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Abstract

The productivity of fast-growing tropical plantations depends, in part, on the ability of trees to obtain and utilize site resources,
and the allocation of fixed carbon (C) to wood production. Simulation models can represent these processes and interactions, but
the value of these models depends on their ability to improve predictions of stand growth relative to simpler empirical approaches.
We evaluated the 3-PG process-based model for simulating the response of Eucalyptus grandis x urophylla to changes in soil
fertility and climate. This was done by calibrating the model with a complete C budget from an irrigated plantation, and then
validating the model using independent data based on 2 years of growth from 40 pairs of fertilized and unfertilized stands. The
3-PG predictions were tested against actual production, and against a classic, empirical approach to estimating stand yield. The
3-PG parameter for site fertility was based on an objective fertilization response from the paired-plots. The 3-PG model responded
well to the range of soil and climatic conditions during calibration, and was particularly sensitive to estimates of leaf area index.
Actual wood production for the 40 validation stands ranged from 2 to 51 Mg ha™' per year, compared with model estimates of
10-42 Mg ha™" per year (r> = 0.78). Both 3-PG and the empirical model provided good estimates of wood production for average
conditions, but 3-PG successfully represented the wet years and dry years that were not differentiated in the empirical model. This
sensitivity of 3-PG to climate may be very useful for the prediction of wood production during short rotations, where a few years of
unusual weather may strongly influence yield. Process-based models can play an important role in improving the management of
these almost-agricultural forests, especially in regions with high rainfall variability.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of 9-39 Mg ha™' per year (Stape, 2002). These plan-
tations cover more than 3.0 million ha, and are man-

Eucalyptus is the dominant and most productive aged intensively for charcoal, pulpwood and
planted forest in Brazil, with mean annual increments sawtimber products (Simoes et al., 1981; FAO,

1999; Neilson, 2000). Growth and yield models based
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the central concept embodying the average environ-
mental quality that sites may have on tree growth
(Scolforo and Machado, 1988; Burkhart, 1997; Reed,
1997). Classic growth and yield models, however,
have limitations when used to estimate forest produc-
tion that include: (i) they cannot be used to estimate
productivity on non-forested landscapes; (ii) in the
short term, they are insensitive to inter-annual climatic
variations; unusual growing conditions can dramati-
cally affect final production of short-rotation forests;
and (iii) changes in management practices between
rotations can alter empirical relationships (Gongalves
et al., 2000; Eldridge et al., 1994; Seixas et al., 1995).

Empirical growth and yield models do not allow
forest production to be integrated into a broader
ecosystem framework of resource use (Running and
Gower, 1991; Kimmins, 1997; Landsberg and Gower,
1997) and the forest-soil feedback throughout the
detritus C and nutrient cycling (Parton et al., 1994;
Burger and Kelting, 1998). These issues of wood
production and soil changes also have increasing
economical and social relevance (Brown et al., 1997).

Process-based models describe forest productivity
based on plant physiological processes that control
growth (i.e., photosynthesis, allocation, respiration,
transpiration, nutrition and litterfall), and many have
been developed (see summary in Landsberg and
Gower, 1997). Despite the appeal of mechanistic
simulations of growth and resource use under different
environmental conditions, process-based models were
rarely used in the last century as management tools
(Kimmins, 1997; Landsberg and Waring, 1997).
Recent reviews of process-based models suggest that
simple approaches based on absorbed photosyntheti-
cally active radiation (APAR, a measure of the amount
of incident light intercepted by the canopy) (Battaglia
and Sands, 1998; Mikeli et al., 2000) may overcome
these difficulties. Models based on APAR calculate
photosynthesis by first estimating the amount of
photosynthetically active radiation (PAR) absorbed
by the canopy, and the canopy’s ability to fix C based
on a light-use efficiency parameter (Monteith, 1977)
that changes with environmental factors that affect
stomatal conductance or the activity of the photosyn-
thetic pathway (Jarvis and Leverenz, 1983; Sands,
1996; Goetz, 1997). This ‘“top-down’ approach to
the physiology of forest growth reduces the number of
model parameters and eliminates many of the non-

linearities of these processes at finer scales (Medlyn,
1998). Submodels for water flux and C allocation can
be coupled with canopy processes (McMurtrie et al.,
1990; Landsberg and Gower, 1997), and nutrient-soil
dynamics can be lumped into fertility-rating scaling
factors (Landsberg and Waring, 1997; Battaglia and
Sands, 1997).

The use of process-based models as management
tools by the large and expanding forest sector in the
tropics may allow: (i) assessments of the risks of
climatic variation on forest productivity and profitabil-
ity, (ii) estimation of potential productivity for the
planning of regional afforestation, (iii) identification
of environmental factors limiting growth and resource
use, (iv) a framework for management and breeding
programs, and (v) evaluation of the long-term forest
productivity when coupled with soil models. As a step
in this direction, we evaluated the 3-PG model (Lands-
berg and Waring, 1997) for Eucalyptus plantations in
Brazil. The model was selected due to its concise struc-
ture, dynamic regulation of carbon allocation, sensitiv-
ity to environmental factors and site management
practices, successful parameterization and validation
for other forest systems (Law et al., 2000; Coops et al.,
1998; Landsberg et al., 2001; Sands and Landsberg,
2002), and adequate documentation (Sands, 2001).

Our test of the utility of the 3-PG model had two
components. The model was calibrated for an irriga-
tion and fertilizer trial with E. grandis x urophylla in
northeastern Brazil, and then the model’s performance
was validated against independent growth data from
40 pairs of control and fertilized inventory plots
monitored for 2 years. The performance of the model
was judged in comparison to a locally developed
empirical model of wood production.

