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Abstract

A model to project forest growth in the Terra Firme forests of the eastern Amazon is described. It is based on 12-17 years
measurements from experimental plots at Jarf and Tapajés. Forest stands are represented by cohorts of species group, diameter, and
defect. There are 54 species groups, with a robust diameter increment function fitted to each, tables of mortality by crown and defect
status, and recruit lists by disturbance level and locality. Stand level functions partition trees by crown status, and modify growth for
stand density. Recruitment is a function of basal-area losses. Evaluation compares model performance with two experiments
involving heavy felling in Tapajos State Forest. At one site, total bole volume growth of all species over 45 cm DBH was
2.56 m" ha™! year™! over 17 years, whereas the model projected 3.13 m® ha "' year *. At the other site, actual growth over 12 years
was 0.39 m° ha™" year™!, with the model giving an identical result. Both felled and control plots are compared in the stady and
accurately simulated. Some weaknesses in the model are discussed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The sustainable management of natural tropical
forests for timber production requires effective sys-
tems for predicting future forest growth and yield in
response to various human interventions. Because of
the complexity of the forest, computer simulation
methods have dominated this field. Reviews of the
methodology are provided by Vanclay (Vanclay, 1994,
1995) and Alder (1995). Methods are generally
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E-mail addresses: d-alder@eurobell co.uk (D. Alder),
natalino@captu.embrapa.br (J.N.M. Silva)

divided into empirical models, based on extrapolation
of data from permanent sample plots; and process-based
models which attempt to simulate eco-physiclogical
processes using a limited number of experimentally
derived parameters.

The classical approach to empirical modelling of
natural forest is the method of stand projection by
diameter classes. Before the advent of computers,
such models were calculated by hand wsing broad
diameter classes and few species groups. There was
no interaction between stand density and growth rates.
Such approaches probably date back to the 1860s
(Brasnett, 1953). Few of the publications relating to
this type of model attempt any assessment of accuracy,
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and projections have often been presented uncritically
(e.g. Alder, 1990; Howard and Valerio, 1992). Silva
(1989) evaluated the STANDPRO stand projection
model (Kofod, 1982; Korsgaard, 1988) using data
from Tapajos National Forest in eastern Amazonia,
and found it generally accurate for short periods, but
requiring modification for longer term projections.
In recent times, the inherent computational ineffi-
ciencies of diameter class projection when dealing
with many species and small diameter classes have
lead to the adoption of an alternative empiricai
approach for natural tropical forests. This is the cohort
model, proposed by Vanclay (1989) for his model of
the North Queensland rainforests. The cohort method
is an empirical method closely related to classical
stand projection. Trees are grouped into narrow
classes (typically 1 cm wide) of similar species, and
possibly other characteristics such as competitive or
defect status, which are known as cohorts. Growth is
simulated by changing cohort parameters in response
to tree and stand functions, whereas in diameter class
models trees are ‘moved’ between classes using var-
ious often unsupported statistical assumptions (Alder,
1995, 1977). The forest stand is represented in the
model as a list of cohorts, rather than as a table of
species by size classes as in classical stand projection
methods. Empty classes are not represented in the list,
while new cohorts can be created and added to the list
by processes such as the splitting of existing cohorts
{to emulate competition or defect), or the addition of
new cohorts as recruits. The approach is efficient and
flexible, and allows a variety of tree and stand dynamic
functions to be introduced into the model without
difficulty. Alder (Alder, 1995, 1997, 1998a) has
adopted this method for simulation models of nataral
forest in Eastern Amazonia (CAFOGROM), remnant
forests in northern Costa Rica (SIRENA), and lowland

tropical forest in Papua New Guinea (PINFORM).
Several variant models have also been derived from
this work. Burslem et al. (1996) produced a version
called COSSI adapted to data sets from plots on
Koiombangara, Solomon Islands (Whitmore, 1989).
Chandrasarker (1997) adapted CAFOGROM to
coastal forests in the Sundarabans, Bangladesh.

A common feature of these various models is the
limited evaluation to test their accuracy. SIRENA
(Alder, 1997) and CAFOGROM (Alder, 1995) have
been tested by comparing the general behaviour of the
model with expected and known characteristics of
natural forest growth and yield. The PINFORM model
was subject to more rigorous testing for bias in short-
term projections (Alder, 1998b). The general problem
is that long-term data does not exist in the localities
involved which can be used for comparisons.

