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Summary Volume growth and survival (VGS) graphs,
which show volume growth rate and risk of mortality for indi-
vidual trees (or tree size classes), have been proposed asatool
for assessing the validity of models that describe the devel op-
ment over time of tree size distributions within forest stands.
We examined the utility of the VGS method in eval uating four
process-based models. The performance of the models
FORSKA, 4C, MORG, and PipeQua is analyzed against
long-term datafrom a Scotspine stand in Evo, Finland, and the
models FORSK A and 4C are al so assessed with respect to data
from a beech stand in Fabrikschleichach, Germany. Compari-
son of the measurement-based VGS graphs with those pro-
duced from the model-based data shows that although the
models yield similar stand-level predictions, they can differ
widely in their projections of individua tree growth and size
distributions. Examination of the discrepancies between mod-
elsand datainthe context of theV GSgraphsrevea sseveral ar-
eas in which the models could be improved. We conclude that
the method is useful in model evaluation, especialy if usedin
combination with indicators of stand structure, such as the
height/diameter ratio.

Keywords: model evaluation, size distribution, Pinus sylv-
estris, Fagus sylvatica, stand structure, permanent sample
plot.

Introduction

Evaluation of process-based stand growth models is difficult
because of the complexity of the models, and in many cases,
the absence of appropriate data. Few comprehensive tests are
available, although some models have been tested for a few
variables a a time. Several models have been evaluated in
comparison with short-term stand-level fluxes of water, car-
bon, and nitrogen measured at intensively studied sites (e.g.,
Grinsven et a. 1995, Ryan et al. 1996). Other tests have been
conducted with stand-level forestry data, such as basal area,
volume, or dominant height (Makel& 1988, Sievanen 1993,
Landsberg and Waring 1997, Vaentine et al. 1997, Bartelink
1998). However, although the models are based on individual
trees, model predictions concerning the growth of individual

trees at different positions in the stand have seldom been
tested.

In one of the few tests focusing on individual trees, Korol
et a. (1996) evaluated the performance of the model
TREE-BGC against field measurements. They compared size
distributions and growth of individual trees after 20 simula-
tion years, and aso performed a qualitative analysis of
long-term stand dynamics over a 100-year period. Lindner et
al. (1997) compared simulated forest structures of the forest
gap model FORSKA with long-term observations from a
beech forest. Strong deviations from measured height:diame-
ter ratios and size distributions were observed, athough
stand-level characteristics were simulated redlistically. The
graphical analysis of simulated and measured stand structures
proved useful in model evaluation and improvement.

One of the main obstacles in conducting tests on individ-
ual-tree growth has been thelack of data. But thereare usually
ample conventional forest mensuration data available, includ-
ing tree number versus diameter, height or volume. A method
for testing process-based models on the basis of such data
would be of great value.

Sievanen et a. (2000) introduced volume growth and
survival (VGS) graphs for evaluating models with respect to
the development of size distributions. In VGS graphs, the
growth rates of treesin different size classes are plotted rela-
tiveto each other, and therelative mortality ratesare plotted as
a function of relative tree size. The VGS graphs show stem
volume growth and mortality of treesin size classeson arela-
tive scale. Asshown by Sievanen et al. (2000), for therealistic
prediction of size distributions forest growth models must
yield VGS graphs that agree with field measurement data, al-
though additional tests are required to validate model predic-
tions of absolute growth and mortality rates. Because VGS
graphs can be generated by most process-oriented individ-
ual-tree-based models, such graphs offer a potentialy useful
tool for testing one aspect of model accuracy.

We have evaluated four process-based models by
comparing VGS graphs generated by the models with VGS
graphs based on measurement data from two stands. The be-
havior of the modelsis discussed in the context of the VGS

graphs.
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The models

We tested the performance of four models of stand growth.
Models FORSKA and 4C are gap-type models devel oped for
areas of mixed stands, whereas models MORG and PipeQual
have been developed and parameterized for even-aged stands
of Scotspine (PinussylvestrisL.) in Fenno-Scandia. All of the
models are based on the carbon balance of individual trees, in-
cluding submodelsfor photosynthesis, respiration, and carbon
alocation. They represent stand structure in terms of size
classes of trees; i.e, they are distance-independent. Natural
mortality is represented by functions that depend on tree size
or carbon balance or both. All four models simulate a full
stand rotation. Earlier comprehensive references are available
for FORSKA (Prentice et al. 1993, Lindner et al. 1997) and
MORG (Sievanen 1993). Models 4C and PipeQua are cur-
rently under development and will be more thoroughly de-
scribed below. Table 1 summarizes some characteristics of the
models.