2. Methods
2.1. 3-PG model

3-PG is a monthly time-step process-based forest
model (Landsberg and Waring, 1997; Sands and
Landsberg, 2002) of the APAR family (after Monteith,
1977). It has a biophysical submodel which estimates
monthly evaporation and canopy transpiration using
the Penman—Monteith model and standard weather
data. Canopy conductance in the Penman—Monteith
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model is controlled by the more restrictive factor
controlling stomatal aperture, either vapor pressure
deficit or soil water limitation. The vapor pressure
deficit modifier (fp) is negatively and exponentially
related to average monthly vapor pressure deficit
through the coefficient of stomatal response to vapor
pressure deficit (kg). Soil water balance is the differ-
ence between precipitation and evapotranspiration.
Water is drained if water holding capacity in the
rooting zone is exceeded. The soil water modifier
(fasw) is inversely related to soil moisture and
depends on soil texture.

The forest production submodel estimates gross
primary production (GPP) based on the monthly
APAR times a theoretical maximum canopy quantum
efficiency (oc4) reduced by physiological (age, vapor
pressure deficit or soil water) or environmental modi-
fiers (temperature, soil fertility and frost). Soil fertility
is expressed as a simple rating factor (FR), with a
subjective approach. APAR is calculated based on the
Beer-Lambert law, and leaf area index (LAI) is cal-
culated from the foliage biomass and specific leaf
area. Net primary production (NPP) is calculated as
GPP times a NPP:GPP ratio (0.45 4 0.05) to account
for respiration. Allocation of NPP to the below-ground
biomass is inversely proportional to the harshness of
the environment (defined as the minimum of fp and
fasw) and soil fertility, within maximum and mini-
mum allocation limits defined for the species. The
fraction of NPP allocated above-ground is partitioned
between stem and foliage growth in a proportion that
varies with tree size. The establishment of this propor-
tion can be based on species- and site-specific allo-
metrics for foliage and stem biomass and is
represented in 3-PG by two partitioning parameters.
Litterfall rate increases with age up to a maximum
defined value. No mortality rate was employed (as
mortality is commonly negligible in these silvicultural
systems), and the effect of age-related decline on
growth (Ryan et al., 1997) was not implemented.
For this study, we coded the 3-PG model in Visual
Basic (based on Landsberg and Waring, 1997; Sands,
2001; Sands and Landsberg, 2002).

2.2. 3-PG calibration

We parameterized the 3-PG model for an experi-
ment with Eucalyptus saligna in Hawaii (Stape, 2002),

and then recalibrated the model for FEucalyptus
grandis X urophylla in Brazil. The calibration in
Hawaii yielded reasonable estimates of growth and
leaf area over a 6-year period, but the Hawaii para-
meters performed poorly for the irrigated clonal
E. grandis X urophylla treatment in Brazil (data not
shown; Stape, 2002), including the wrong directions
over time in C fluxes and LAI. The calibration for
Brazil required changes in the foliage—stem partition-
ing parameters (based on empirical relationships from
24 sampled trees in the Brazil trial). After this mod-
ification, GPP remained low, so a tuning process was
carried out for k, (the response to vapor pressure
deficit) and maximum canopy quantum efficiency,
after altering the species-specific parameters based
on local data. From the 38 parameters needed in
3-PG, we calibrated a maximum of three for each
calibration step. Maximum canopy quantum effi-
ciency, foliage—stem partitioning parameters and sto-
matal response to vapor pressure deficit (or the
maximum stomatal conductance) were the key para-
meters adjusted in this study, and are recognized as the
most influential ones through sensitivity analyses
performed in other studies (Landsberg and Waring,
1997; Law et al., 2000; Waring and McDowell, 2002;
Landsberg et al., 2001).

An irrigation and fertilizer experiment in Brazil was
used to calibrate 3-PG with 2 years of a complete C
budget (both above- and below-ground). The experi-
ment was located on the northeastern coast of Brazil,
about 20 km SW of Entre-Rios (11°58’S, 38°07'W)
with a mean annual temperature of 25.5 °C and an
average rainfall of 1040 mm per year. The slopes were
gentle (<3%), with deep (>3 m), excessively drained
sandy isohyperthermic Typic Haplustox soil. The
stand was established in June 1996 by planting an
E. grandis x urophylla clone at 3.0m x 3.0 m spa-
cing, and treatments were installed when the planta-
tion was 3 years old. A 2 x 2 factorial with four
replicates was used with two levels each of nutrient
and water supply. High fertilizer and irrigation
regimes (rainfall + irrigation > 2100 mm per year)
were designed to eliminate any nutrient or water
limitation on growth. No effect of fertilizer was
observed in this experiment, so we analyzed results
as averages across irrigation regimes (rainfed and
irrigated treatments), and fertility rating was consid-
ered to be 1.0 (not limiting). A monthly meteorolo-
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gical file with maximum and minimum temperatures,
vapor pressure deficit and photosynthetically active
radiation were derived based on weather data from
two nearby meteorological stations (Stape, 2002). The
3-PG biophysical water submodel had already been
shown to adequately estimate the water balance of this
clonal Eucalyptus trial (Stape, 2002) as well as other
Eucalyptus plantations in Brazil (Soares et al., 1997).