The present study discusses improvements that have
been made to the original CAFOGROM meodel for the
eastern Amazon Terra Firme forests in order to obtain
more accurate responses than earlier versions, and
presents results from comparisons of the model simu-
lations with two series of experimental plots in Tapa-
jos National Forest.

2. Data sources

The data that provides the empirical basis for the
CAFOGROM model is taken from 136 sample plots
at two localities: Tapajds National Forest, and on the
Jari Florestal lands in the state of Para, Brazil. The
environment is described in Silva et al. (1996), and
comprises a climate with mean monthly temperatures
from 24° to 26°C, and average annual rainfall of
1900 mm. Table 1 shows the numbers and measure-
ment periods of the plots, according to the research

Table 1
EMBRAPA research plots included in the CAFOGROM analysis
Location RP code Plots Sample area (ha) First year Last year Measurements
Tapajos 11 48 12 1981 1995 5
12 36 9 1981 1997 7
14 12 3 1983 1995 4
Jari 21 36 36 1984 1994 5
25 4 4 1984 1994 3

Total 136 64

=t
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Table 2
Numbers of trees, species, and related information in the
permanent sample plot database used to develop CAFOGROM

Total (trees x measurements) 217991
Individual trees 52320
Valid increment measurements 168480
Mortality observations 13407
Recruitment cbservations 16405
Harvested trees 379
Total species 486
Species with 500 + trees 18
Species with 100 + trees 98
Species with 10 + trees 316
Trees of unknown species 5080

plot (RP) codes. Table 2 gives information about the
database of measurements from these plots. There are
a number of other plots in secondary forests at these
sites which have not been included in this study.

The plots at Tapajos are all of 0.25 ha (50 m x
50 m), and are measured completely down to 5 cm
DBH. The plots at Jari are of 1 ha. They are measured
down to 20 cm DBH. A sub-sample of (.1 ha on these
plots is measured down to 5 cm DBH. In this article,
all references to basal area and recruitment, unless
otherwise qualified, relate to this minimurm 5 cm limit.
Table 2 shows some statistics from the database. It
comprises some 217 000 records on 52 000 trees and
486 species. In some cases species identification is
only down to the genus level, while ca. 10% of all
observations relate to unknown or unconfirmed spe-
cies. These are mostly smaller trees of rare occurrence.
Of these 486 species, some 98 have more than 100 tree
records, which represents an approXimate minimum
for reliable mortality information.

The plots have been subject to various treatments.
Silva et al. (1988, 1994a, 1995) describe in detail the
layout and execution of the experiment at RP12. 1t was
logged in 1979, removing some 70 m® ha ™!, and the
plots then established in 1981. At that time the mean
basal area was ca. 20.1 m? ha™'. The RP14 plots are a
control series of 12 Lha plots which have not been
previously logged, and might be charactetised as
virgin forest. RP 11 comprises an adjacent site of
36 4l-ha plots which were established prior to logging
in 1981, logged in 1982, and then re-measured there-
after, These plots were also subject to thinning treat-
ments in 19935, but this is too recent for the growth

response to be included in the current analysis. RP11
1s designed as a randomised block experiment, but this
has not influenced the method of analysis for the
growth model, where they are simply treated as dis-
crete permanent plots.

At Jari, the 1-ha plots are also laid out as a control
series of four plots (RP25) which have not been felled
or treated, and a randomised block felling and thinning
experiment (RP21). Again, the experimental design
has not influenced the analysis for the growth model
except 1o the extent that it provides a well-distributed
range of felling intensities and stand densities for
regression analysis. These plots were also established
prior to felling in 1984, and re-measured immediately
afterwards. They were also thinned in 1995, but results
from this have not been included in the analysis.

