia et al. (1996)
that the broad photosynthetic response of Eucalyptus nitens enables it to acclimate to a wider
range of environments than many other Eucalyptus species. Eucalyptus nitens in the Biobio
Region occurs in elevations from 0 and 830 m.a.s.l, with temperatures varying between 8
and 32°C in the summer and -3.0 to 13°C in winter; the higher elevations experience
frequent winter frosts. Similar to the results of Battaglia et al. (1998) for Eucalyptus nitens in
Australia, frost has little or no effect on this species’ MAI in Chile.

Moderate levels of MAI were predicted for the Coastal Range. The soils of Coastal Range
are derived from granitic and metamorphic rocks that compose the so-called “Batholitic
Coastal”, and have been seriously impacted by erosion. MAI values for the Coastal Range
were lowest in the north and highest in the south following a gradient of precipitation
and plant-available soil water holding capacity (Table 2). Lowest growth rates occurred in
Central Valley at middle elevations with decreasing precipitation, high
evapotranspiration rates, and a long drought period (approximately six months). The
sandy soils of the Central Valley also have low inherent fertility and very low water
holding capacity (Fig. 4; Table 2).

The very low productivities occurred in sandy soils derived from metamorphic and granitic
rocks. These soils have low water retention capacity. The very low productivity sites were in
Central Valley on entisols; these are young soils originating in the Biobio area from various
rock types (e.g. granitic, metamorphic, andesitic, and basaltic). They are sandy soils with
excessive drainage, low soil water holding capacity (less than 52 m3 ha! of available water),
and low nitrogen concentrations. Compounding the low water holding capacity of soils,
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these areas also have low annual precipitation (750 to 1000 mm) and high solar radiation
potentials (> 6.5 MJ m? yr'), which would increase evaporative demand (Table 2). These
factors suggest that productivity in these areas is strongly controlled by water holding
capacity and perhaps nitrogen limitations. Battaglia et al. (1998) found that LAI of Eucalyptus
nitens plantations in Australia increased sharply as annual mean temperature increased
from 7 to 11 degrees C and reached a plateau between 13 and to 14 degrees (the highest
temperature measured for Eucalyptus nitens). We found a similar pattern; however, the LAI
of Eucalyptus nitens plantations in the Biobio Region plateaus reach lower temperatures than
those present in Australia. However, although mean annual temperature had a strong
influence of LAI in our study, productivity was influenced more strongly by the constraints
on leaf efficiency exerted by water availability and soil fertility (for more details see
Rodriguez et al., 2009).

This finding is consistent with the hypothesis of Ollinger et al. (1998) and Coops et al.
(2001) that forest productivity is strongly correlated with precipitation and suggests
that water is an important factor controlling regional pattern of productivity in forest
types, as well as in Eucalyptus nitens, which was demonstrated in our study. Additionally
Eucalyptus nitens was very sensitive to water soil availability (Fig. 4) in areas with low
water holding capacity of soils. These findings are consistent with the hypothesis of White
et al. (2000) that water stress reduces dramatically the growth rate of Eucalyptus nitens due
to the decrease of the osmotic potential and bulk elastic modulus in response to water
stress.

Understanding how productivity varies across complex environmental gradients requires
modeling that combines influences of radiation, temperature, humidity deficits, and
drought and soil fertility as they change spatially and temporally.

5. Conclusion

In our work, we linked process-based and empirical forest model with GIS to asses’ site
quality for Eucalyptus nitens en the Biobio region, Chile. We defined GIS system as modular
and contain four subsystems: Data acquisition, Data integration and analysis, Growth and
yield simulator and Results and Analysis subsystem. The 3-PG model with GIS showed the
usefulness for managing spatial data and analyzing temporal trends, and provided regional
estimates of forest productivity.

Combined with spatial information derived from GIS, the 3-PG hybridized model can
generate valuable information for the development of operational silviculture, and measure
of forest productivity as MAI can be derived in a GIS from readily-available topographic
data, climate data and soils map. A process-based model coupled with GIS showed potential
to serve as a useful tool to screen areas as prospective plantations sites.

Our results in the Biobio region indicate that annual precipitation; available soil water
holding capacity and low levels of soil nitrogen are the principal factors influencing
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Eucalyptus nitens productivity. Our analysis was able to separate the effects of limiting water
from those of nutrients, and it is reasonable to conclude that soil water availability is an
important factor controlling regional patterns of productivity. Highest productivity sites
occur in areas with relatively high precipitation and regularly subjected to freezing
temperatures in Eucalyptus nitens.

In our study Eucalyptus nitens reduced growth dramatically in areas with low water holding
capacity of soils. Additionally, we found that large changes in elevation have only a small
influence of the productivity of Eucalyptus nitens in the Biobio Region. Consequently, it is
reasonable to conclude that soil water availability is an important factor controlling regional
patterns of productivity as has been demonstrated in similar studies.
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