Above-ground woody biomass (AWB) and LAI
were measured every 6 months along with yearly
estimates of above-ground net primary production
(ANPP), total below-ground carbon allocation
(TBCA) and gross primary production for each plot
and year. Above-ground woody biomass was calcu-
lated by tree diameters and regression equations deter-
mined by destructive harvesting within this stand but

outside the experimental plots. Leaf area index was
estimated by light interception (Ceptometer-AccuPAR
Model 80, Decagon Devices, Pullman, USA) in com-
bination with leaf mass measured in the destructive
sampling. Total below-ground C allocation was deter-
mined by the mass-balance technique (Giardina and
Ryan, 2002) and represents all C allocated to the roots,
while GPP was obtained as the sum of ANPP, TBCA
and above-ground autotrophic respiration (Ryan,
1991).

The number of parameters adjusted was minimized
by keeping constant all possible site- or species-spe-
cific parameters that were locally determined or
derived from the literature (Table 1). The chosen
outputs to evaluate the model during the calibration
phase were the yearly estimates of GPP, ANPP, TBCA,

Table 1

Main parameter values of 3-PG model after calibration for the irrigation and fertilization experiment

Parameter Brazil Unit Source Symbol

NPP/GPP ratio 0.50 - Landsberg and Waring (1997) Y

Canopy quantum efficiency 0.080 mol C mol PAR™! Stape (2002) oex

Specific leaf area 85or 11.0 m? kg ™! Stape (2002) a

PAR extinction coefficient 0.4 - Stape (2002) k

Age canopy cover 1.5 Year Stape (2002)

Proportion of intercepted rainfall evaporated 0.15 - Lima (1993) Iy

Canopy albedo 0.2 - Landsberg and Waring (1997)

Maximum stomatal conductance 0.008 ms~! Mielke et al. (1999)

Maximum canopy conductance 0.02 ms! Landsberg and Waring (1997)

Coefficient of stomatal response to vapor 0.324 kPa~! Tuning kg
pressure deficit

Canopy boundary layer conductance 0.2 ms ' Landsberg and Waring (1997) gB

Maximum litterfall rate 0.070 g per month Stape (2002) VFx

Age at which litterfall rate has median value 4 month Stape (2002) L

Foliage/stem partitioning DAP =2 0.096 - Stape (2002)

Foliage/stem partitioning DAP = 20 0.034 - Stape (2002)

Constant coefficient at stem mass/DAP equation 0.065 - Stape (2002)

Power coefficient at stem mass/DAP equation 2.68 - Stape (2002)

Maximum fraction of NPP to roots 0.8 - Landsberg and Waring (1997)

Minimum fraction of NPP to roots 0.20 - Landsberg and Waring (1997)

Fertility parameter 1.00-0.60 - Tuning FR

Maximum available soil water 80/160 mm Stape (2002)

Texture coefficient for soil water modifier 0.3/0.5 mm Landsberg and Waring (1997)

Power coefficient for soil water modifier 471 mm Landsberg and Waring (1997)

Maximum growing temperature 40 °C Sands and Landsberg (2002) Tmax

Optimum growing temperature 25 °C Specific Topt

Minimum growing temperature 8 °C Sands and Landsberg (2002) Tnin
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Table 2
Characterization of the genetics, location, soil taxonomy, soil clay content and total carbon (0-0.3 m) of the 40 stands of
E. grandis x urophylla, grouped by area

Area Number Number Latitude Longitude Elevation Main soil Clay (%) Soil carbon
of plots of clones (m) order (1S.D.) (kg m2)(1S.D.)
1 5 2 12°02'S 38°28'W 301 Quartzpsament 13 (7) 3.1(0.7)
2 20 4 11°47'S 37°55'W 166 Ultisol 29 (10) 3.7 (0.8)
3 3 3 11°50'S 38728'W 250 Oxisol 22 (3) 3.4 (0.3)
4 7 2 11°53'S 38°30'W 296 Oxisol 16 (3) 2.3(0.4)
5 5 1 11°55'S 38°31'W 256 Quartzpsament 8 (3) 1.4 (0.3)

average LAI and the AWB at the end of each year.
These variables capture three crucial processes: (i) the
total amount of C fixed, (ii) the C allocation pattern
(TBCA and ANPP), and (iii) the above-ground parti-
tioning between woody and foliage biomass (AWB
and LAI). We estimated TBCA from the model as two
times the below-ground NPP, assuming that respira-
tion equals production (Binkley and Ryan, 1998; Law
et al., 2000). The calibration process was conducted to
simultaneously match predicted and observed values
of GPP, ANPP, AWB and LAI (TBCA was not incor-
porated because it was a linear combination of GPP
and ANPP), using a weighted sum of squares to
normalize the sum of squares of each variable to its
absolute magnitude:

Y S (P — 0))?
wss= 3" > im1 (P = 0))

i=1 (ZJYLOJ’)Z

where WSS is the weighted sum of squares, v the
number of variables (v = 4), n; the number of pre-
dicted—observed pairs for the variable i (n = 2), and P;
and O; are the predicted and observed values. The
calibration process used an automated optimization
procedure in Visual Basic to minimize WSS with
constraints to limit the search within feasible values
of the parameters. The optimization routine was initi-
alized several times with different combinations of
initial values for the parameters, and the final para-
meterization was based on the visual inspection of
plotted observed and simulated outputs. As criteria for
the goodness of fit of the model, we expected the
simulated line to pass within one or two standard
deviations about the observed data points. In all cases,
the model was initialized with observed data at 3.5
years of age and run for 2 years.

ey

2.3. 3-PG validation: site descriptions and
measurements

The performance of 3-PG was evaluated on its
ability to predict 2 years of independent above-ground
woody biomass increment measured in 40 inventory
plots located in five areas of commercial plantations
(Table 2) in northeastern Brazil (within a 60 km radius
of Entre-Rios, 11°58’S, 38°07'W). The final parame-
terization obtained for the irrigation experiment was
used. The utility of the 3-PG simulations was evaluated
by a comparison with an empirical model that predicts
wood growth based on age, site index and basal area.