3. Formation of species groups

Formation of species groups is a key process in
development of models for natural tropical forests.
The large number of species (486 in the present data)
is not a fundamental problem in the model design.
However, many of them are represented by only a few
observations. There were 170 species with <10 obser-
vations each, which is too few to obtain reasonable
estimates of diameter increment in relation to tree size
and competitive status. There were 388 species with
fewer than 100 trees, which is probably the minimum
to obtain estimates of mortality that can be partitioned
by factors such as crown position, damage, size, and so
on. Different authors have approached the question of
forming species groups in various ways. Vanclay
(1989) classified species by volume group, logging
rule, and growth attributes. Vanclay (1991) used an F-
test to group growth functions that were not statisti-
cally different. Vanclay et al. (1997) propose the use of
groups based on morphological attributes. Silva
(1989) used groups based on ecological guild
(shade-bearers, light-demanders, extreme pioneers)
and on commercial attributes. Palms and unidentified
trees were assigned distinct groups. Alder (Alder,
1995, 1997) used an ordination method based on
two axes: Mean diameter increment, and largest
observed tree. He also experimented with the F-test
method (Vanclay, 1991}, but found that for poorly
represented species, it resulted in an arbitrary classi-
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fication that respected neither botanical nor ecological
affinities. The large majority of observations entered
one or two groups, resulting in a classification of little
practical value.

For the present model, an extension of the two-
axes ordination method used by Alder (1995) was
adopted, designed to give greater ecological coher-
ence within groups. Groups were formed by a math-
ematical ordination using five species attributes.
These were commercial/mon-commercial, percentage
of trees observed as dominants or emergents, mean
diameter increment, mean annual mortality rate, and
maximum observed diameter. These variables were
transformed in order to achieve a more normal dis-
tribution, and somewhat similar scaling, as shown
below.

Transformation

Commercial of non-commercial Coded + 8 or -8
Diameter increment, iy (cm year_l) In (iy)

Anmnual mortality rate, 7, In (rp/[1 - ral)
Proportion of dominant trees, ps  In (py/[1~ pal)
Largest diameter, d .« In (dina)

Attribute

These transformations were selected from among
several alternatives examined in order to give sym-
metric, approximately normal data distributions. In
summary, diameter increment and maximum diameter
were transformed by taking the natural logarithm. The
two percentage values were transformed using the
logistic function, and the commercial/mon—commer-
cial values scaled on the range 48 to —8. Subse-
quently, all values were re-normalized by the
* transformation:

v = (xx—p)/o

where ;. is the original variate for species k, p the
mean for all species, « the standard deviation and v
the re-normalized variate for species k.

The ordination was carried out on the transformed,
re-normalised variates, in order to minimise scaling
and distribution effects on the groups formed (Green
and Carroll, 1978; Collett, 1991). Initial group cen-
troids were first established using species which were
common, using an integer grid in the five-dimensional
ordination space to avoid group centroids with too
great a proximity. Other species were then compared
with all possible centroids on the basis of Euclidean

distance in the transformed and re-normalized space,
and assigned to the most nearest group. The group
centroid was not adjusied during this process, but
remained identified with the initial value. At the
end of the classification, centroids for each group
were re-calculated from the assigned grouping, and
could be used as initial values for a new iteration. Two
or three iterations resulted in stable group centroids.

This method ensures a robust classification that
brings together species with similar ecology, maxi-
mum size, growth rates, and mortality. Although the
commercial attribute enters the classification as a
continuous variate for reasons of algorithmic simpli-
city, it is scaled so that it complete divides the groups
between commercial and non-commercial categories.

The resultant groups are shown in Table 3 with
some associated statistics. The column headed Cat.
gives the species category. This is used within CAFO-
GROM to define treatment and harvesting regimes,
and to group species for presentation on output graphs
and tables. Within the model, these letters can be
changed interactively to give desired groupings. The
Group column designates a unique three-letter group
code. This is the same as the species mnemonic for the
most typical species of the group (i.e. both common
and near the group centroid}). The principal species are
three most common species within the group. For
several groups, there are three or fewer species, n
which case, the group is entirely comprised of the
listed species. The column headed Com. designates
fully commercial species with a tick mark. The num-
ber of species and the total number of records
(frees X measurements} contributing to each group
are shown in the next two columns. The Dom. %
column gives the percentage of observations relating
to dominant or emergent trees. This implies trees
which are receiving full overhead illumination over
the entire upper surface of the crown. Mean diameter
increments in cm year~! are given for impeded trees
and for dominants. fmpeded is here simply defined as
all trees which are either sub-dominant or understorey
trees. The column AMR% gives annual mortality rate
as a perceniage. This is the average percentage of trees
which die over a one-year pericd. The last four
columns show the typical size distribution for trees
in the species group, using cm diameter classes of
5.00-24.99, 25.00-44.99, 45.00-64.99, and 65.00 cm
plus classes. The distribution is shown as the percen-
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tage of tree numbers. This is a useful indicator of
species ecology and typical size.