FORSKA The FORSKA model isagap-typemodel that was
originally developed to simulate forest dynamicsin Scandina-
via(Prentice and Leemans 1990, Prentice et a. 1993). It simu-
lates growth, regeneration and mortality of individual treeson
small forest patches, based on more mechanistic formulations
of tree growth than most earlier gap models(cf. Bugmannet al.
1997). Net growth of atreeiscalculated by integrating the bal -
ance of net assimilation and respiration of leavesin different

crown layers over the canopy. Growth is converted to height
and diameter growth by empirical constants and relationships.
Mortality is a combination of an intrinsic mortality rate de-
pending on maximum age for the species (Botkin et al. 1972)
and astress-induced mortality based on the relative growth ef-
ficiency of theindividual tree.

In this study, we employed a version of FORSKA that was
adapted for applications to northeast Germany and includes a
modified height growth function asdescribed in Lindner et al.
(1997). Height growth of individual treesin thismodel version
depends on the competitive status of thetree aseva uated from
the relative radiation flux density in the centre of the tree
crown.

FORESEE (4C) The model 4C (‘ FORESEE' —Forest eco-
systemsin achanging environment) was devel oped to describe
long-term forest behavior under changing environmental con-
ditions (Bugmann et a. 1997). The model includes descrip-
tions of tree species composition, forest structure, and total
ecosystem carbon content aswell asleaf areaindex. Establish-
ment, growth and mortality of tree cohorts are modeled on a
200-m? patch on which horizontal homogeneity is assumed.
The model simulates explicitly the availability of water and
nutrients for individual trees, based on the assumption of
scramble competition (Krebs 1994). It also incorporates com-
paratively detailed submodels of heat flux, water, carbon and
nitrogen dynamicsin the soil. The annual course of net photo-

Table 1. Comparison of some model characteristics significant for the present study.

Characteristic FORSKA 4C MORG PipeQual
Purpose Growth and succession in Growth and succession in Growth of pure Scots pine Growth and wood
natural and managed forests  natural and managed forests ~ stands in different regions quality in Scots pine;
subject to climate change subject to climate change management through
stocking and thinning
Species Multiple; pine and beech Multiple; pine and beech Monoculture; pine Monoculture; pine
Time step 1year Multiple (1 year, 1 week, 1year 1year
1 day)
Productivity Maximum productivity per Dependent on the temporal Maximum productivity per Maximum productiv-

Treeinteractions

Diameter growth

species reduced by response
functions for temperature,
drought, N-availability

Shading, through
photosynthesis

Pipe model

patterns of radiation, temp-
erature, water and N avail-
ability and CO,

Shading, through photo-
synthesis; competition for
water

Pipe model

Proportional to foliage
growth and relative radiant

Height growth Allocation between height

and diameter based on relat-

iveradiant flux density flux density
Mortality Maximum age; relative

growth efficiency

Carbon balance; shade
tolerance

unit area, regional para-
meterization

Shading, through photo-
synthesis and crown rise

Pipe model

Allocation between height
and diameter based on
radiant flux density

Diameter and diameter
growth

ity per unit area, calib-
rated for each site

Shading, through
photosynthesis; phys-
ical space, through
crown rise and mort-
ality

Pipe model

Allometric relation
ship between foliage
and crown length;
crownrise

Diameter and diameter
growth; crown cover-

age
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synthesis is formulated mechanistically as a function of envi-
ronmental factors (temperature, water and nitrogen
availability, radiation, and CO,) (Haxeltine and Prentice
1996). The share of any tree cohort in total stand gross
photosynthetic CO, assimilation is proportional to thefraction
of photosynthetic active radiation absorbed by the cohort. The
description of allocation patternsis derived from the model of
Makela (1986), with an extension that responds dynamically
to water and nutrient limitations. The model aso includes a
simplified phenology scheme based on the work by Kramer
(1995).

The mortality model is a development of models by Keane
et al. (1996) and Mékeldand Hari (1986), where the mortality
rate of atree cohort is based on the growth behavior of the co-
hort. Itiscal culated asafunction of the number of yearswitha
negative foliage increment and parameterized depending on
the shade tolerance of the species. Thus, differencesin growth
rates of the tree cohorts result from their different share in
stand gross assimilation, which defines the total amount of
carbon to be partitioned. Additionally, height growth of trees
dependson therel ative radiation in the center of thetree crown
(Lindner et al. 1997).