The forty 6-year-old, first-rotation stands were
chosen to capture regional differences in soil and
productivity (mean annual increment at age 6 ranged
from 7 to 20 Mgha ' per year). All sites were
located on the flat or modest slopes (<3%) and site
preparation included slash-and-burning of the initial
vegetation (pasture, secondary forest or savanna),
disking and harrowing. Forests were planted in July
1993 at 3.5m x 2.6 m or 3.0m x 3.0 m spacings
and fertilized with 22kgNha ', 36 kgPha ' and
19 kg K ha™'. Four-month-old clonal cuttings were
produced in a shade-house and selected for uniform
size (25-35 cm in height) (Stape et al., 2001). Che-
micals were applied yearly to control leaf-cutting ants
(sulfluramid) and during the first 2 years to control
weeds (glyphosate). All stands consisted of monoclo-
nal plantings of E. grandis x urophylla (Clones COP-
0204, 0321, 0477, 0670, 1341 or 2361). In each stand,
a circular inventory plot of 471 m* had been measured
yearly since 2 years of age. The diameters at breast
height (DBH at 1.30 m) were measured for all trees, as
well as the first 20 heights (based on consecutive
numbers of trees in the plots) and the heights of the
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Table 3
Rainfall, estimated transpiration and average available soil water (ASW, 0-2.0 m) during the two study periods (wet and normal years) for the
40 stands of E. grandis X urophylla, grouped by area®

Area number Rainfall (mm) Transpirationb (mm) Available soil water® (mm)

Wet Normal Wet Normal Wet Normal

1 1691 1112 1211 886 65 49

2 2114 1518 1284 1091 116 76

3 1524 1028 1185 883 73 54

4 1520 1001 1180 833 70 52

5 1569 1051 1117 850 58 43

Mean (1 S.D.) 1845 a (274) 1287 b (234) 1230 a (60) 971 b (122) 92 a (25) 64 b (13)
Average vapor pressure deficit wet year = 1.08 kPa, normal year = 1.20 kPa. Rainfall, transpiration: area2 > areal > areas (3-5)

(P < 0.001). ASW: area2 > areas (1 and 3-5) (P < 0.001).

# Values followed by different letters between years differ at P = 0.05.

® Transpiration and ASW based on measured and interpolated LAL

four dominant trees. A paired-plot with the same form
and dimension was installed in July 1999 in each of the
stands within 30 m of the original inventory plot
(control plots). This plot was fertilized to eliminate
any nutrient deficiency and evaluate the effect of
fertilizer on growth. Fertilizers were applied at high
rates of: 600kg Caha ™' and 300kgMgha ' (as
lime); 4kgBha™', 2kgCuha™' and 2kg Znha™'
(as FTE micronutrient fertilizer) in September 1999,
followed by quarterly additions of 126 kg N ha™' (as
ammonium sulfate), 21 kg P ha~! (as superphosphate)
and 79 kg K ha™! (as KCI). All fertilizers were broad-
cast applied for 2 years. Trenches (0.25 m wide and
0.80 m deep) between adjacent plots minimized any
fertilizer effect on the control plots. From July 1999
to August 2001, all paired-plots were measured every
6 months.

For the control plot, above-ground woody biomass
(stem wood plus bark and branches) was calculated
between age 2 and 4 years using a general allometric
equation. For measurement at age 5 years or older
local equations were used. For the paired-plots after
fertilizer was applied, annual above-ground woody
biomass production was the summed growth of indi-
vidual trees between July 1999 and June 2000, and
between July 2000 and June 2001. The site index
(height of the largest 100 trees/ha at age 5 years) was
measured as the average of the four dominant trees in
each plot at that age. Leaf area index was calculated
for each plot in July 1999 and June 2000 with the
regional allometrics and an average SLA of
8.5m?kg ', and interpolated monthly between the

annual estimates based on the seasonal changes
observed in the plantation used to calibrate 3-PG.
In March 2001, LAI was measured directly in each
plot using the ceptometer and used to estimate LAI in
June 2001. For each validation site, an interpolated
meteorological file was created with monthly PAR,
vapor pressure deficit, rainfall and temperatures based
on daily weather data from nine local meteorological
stations (Stape, 2002). Light-use efficiency (LUE) was
calculated for each year and plot as the ratio between
wood increment and APAR. Water holding capacity
for each site (a 2 m profile was used for each water
budget) was estimated by a general equation devel-
oped for the region based on soil texture (Stape, 2002).

The two growing periods (1999/2000 and 2000/
2001) used to validate 3-PG for the fertilized plots
(FR = 1.0), had very distinct rainfall totals (a wet
year with 1845 mm rainfall, and normal year with
1287 mm rainfall, Table 3). The model was provided
with the initial stand and soil conditions at age 6 years,
together with the respective monthly meteorological
files for the two growing years. The monthly growth
estimates were summed to obtain the yearly estimates.
A complete soil and stand characterization was pre-
pared for each site, and a total of 38 soil, 8 bioassay
and 16 stand indices (Table 4) were obtained for the
control plots. The sampling and laboratory procedures
for soil (van Raij et al., 1987), bioassay and canopy
indices are fully described in Stape (2002).