4. Diameter and mortality models

Increment data for each species group are summar-
ized using diameter classes whose width increases by
\/ 2, with separate classes for the dominant and
impeded trees. Within CAFOGROM, a regression is
fitted to this summary data for each group with the
form:

iafd =+ B,C+ By1n (d) (1)

where iy is diameter increment in cm year™!, d the tree
diameter at breast height in cm, C the zero for domi-
nant trees, and one for impeded trees. The terms «, 5,
and f, are coefficients estimated by linear regression.
Vanclay (1994} has reviewed many different types of
increment model that have been chosen by various
authors. The above model was devised after some
experimentation as it was found to have robust proper-

ties for automatic application, giving a suitable shape
of function even when the data was sparse and not
well-distributed.

Two examples are shown in Figs. | and 2. The first
is for a faster growing, more light demanding species,
Jacaranda copaia, which is the sole species in its
group. In this case, the function fits well, although lack
of fit is apparent for the impeded trees. The robust
properties of the model are clear in this diagram.
Increment tends to zero as diameter does, there is a
single maximum increment, and growth then declines
to a zero increment that defines a maximum size for
the species. There are several other functions which
show these properties, but the authors found that they
either fitted the data less well, or produced inappropri-
ate forms with the data given. The authors also
experimented with different systems of weighting,
to test the best approach. Weighting by inverse of
variance, by number of trees (N), In(N), and /N were
all tested, but generally gave less suitable shapes than
this simple unweighted regression fitted to the class
mean.

1.00
0.90 +
0.80 +
£~ 070 +
N
8
2 060 f
2
g 0501
o
5
g 040+
5
=2 030
m  Dominant
0.20 + o Impeded
§ =Regression, dominant
0.10 + | —— Regression, impeded
0.00 f +
0 40 50 60

Diameter (cm)

Fig. 1. Diameter increment function for Jacaranda copaia. Data points are class means; error bars are &1 SE.



148 D. Alder, JN.M. Silva/ Forest Ecology and Management 130 (2000) 141-157

0.80

Q.70 +

0.60 +
s,
E 0.50 +
§
5 0407
1]
=]
B
2 030 +
5
a

0.20 + ]

[+1 ‘ m Dominant
{ o Impeded
0.10 ¥ | = Regression, dominant
| ~— Regression, impeded
0.00 + t t t t } t t }
4] 10 20 30 40 50 60 70 80 90 160
Diameter {cm)

Fig. 2. Diameter increment function for group CAG, including Carapa guianensis and similar species. Data points are class means; error bars

are +1 SE.

Fig. 2 shows another example, for the somewhat
slower growing and more shade tolerant group of
species similar to Carapa guanensis. In this case, a
common weakness of the function is clear. It tends to
underestimate growth in the important size classes
from 20 to 30 cin DBH, and overestimate growth on
the larger dominant trees. Although the model as a
whole does not appear to be especially sensitive to
these weaknesses, they probably account for some
inadequacies in the representation of stand structure
over long-term projections, as will be discussed.

Mortality was calculated for each species group for
three categories of tree: Dominants, impeded trees,
and defective trees. Defective trees were those scored
on the plots as either damaged, leaning, or showing
signs of decay or crown dieback. It did not included
trees of bad form, bui otherwise undamaged and
healthy, since this is considered to be primarily a
species atiribute, and does not especially relate to
growth. Mortality was calculated as annual mortality
rate (Sheil et al., 1995), and estimated with varying
measurement periods using a linear approximation:

~ !

AMR (2)

where f, is the measurement interval in years for a plot
and period during which tree k dies, and N the total
number of observations (trees X number of measure-
meni intervals) including live and dead trees. For
example, given five trees measured over say 2, 2, 3,
3, and 4 years, and assuming the last tree dies, then Eq.
(2) gives f as $ and N as 5. The estimated AMR is 0.05
or 5%. The equation is derived assuming mortality is a
linear function of time and is approximately .correct
for typically low mortality rates of 1-5% applicable to
trees in natural forest.