Based on the validation results of wood increments,
LAI, and water balance for the first 3-PG application,
a slight re-parameterization was implemented by
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Table 4

Variables used on stepwise regression procedures having fertiliza-
tion response as the dependent variable and the independent
variables organized by soil and stand-canopy categories

Category Variables

Soil-physical
Soil fertility

Sand, silt, clay, bulk density

Soil C, soil N, extractable nutrients (P, K,
Ca, Mg), sum of bases, H 4+ Al, CEC, pH
N resin bag, N boiling water, N anaerobic,
N aerobic fresh soil, N aerobic dried soil
Seedlings dry matter, and N, P, K, Ca and
Mg contents

Site index, LAI, leaf nutrient content

(N, P, K, Ca and Mg), canopy nutrient
content (N, P, K, Ca and Mg)

Soil-lab incubations
Soil-bioassay

Stand-canopy

manually changing the SLA parameter (from 8.5 to
11.0m*kg ', Table 1). A second 3-PG application
was developed; statistics calculated, and results com-
pared with the first application.

Site-specific fertility-rating factors were needed to
obtain 3-PG simulated values for the control plots
using the second parameterization. For that purpose,
we investigated fertilizer response as an objective
index for FR. Fertilizer response (FER, in Mgha™'
per year) was defined as

WNPPr:  WNPP IWB IWB
FER — ( F c)( F+ c)

IWBg IWBc 2
@

where WNPP is the wood increment, IWB the initial
wood biomass (at age 6 years), and the subscripts C
and F are for control and fertilized plots, respectively.
This adjusted fertilizer response did not differ from
the non-adjusted response due to the paired-plot
design. Fertilizer responses were evaluated for the
wet year only because the differences in growth due to
fertilization among sites are clearest when water is not
a limiting factor. Fertilizer response did not relate
with initial biomass (data not shown), and no covari-
ate adjustment was needed. A completely indepen-
dent validation of the fertility rating would require
application of values derived from this set of 40
inventory plots to predict growth in a different set
of plots.

To test if the fertility-rating parameter in 3-PG was
in line with fertilizer responses, we selected the three

sites with the highest fertilizer responses (29.0, 22.9
and 19.0 Mg ha™' per year) and three sites with no
response (—3.3, —2.3 and —0.8 Mg ha™' per year).
For each, FR was adjusted to match the wood incre-
ment during the wet year. For the high fertilizer
response sites, FR was 0.61, 0.72 and 0.78, while
for the non-responsive sites, FR was 0.88, 1.01 and
1.10. Due to the coherent directional trend of the FR
values (higher for non-responsive sites), we estimated
all FRs by scaling between 0.6 (maximum fertilization
response, arbitrarily chosen based on highest respon-
sive plot) and 1.0 (no fertilization response), during
the wet year FR = [0.4(29 — FER)/29] + 0.6, where
29 Mg ha™' per year was the highest observed ferti-
lizer response. With the site-specific fertility ratings,
3-PG was used to estimate wood increment for the
control plots.

2.4. 3-PG validation: comparison with empirical
vield model

The empirical yield model used was the Sullivan
and Clutter (SC) model (Sullivan and Clutter, 1972;
Clutter et al., 1983). This model has been successfully
and routinely applied in Brazil for Eucalyptus (Cam-
pos et al., 1988; Scolforo, 2002) and is derived from
two production equations, one for basal area and one
for above-ground woody biomass based on age and
site index, which are mathematically manipulated to
obtain the biomass yield equation:

oy o3ln(BAp)A,

In(AWB,) = S+-—=
n( 2) =oap+ oy +A2+ A,

Ay Ay
+oy <1 A—2> + a55<1 A—2> 3)

where BA is the basal area (m2 ha_l), S the site index
(m), A the stand age (months), AWB above-ground
woody biomass (Mg hafl), and o; are the coefficients
to be estimated, and the subscripts 1 and 2 on AWB
and BA stand for their values at ages A, and A,. The
available data from ages 2 to 6 years for the 40
control inventory plots were used to estimate the
parameters of the SC model using ordinary least-
squares procedures in SAS 8.1 (SAS Institute, Carry,
NC, 2001).

After estimating these parameters, basal area at age
6 years and site index of the control plots were used to
estimate wood biomass at ages 7 and 8 years.
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2.5. Statistical analysis

For each set of simulated and observed values of
above-ground woody biomass production, the follow-
ing statistics were obtained to help evaluate model
performance: model efficiency (EF), root mean square
error (RMSE), the a and b coefficients of the linear
relation between predicted (P;) and observed (O;) data,
and the coefficient of determination (rz) (Loague and
Green, 1991):

Z?:I(Oi - 0)2 - Z?:I(Pi - Oi)2
Z;’I:I(Oi - 0)2

Z?:l(Pi - Oi)2

n

EF =

“4)

RMSE = (5)
The best model should have EF and 7> close to the
unity, RMSE close to zero, and a and » not signifi-
cantly different from 0 and 1, respectively. As we were
interested in yearly production estimates, all analyses
were done considering a total of 80 observed—simu-
lated pairs (n = 2 years x 40 plots).

Analyses of variance considered fertilization and
site (block) as the main effects, with year as a repeated
measurement factor for variables estimated for both
the wet and normal years: wood increment, LAI,
canopy N, canopy P, APAR and LUE. The initial
woody biomass of the stands and its interaction with
fertilization were tested as potential covariates for the
wood increment analysis, but both were shown to be
non-significant (P = 0.51 and 0.33, respectively) due
to the blocking. For variables evaluated just once,
or analyzed independently at the beginning or end
of the study period, an ANOVA having fertilization
and block as the main effects was used: total soil C,
total soil N, and biometric stand attributes. Year and
block were the main effects for meteorological data
analysis.

We used multiple regressions to investigate the
relationship between fertilizer response and soil or
stand-canopy indices, with fertilizer response as the
dependent variable and the indices as independent
variables. The minimal inclusion significance of a
variable was set at P = 0.10. Due to the large number
of soil independent variables we utilized the following
steps to avoid overparameterization: (i) independent
variables were classified into soil-physical, soil-lab

incubations, soil fertility and soil-bioassay groups
(Table 4); (ii) fertilizer responses were regressed
against the independent variables of each group, sepa-
rately; and (iii) groups were aggregated by taking, at
most, the best three variables of each group during
the isolated analysis. Residual analysis checked for
normality and homocedasticity. For the stand indices
no grouping was necessary.

All analyses were performed on SAS 8.1 with
multiple comparisons with a significant level of
0.05 to protect against type I error.

3. Results
3.1. Calibration

Canopy quantum efficiency was between 0.060
(maximum observed value in an irrigated stand;
Stape, 2002) and 0.080 mol C mol~! APAR. The
highest value was used (Table 1) to represent the
maximum efficiency. Calibrating the coefficient of
stomatal response to vapor pressure deficit (k,, which
affects canopy quantum efficiency and allocation to
roots) and to the foliage—stem partitioning para-
meters (which influence wood biomass and LAI
estimates) resulted in an adequate time series simu-
lation of the C budget fluxes (GPP, ANPP and TBCA)
and the wood biomass and LAI state variables
(Fig. 1). The performance of the model for the rainfed
treatment was also satisfactorily achieved by using
the actual rainfall of the site, which reduced canopy
quantum efficiency and increased allocation to roots,
providing a good simulation of the C fluxes and state
variables, except for a slight underestimation of
LAI (Fig. 1). Overall, we considered the calibration
to be satisfactory despite the slight underestimation
of LAI (Fig. 1).

3.2. Validation

Woody biomass of the 40 stands varied by threefold
at age 6 years (42-118 Mg ha™ '), owing to different
locations (climate), soil groups and clonal genotypes
(Tables 2 and 3). The two measurement years had
distinct rainfall regimes (1845 versus 1287 mm, for
the wet and normal years), leading to higher transpira-
tion rates and available soil water in the root zones for
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Fig. 1. Observed (symbols) and 3-PG simulated (lines) values of GPP, ANPP, TBCA, woody biomass and LAI for E. grandis x urophylla for
irrigated treatment (fertility rating = 1.0) after calibration (a), and for the rainfed treatment using the previous parameterization (b).

the wet year (Fig. 2 and Table 3). The paired control
and fertilized plots did not differ initially for any soil
or biometric attributes (Fig. 2). Wood increments were
affected by both fertilizer and year, leading to a
fertilizer x year interaction (Fig. 3). Increments for
both control and fertilized plots were higher for the
wet (29.3 and 37.9 Mg ha~! per year, respectively)
than for the normal year (15.1 and 17.3 Mg ha™' per
year; Figs. 2 and 3). Fertilizer response was also higher
for the wet year (8.6 versus 2.2 Mgha™' per year;
Table 5), and did not correlate with initial biomass
(> = 0.01).

For the fertilized plots, the first application of 3-PG
indicated a strong correlation between observed and
simulated values (r2 = 0.81, Fig. 4a), although the
slope of the linear regression line (0.48) differed
significantly from 1, mainly due to an overestimation
of wood production for the normal year (25.2 versus

17.3 Mg ha ™! per year). The wet year had satisfactory
estimates (36.2 versus 37.9 Mg ha' per year).

A re-parameterization of 3-PG was implemented
for the validation exercise because the overestimate of
wood production during the normal year was also
associated with both a very low simulated LAI com-
pared with observed values (1.7 versus 2.5 m?m 2,
Fig. 1) and with no soil water deficit (data not shown),
despite the low soil available water (Table 3). Among
the parameters that could affect LAI, model sensitivity
was high for the specific leaf area (SLA). This was
changed from 8.5 to 11.5 m*kg~"', the upper limit
observed for the species (Stape, 2002), resulting in a
better simulation (#> = 0.83, higher slope, Table 6 and
Fig. 4b). This second 3-PG application for the ferti-
lized plots adequately predicted wood increments
(36 Mgha™' per year) and LAI (3.3 m?m ?) for
the wet year, and improved estimates for the normal
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Table 5

Average canopy attributes, absorbed light, wood increment and light-use efficiency by treatment (control and fertilized) and year (wet and

normal), and the respective fertilization response®

Variable Year Control Fertilized Response
Leaf area index (m?>m™?) Wet 32 A 3.3 -
Normal 2.8 Bb 32a 0.4
Foliage N concentration (g kg™") Wet 18.5 Ab 20.0 Ba 1.5
Normal 17.6 Bb 23.0 Aa 5.4
Canopy N content (g m 2) Wet 7.1 Ab 8.0a 0.9
Normal 5.2 Bb 8.6a 34
Foliage P concentration (g kg™~ Wet 1.12 1.17 B -
Normal 1.10b 1.72 Aa 0.62
Canopy P content (g m~?) Wet 043 A 048 B -
Normal 0.32 Bb 0.62 Aa 0.30
APAR (TJ ha™' per year) Wet 20.7 A 21.1 -
Normal 19.7 Bb 214 a 1.70
Wood increment (Mg ha™' per year) Wet 29.3 Ab 37.9 Aa 8.6
Normal 15.1 Bb 17.3 Ba 22
Light-use efficiency (g MJ ') Wet 1.41 Ab 1.79 Aa 0.38
Normal 0.77 B 0.80 B -