Mortality varies substantially between species
groups, but did not vary greatly with size. It is however
quite semsitive to competitive status, especially for
more light demanding species. It also tended to be
clearly higher for the defective trees. For this reason, a
look-up table of mortality rates, by species group,
crown and defect status, was adopted for the model.
Mortality also increases substantially following log-
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Fig. 3. Comparison of dominant, impedad and defective mortality rates for species groups. Each point represents a species group mean.

ging, but this is treated in the model as part of the
logging damage module, and is discussed separately.
Fig. 3 shows the ratios between dominant and impeded
or defective mortality. Each point on the graph gives
the mean values for one species group. On average,
impeded trees have mortalities 1,71 times higher than
dominants, Defective trees show a mortality 2.61
times higher. For no species group is dominant mor-

tality higher than impeded mortality. For dominant

trees, mortality rates range from 0.5% to 4.1% per
annum. Higher mortality rates are associated with
species which tend to have an extreme light-demand-
ing niche. Average mortality rates for species groups
can be seen in Table 3.

Both the diameter increment and mortality func-
tions are modified within CAFOGROM by functions
determined by aggregate stand parameters. In the case
of increment, this is a competition effect, and is
performed in the simulation by a crown classification
function. Fig. 4 shows data from the sample plots,
summarised by treatment means (blocks). The basal
area of impeded trees (subdominant and understorey
irees) is plotted against the total standing basal area.

CAFOGROM fits a linear regression to this data
{doited line) and also allows the program’s user o
modify this via interaction with the mouse (solid line)
for sensitivity analysis and calibration. The regression
model has the coefficient values:

G =1.272G — 14.55 3)

where G, is basal area of impeded trees, and G the total
basal area. This equation implies that at a stand basal
area of 11.4 m* ha™", the impeded basal area will be
zero. In the simulation model, this regression (or more
precisely, the user-adjustable line, which may or may
not be coincident with it} is used to assign canopy
status to cohorts. The cohorts belonging to smaller
trees are assigned to the impeded class until the G;
value from the model is reached. Remaining cohorts
are assigned to the dominant fraction.
Experimentation showed that this crown classifica-
tion scheme was not sufficient on its own to explain
the influence of competition on growth, and a second
factor was introduced into the model, which is a
general increment multiplier. For each plot, an incre-
ment multiplier is calculated as the plot basal-area
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increment divided by the overall average basal-area
increment. This shows a declining trend with an R* of
33%. This is modelled by the equation:

F. = 3.02 — 0.076G (@)

where F; is a multiplier to adjust tree increments for
stand density, and G the stand basal area. CAFO-
GROM presents this model graphically superimposed
on the data points, and allows the user to adjust the
regression line interactively for local calibration or
sensitivity analysis. The coefficient values shown in
Eq. (4) are those used for the model evaluations in this
paper. With these, the multiplier takes a value of one at
a stand basal area of 26.6 m”ha '. At the higher
observed densities of around 35 m? ha~!, the multi-
plier is 0.36, implying that stand basal-area increment
tends to be 36% of average values. Conversely, at the
lower observed densities around 20 m* ha™?, the mul-
tiplier is 1.5, with increments 50% above the average.
These refer to the gross basal-area increment on
standing trees, excluding the effects of mortality
and recruitment.

Mortality in basal-area terms does not show a
density dependent trend, but on the contrary, seems

to be relatively constant in terms of basal area apart
from periods of stand disturbance, when it increases
markedly. A simple percentage basal-area factor will
tend to result in increasing mortality with stand den-
sity. To compensaie for this, the model provides a fixed
mortality limit, which can be adjusted by the user
when calibrating the model. For the trials discussed
here, it was set to a value of 0.5 m” ha ' year *. To
conslrain mortality estimated by species group, crown
status, and defect status to this limit, the model
calculates mortality in two steps. It first uses the
lookup values (by group. crown sfatus, and defect
status), and works out the overall basal-area mortality
that would occur were these applied. If this violates
the constraining value (0.5 m’ ha !year ! or as
otherwise set by the user), then the provisional values
are adjusted proportionately downwards. However,
catastrophic mortality associated with logging is not
subject to this constraining process.

5. Recruitment

Recruitment is defined as ingrowth into the smallest
measurement diameter, which for this model is 5 cm
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DBH. It is modeiled firstly at the stand level, fo
determine the total amount of recruitment. This is
then partitioned up into species groups using different
lists which depend on general locality (Tapajos or Jari)
and degree of disturbance. Total recruitment levels
themselves are determined by one of two different
functions:

1. Following logging or thinning treatment, recruit-
ment depends on the amount of basal area
removed, including losses from damage. This
relation is quite strong, with an R* of 59.6% for
the combined data from Tapajos and Jari. Trends
over time for individual experiments show that
recruitment approximately halves with each year
after disturbance. As with other models in
CAFOGROM, the fitted regression is displayed
with the data, and can be adjusted interactively by
the user for calibration and sensitivity analysis.
The actual function nsed for the evaluations in this
paper was:

I, =0019 L)% (5)

where I, is recruitment basal area, in m? ha™!
year” ', and L, the basal area lost in harvesting or
thinning and associated mortality, in m* ha™".

2. For undisturbed stands, or for those several years
after disturbance, the recruitment rate is deter-
mined by a baseline figure which is weakly
conditioned by stand density, which is again user
adjustable. This gives recruitment basal areas of
from 0.7 to 0.5m?ha ‘' year ' for stand basal
areas from 20 to 30 m® ha™’.

The transition from the post-disturbance recruit-
ment to the baseline function depends on the time
interval used in the model and the annual exponential
halving of recruitment rates. When recruitment after
disturbance drops below the level predicted by the
baseline function, then the baseline function is
adopted.

Lists are used to partition the total recruitment into
species groups. Different lists are compiled for the
post-disturbance and baseline recruitment situations.
The lists are expressed as percentages of total recruit-
ment occurring in each group. In the cohort model,
new cohorts are added for each species group that
occurs in the recruitment. The list includes the mean
recruit diameter, as it has been found from earlier work

that model results are sensitive to this figure (Alder,
1995).

6. Post-logging mortality and damage

Jonkers (1987) describes clearly some of the pro-
cesses that cause mortality and damage during log-
ging. These have distinctively different effects on trees
of different sizes. The opening of skid trails tends to
impact mainly smaller trees, as the tractor will avoid
larger ones. Trees in the trail are of course destroyed
outright. As a harvested tree falls, its crown will tend
to crush or break in half smaller trees, which will be
killed outright. Larger trees will survive with more or
less damage. The experiments at Tapajos and Jari
score damage with a variety of codes. For the purposes
of CAFOGROM, the data was simply re-classified on
a binary scale to distinguish trees with moderate to
severe damage, which are ireated as defective. This
included also crown die-back and stem breakage from
natural decay, so that there is no direct distinction
between artificially induced and naturally occurring
defect. However, for the logging damage analysis, a
tree was treated as damaged omly if it was non-
defective before logging, and defective after logging.
For mortality, there is no distinction as to cause, but
purely on the basis of timing. Mortality following
harvest was analysed via the logging damage function;
before harvest or for later re-measurements, it was
treated as non-catastrophic mortality.

In CAFOGROM, the logging damage data is read as
a file summarising damage (ie. trees which become
defective following logging) and meortality by plots
and size classes. The number of harvested trees is used
to indicate the intensity of felling. For general mor-
tality levels, the model re-summarises this file using
logging intensities in classes of 0, 14, 5-8, 9-12, 13-
16, and 17+ trees per ha removed. This is presented as
the graph shown in Fig. 5 with linear regressions
which predict average mortality or damage as a per-
centage of standing basal area before felling. The
fitted equations are shown on the graph. The R? values
are not directly meaningful as no error information is
given. Each plotted point is in fact the summary of a
number of sample plots.

CAFOGROM also re-summarises the logging
damage data in another way, which is shown in
Fig. 6. In this, the level of damage within each 10-cm
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diameter class is calculated relative to the plot aver-
age, and then graphed against size class. This gives an
indication of how damage is distributed by size,
CAFOGROM uses a linear regression for mortality,
or complete loss of trees. For trees which are damaged
but remain alive, the function shape is more complex,
and is approximated by a cubic polynomial. For trees
above 60 cm DBH, the damage and mortality levels
calculated for the 60 cm class are applied.

The marked reduction in damage for small trees is
interesting, and can be understood in terms of the
definitions used. Trees which are completely
destroyed are not considered part of the damage
function. For small trees, impacts tend to be on an
all-or-nothing basis, where the tree is either comple-
tely lost or not effected. Hence, these sizes are not
common in the category of partially damaged trees.
Larger trees are not generally destroyed on skid trails
or completely flattened or broken during felling, and
hence figure more prominently among the partially
damaged fraction.