? Values followed by different small letters (between treatments) or capital letters (between years) differ at P = 0.05. All significant

fertilization responses are presented.

year, increasing LAI (from 1.7 to 2.3 m* m~?) and soil
water deficits (data not shown), and decreasing pro-
duction (from 25.2 to 21.0 Mg ha™' per year). The
slope of the prediction line in Fig. 4b differs from 1:1,
even after recalibration; observed increments in the
dry year were lower than predicted, whereas observed
increments were somewhat higher than predicted in
the normal year. This pattern indicates that the 3-PG
representation did not capture the full responsiveness
of the plantations to changes in water supply and vapor
pressure deficit. We expect that further calibration and

Table 6

validation of the model would likely move the slope of
the relationship in Fig. 4 toward 1:1.

This final parameterization of 3-PG was used to
simulate wood increments of the control plots (Fig. 5a)
after scaling FR for each site. The observed and sim-
ulated results were strongly correlated (> = 0.71),
with a high slope coefficient (0.63) and small RMSE
(Table 6). Across the 40 sites, the observed and
simulated wood increments and LAI for the wet year
were similar (29.3 versus 30.3 Mg ha™" per year, 3.1
versus 3.1 m? m™?), but small differences persisted for

Summary of the statistics between observed and simulated wood increment values for both years (n = 80)

Model (plots)

SC (control)

3-PG first application
(fertilized)

3-PG second application
(fertilized)

3-PG (control)

Intercept, a 24.79 (1.87) 17.53 (0.79) 12.37 (0.91) 10.35 (1.08)
Slope, b —0.10 (0.08) 0.48 (0.03) 0.58 (0.03) 0.63 (0.04)
P 0.02 0.81"" 0.83™ 0.71""
RMSE 12.30 7.63 6.11 5.60
Model efficiency —0.68 0.61 0.75 0.65

" P < 0.001.
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the normal year (15.1 versus 18.3 Mg ha™' per year,
2.8 versus 2.0 m? mfz).

The Sullivan—Clutter empirical model adequately
described the growth of the stands between age 2 and 6
years (n=200, 7> = 0.94, P < 0.0001; data not shown):

0.0155 —44.51 0.881n(BA,)A,
A A

Ay Ay
—-022(1 —-—— 0.178( 1 — —
( Az) - ( Az)

However, predictions were poor for the subsequent
wet and normal years (Fig. 5b). The empirical model
underestimated wood production for the wet year by
almost one third (20.2 versus 29.3 Mg ha™ ' per year),
and overestimated wood production for the normal
year by two thirds (25.0 versus 15.1 Mgha™' per
year). The superior predictive ability of 3-PG for
estimating wood increment of the control plot relative
to the Sullivan—Clutter model was clear (Fig. 5 and
Table 6).

In(AWB,) = 2.32 +

3.3. Fertility indices

Very few of the fertility indices (Table 4) correlated
with the fertilization response in the wet year (data not
shown; Stape, 2002). No physical or bioassay indices
presented a correlation with fertilizer response, while
eight fertility indices showed a negative correlation
(mineral N extracted with boiling salt solution, extrac-
table P, extractable K, extractable Mg and cation
exchange capacity from O to 15 or O to 30 cm depth).

The majority of the fertility indices correlated nega-
tively (although not all were significant) with the
fertilization response (data not shown), indicating
stronger responses to fertilization on less fertile soils.
Using the stepwise procedure, extractable potassium
at 0-0.15 m, phosphorus at 0-0.30 m and cation
exchange capacity at 0-0.15 m explained 56% of
the variation of the fertilizer response. We developed
a soil fertilizer response index (SFRI) with the linear
combination of these soil attributes (Fig. 6a). Among
the stand properties, only canopy N and canopy P
(Table 4) presented a slightly negative correlation with
fertilizer response. Fertilizer response tended to
decrease as the content of N in the canopy increased,
which we termed canopy fertilization response index
(CFRI, Fig. 6b).
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Fig. 6. Relationship between fertilization response (FER) of the 40
stands during the wet year, and soil fertilization response index (a)
and canopy fertilization response index. K15: K in mmol, kg™’
at 0-015m; P30: P in mg kg’1 at 0-0.30 m; CEC: CEC in
mmol. kg~" at 0-015 m; N canopy: N in the canopy in g m~>.
Fertility rating is estimated as FR = [0.4(29 — FER)/29] + 0.6.
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4. Discussion

The complete C budgets from the fertilizer and
irrigation experiments were critical for the calibration
of the 3-PG model and the partial evaluation of its
descriptive structure of C fixation, and above- and
below-ground C allocation. The calibration using the
treatments with the highest supplies of nutrients and
water set the fertility and soil moisture modifiers to 1.0
(not limiting to production), and let the vapor pressure
deficit be the primary modifier controlling both C
fixation (by affecting canopy quantum efficiency)
and allocation (by affecting root partitioning). Under
these circumstances, calibration of the model was
satisfactory. Simulated GPP was 6.3 kg C m 2 per
year (28% allocated below-ground), well within the
95% confidence interval for estimated GPP of
6.7kg Cm™~? per year (and 28% allocated below-
ground; Fig. 1).