In the model, these functions are applied in the
following way. Harvesting is simulated by selecting
eligible trees, according to the logging rules given.

140 -
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120 - _
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=
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The count of trees removed gives the harvesting
intensity. From the regressions on Fig, 5, the direct
mortality and damage due to logging are calculated.
Using the functions on Fig. 6, these are calculated
for each cohort as a function of its DBH. Mortality
is applied by reducing the residual stock of the
cohort. Damage is applied by splitting the cohort into
proportionate damaged and undamaged fractions,
which will thereafter follow their own distinct growth
patterns.

7. Evaluation of model performance

CAFOGROM was evaluated for accuracy by com-
paring projections of the experimental plots with the
observed values. The first example illustrated is the
experiment RP12 at Tapajos km 67. This experiment,
as has been noted, was logged quite heavily some 2
years prior to plot establishment in 1981, Subse-
quently, no further treatments have been applied.
Fig. 7 shows simulation results. For commercial
species, actual volumes of trees over 45 cm DBH
grew from 32 to 44 m® ha™' over the period 1981

] Py/ o

20 S
0 T . T . T . . \ - )
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000
Year

Fig. 7. Simulated and actual volume development, RP12, Tapajos. Data poinis are means of 36 PSPs,
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to 1997 (16 years), or a mean annual increment of
0.75 m® ha~! year . The simulator shows an MAI of
1.0m> ha! yf:ar‘l over the same period, somewhat
overestimating growth. A similar overestimation
occurs for the volume of all species over 45cm
DBH. The actual MAI over the 16-year period is
2.56 m” ha~! year™!. The model projects a growth
of 3.13 m* ha™! year™'over the same period.

For experiments RP11 and RP14 at Tapajos km 114,
commercial volume projections are quite accurate, as
shown in Fig. 8. Volumes on the control plots (RP14)
decline slightly over the period, from 108 to 105 m®
ha~" on the actual plots, or from 110 to 108 m* ha™' in
the model. The treated stands (RP11) were harvested
in 1983. The simulation of this treatment appears to be
very effective, tracking exactly both the combined
effect of removals and damage, and the subsequent
development of the stand. The rather flat line that is
seen in fact belies a complex combination of post-
felling mortality, recruitment, and growth, whose net
effect over the 12-year period from 1983 to 1995 is to
result in an actual MAI of 0.39 m® ha ' year 'for
commercial volume over 45 cm DBH. As the graph

indicates, the model over this period projects an
almost identical result.

The differences in growth and response between
RP11 and RP12 are associated with differences in
species composition, especially in the advance
growth. There may also be site effects, but these have
not been studied to date. The species effects are,
however, clear. The RP12 site is richer in Jacaranda
and Didymopanax in the advance growth sizes of 20—
30 cm DBH. It is clear from the model that these faster
growing species account for much of the difference in
the dynamism of the RP12 plots, versus the relatively
static growth at RP11. As Alder (1998b) found in
Papua New Guinea, species composition alone can
account for much of the variation in growth rates
between different natural forest sites.

The overestimation of growth by the model at
RP12 appears to be associated with the weakness of
the diameter increment function. As has been dis-
cussed relative to Figs. 1 and 2, this function tends to
overestimaie growth on larger trees. Generally,
detailed comparisons between CAFOGROM and
the various experiments show that the model replicates
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the main features of stand growth and dynamics,
including:

¢ An increase in increment following felling. Gen-
erally, the model is less dynamic than actual stands
with current calibrations, but adjusting the incre-
ment multiplier relative to the fitted regression (Eqg.
(4)) can compensate for this.

e A sharp increase in mortality following felling.
CAFOGROM reflects this fairly well.

s Increased but exponentially declining recruitment
after felling. This is modelled very accurately for
RP12 data, and reasonably well for Jari plois (RP
21, RP 25). The plots at RP 11 have higher recruit-
ment in the baseline state, and somewhat lower
recruitment after disturbance. The reasons for these
differences are not known.

# Tendency of basal area to an equilibrium at about
32-33 m® ha ! within 3040 years after felling. At
this level, recrvitment, mortality and increment
balance. The equilibrium level is very sensitive
to mortality rates, and less sensitive small adjust-
ments to either the increment function or recruit-
ment rates. Small changes to the mortality limit, of
the order of 0.1 m*ha 'year™ can produce
changes of the order of 2-3 m*ha ' in the equili-
brium basal area.

e The conventional features of stand structure, in the
form of the reverse J-shaped diameter distribution,
and the distribution of basal area by size classes
(Korsgaard, 1992). CAFOGROM reflects these
well in long-term simulations, although there are
indications that trees tend to remain in the smaller
size classes a liitle to long. This may also reflect
inadequate mortality in these components.

8. Discussion

Calibration of the version of CAFOGROM
described here shows that the model is sensiiive to
several parameters which may need to be refined or
improved in future. The shape of the diameter incre-
ment function sensitively influences the transition rate
of trees from the smaller to larger size classes, and
effects the size class distribution. With long-term
projections, too few trees tend to grow into the largest
sizes. This effect is not apparent with the evaluations

made here, over 15-17 years, but is seen in the shape
of the diameter class distribution in very long projec-
tions. Different species groups may require different
functional forms for an optimum result. The use of a
standard, automatically-fitted regression for ail spe-
cies groups may not be the best approach. A decision-
tree method will be considered in future to select from
among alternative functional forms when fitting the
diameter increment model.

As has been noted, mortality is a sensitive para-
meter which effects net stand growth rates and equili-
brium basal area. Mortality is difficult to measure and
relate functionally to other parameters, due to the large
sample sizes required. Also, as several studies show, it
can be influenced over quite long periods by past stand
disturbance (e.g. Whitmore, 1989),

Recruitment is also a sensitive parameter, with a
distinctive pattern of lags relative to the timing of
stand disturbance (reflecting the time needed for
seedlings to reach the defined recruit size, which is
5 cm DBH for CAFOGROM). Tt is a very stochastic
phenomena, as many random factors extrancous to the
model influence the occurrence of heavy seed falls
{e.g. weather patterns, phenological rhythms, inunda-
tion, forest fires). The growth characteristics of
recruits and small trees strongly and sensitively influ-
ences longer term projections from the model. The
currently available evaluation data (12-17 years) is
too short a series to fully test how successful the model
is in emulating these processes, This sensitivity to
small-sized tree distribution also means that conven-
tional commercial forest inventories according to
current standards in the Brazilian Amazon are almost
useless as a starting point for model simulations.
These tend not to measure trees below 30 cm diameter.
For simulation purposes, a sub-sample of trees down
to at least 10 cn DBH 1is essential for projections over
3040 years or more.

The version of the model described here does not
consider site variation. The means by which a site
factor can be incorporated in this type of model has
been explored for the related PINFORM model in
Papua New Guinea {Alder, 1998b). The experience
there suggested that site variation could account for
growth variation over a range from +30% of the mean
stand basal-area growth rate within the lowland tro-
pical forest type. It can therefore substantially infiu-
ence estimates of annunal allowable cuts and
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appropriate felling cycles, and is an important factor to
be considered in future. The available data sets for
CAFOGROM, which are concentrated on experimen-
tal plots at three localities, are not ideal for this
purpose. It is however likely that in future other
permanent sample plots established within the Ama-
zonian region may be included within the analysis.

In spite of these limitations, CAFOGROM can
provide some useful insights into the management
of Terra Firme forests in Amazonia. The short-term
projections shown in Figs. 7 and 8 jndicate commer-
cial volume growth (DBH 45 cm and above) ranging
from 0,39 to 1.0 m® ha™! year ', In this the model and
the actual data are in close agreement. Longer projec-
tions with the model suggest that these divergent rates
will tend to converge to a rate of about 0.6—
0.7m® ha~! year™' at both sites as stand structures
normalise and species composition diversifies. The
current differences relate to substantial differences in
the stand structure, species composition, and recruit-
ment after felling. The model is quite successful in
emulating these differences over the period studied.
The accuracy of longer term projections remains to be
seen.

It is beyond the scope of this paper to present in
detail the implications of CAFOGROM for forest
management. The mode! provides a flexible tool
allowing many parameters of forest management to
be varied and tested in their effects. However, like any
model, the results of such simulations are only as good
as the model itself. The present paper has concentrated
on describing the empirical basis of the model and the
results of its evaluation against two series of sample
plois measured over 12-17 years. The further impli-
cations for forest management will be considered in
other publications.
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