After these calibrations, 3-PG simulations of the
rainfed treatment estimated average GPP as
44kgCm ? per year (~8.8kgdry massm > per
year, 31% allocated below-ground), well within the
95% confidence interval for estimated GPP of
48kgCm 2 per year (~9.6 kg dry massm > per
year, 32% allocated below-ground) (Fig. 3). These
results support the model’s description of both water
(Brazil site) and nutrient (observed on Hawaii study;
Stape, 2002) effects on C gain and allocation.

The empirical structure of the Sullivan—Clutter
model made it naturally insensitive to inter-annual
climatic variations (Clutter et al., 1983; Kimmins,
1997). In contrast, 3-PG, even for the first application
(Fig. 4), was responsive to distinct sites and weather
conditions. The diversity of clones among the sites
probably contributed to reduced performance of the
model.

In the first attempt to validate 3-PG, LAI was
underestimated (Fig. 1). LAI is the most important
state variable in models that are based on APAR
because it integrates C and water fluxes (Law et al.,
2000). The second validation with an increased SLA
resulted in higher LAI but lower wood production,
because higher transpiration rates induced water def-
icits that counteracted the potential increase in C
fixation. SLA was the only parameter adjusted, other
parameters that directly affect LAI (litterfall, folia-
ge:stem partitioning parameters) or water balance

(rainfall interception, available soil water) still require
investigation. Moreover, shedding of leaves by Euca-
lyptus in response to drought is common in the region
(Stape, 2002) and should be added explicitly to the
model (Landsberg and Waring, 1997; Sands and
Landsberg, 2002).

The description of root C allocation in 3-PG as a
function of both soil fertility and environmental stress
indicates that the effects of high fertility will increase
with water supply (Stape et al., 1997; Fisher and
Binkley, 2000; Soares and Leite, 2000). Indeed, 3-
PG simulated fertilization responses of 5.1 and
2.7Mgha~" per year for the wet and normal year,
respectively, in line with the observed values of 8.6
and 2.2 Mgha ' per year. Furthermore, the model
correctly estimated a higher light-use efficiency for
the fertilized plots during the wet year, and a lower
during the normal year (Table 5). An adequate descrip-
tion of the C allocation process is crucial for the
correct yearly estimates of wood production for Euca-
lyptus in areas with large inter-annual climatic varia-
bility and intense silvicultural practices.

Predictions by 3-PG of wood increment and LAI
were reasonable for control plots, indicating that the
fertility-rating scheme (based on fertilization
responses) was adequate. The absence of a correlation
between fertilizer responses and mean annual incre-
ment (MAI) or site index (> < 0.04) showed that soil
fertility should be considered as an independent con-
cept in forest modeling. In this region, MAI and site
index correlate well with water supply (Stape, 2002),
and the adequate evaluation of the effects of soil
fertility among stands depends on the occurrence of
high rainfall or the use of a paired-plot design (Hart
and Binkley, 1985). Fertilizer responses as a function
of soil properties are species-, region- and manage-
ment-specific (Hart et al., 1986; Gale et al., 1991). In
this study that was based on the same basic genotype,
management and geology, the soil fertilization
response index was satisfactory (Fig. 6a) to predict
the fertility-rating parameter. In the same direction, N
in the canopy seems to be a potential index, because it
is in line with the observed increase in LAI and leaf
nutrient content on fertilized plots (Fig. 6b). The use of
paired-plots with and without fertilizer in a plantation
inventory network over a regional area is an effective
tool for estimating FR for 3-PG and other process-
based models.
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In Brazil, LAI is not assessed during inventory
surveys on a regular basis (Campos et al., 1988;
Scolforo, 2002), but this could be implemented easily
using light meters (Cutini et al., 1998), and would
provide essential information for process-based APAR
model evaluations for tropical plantations.

5. Conclusions

Empirical yield models typically describe growth
adequately for average environmental conditions, but
they may perform poorly during dry and wet years,
or when silvicultural treatments are not consistent
across sites. The adaptation of the 3-PG process-based
model for tropical Eucalyptus plantations was rela-
tively easy given the model calibration and testing
that was facilitated by the complete C budget from
the irrigation and fertilization experiment. The cali-
brated model represented the effects of soil water
deficit and soil fertility on C gain and allocation very
effectively.

The soil fertility rating is a key feature of 3-PG. Our
use of the paired control and fertilized inventory plots
allowed both the validation 3-PG for fertilized stands
and the identification of a protocol to scale fertility
among sites based on the response to fertilizer. We
hope that our approach to using the response of
production to heavy fertilization will be tested as a
means to develop objective fertility ratings for other
stands; this approach might be particularly useful for
applications of 3-PG in a management context.

The simulated growth of between 10 and 42 Mg
ha™' per year (average 26 Mg ha™' per year) for all
plots and years was highly correlated (> =0.78,
n =160,P < 0.0001) with the observed values of
between 2 and 51 Mgha ' per year (average
25Mgha ' per year). These results indicate that
species- and site-specific parameters that affect LAI
must be adequately estimated. Further consideration
of parameter values is required to improve the model’s
case-specific usefulness.

Overall, 3-PG required a reasonable level of loca-
lized calibration, and was able to predict yearly growth
better than an empirical model. The superiority of
3-PG was especially evident in capturing the effects of
inter-annual variations in precipitation and fertilizer
addition in northeastern Brazil. We concluded that

3-PG is highly suitable as a management tool for
Eucalyptus plantations, but this will require assess-
ment of LAI as part of inventory surveys.
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