Different integration steps are used for the various
submodels, ranging from a daily time step for soil water dy-
namics, more than one week for soil carbon and nitrogen dy-
namics and the simulation of net primary production, to an
annual time step for tree demography and carbon allocation.
Hence the model requires weather data (i.e., temperature, pre-
cipitation and solar radiation) with adaily resolution that can
be provided by a weather generator (Burger 1997). Currently
the model is parameterized for three tree species, beech
(Fagus sylvatica L.), Scots pine (Pinus sylvestris L.), and
spruce (Picea abies (L.) Karst.).

MORG The model MORG (Sievanen 1993, Sievanen and
Burk 1993) is a process-based, stand growth model that pre-
dictstree dimensions. The MORG model uses simple expres-
sionsfor photosynthesis, other aspects of physiology, and tree
structure, to derive growth of diameter and height. The basic
unit in MORG is a tree responding to its light climate. Tree
growth is based on the standard carbon balance method (e.g.,
Landsberg 1986). The stand isdescribed asacollection of trees
in size classes, the members of which arerandomly distributed
over the area of interest. Stand growth can be aggregated from
the growth of individual trees and the number of membersin
each size class. Because distance to neighboring trees is not
used in evaluating the environmental conditions, MORG can
be termed a distance-independent, individual-tree growth
model.

MORG assumes (referring to an even-aged stand) that the
height of the crown base is the same for al trees (except for
thosein which relative height of the crown base would exceed
amaximum,; their crown baseis at alower height). The reces-
sion of the crown base is treated as a stand process controlled
by the crowding of trees; when crowding, measured as the
stand cross-sectional area at the crown base, increases, the
crown base recedes. The height of the crown base affects the
amount of foliage and height growth of thetrees. Treesurvival

isdealt with by an empirical model that depends on diameter
anditsgrowth rate. The M ORG model has been parameterized
for Scots pine in southern Finland growing on soils ranging
from poor tofertile. Thus, MORG did not requiretuning or pa-
rameter estimation for the present study.

PipeQual PipeQual was developed to simulate the
branchiness and other timber quality characteristics of trees of
different sizesin a Scots pine stand (Makelé et al. 1997). It
consists of a whole-tree growth model, CROBAS (Mé&kela
1997), and modules that describe the whorl and branch struc-
ture of the tree. The whole-tree model is based on carbon bal-
ance, and allocates carbon to maintain some structural
relationships, such as the pipe model. A special characteristic
of the model isthe derivation of crown rise and conseguently
height growth from a carbon allocation strategy dependent on
crowding (M&kela 1997).

Thewhole-tree model can berunin different stand configu-
rations and under different assumptions about tree interac-
tions. In the version of PipeQual used here, a stand consists of
sizeclassesof individual trees, characterized by amean tree of
the class, trees of each class being randomly distributed in
space. |nteractions between trees are described through asim-
ple presentation of crown and stand geometry that not only af -
fects shading, but also has a direct effect on crown rise and
mortality. Theformulations used here are extensions of an ear-
lier study where the stand consisted of one size class only
(M&kela 1997).

Crown geometry is described through the shape of the
crown envel ope, which was assumed to be conical, tree height
and height of the crown base in each tree class. Stand-level
photosynthesisiscalculated using ananalog of the Beer-Lam-
bert law (M&keld 1997), and is distributed between the size
classes based on a modification of the scheme suggested by
Sievanen (1993). The crown coverage affecting treeclassi, C;,
is defined as the sum of the crown coverage at the crown base
of thetree class, including itself (Cic), and that at the top of the
tree class (Ciy):

Ci=Ci+ G )

In the case of onetree class only, this definition reducesto the
sameasthat used by Mé&kela(1997). Thecrownrisestrategy, s
(M&kela 1997) depends on C, asfollows:

s=min{1,C, @

where g isaparameter. If s=0, thereisno crownrise, and if
s=1, crownriseis so heavy that no net foliage growth can be
maintained.

The mortality function is a combination of two major ef-
fects, crowding and random causes. In addition, the crowding
effect has been combined with an empirical function where
mortality depends on the growth rate and tree size (Belcher et
al. 1982, Sievanen 1993), afunction also used in MORG. The
mortality equation is hence:

M =[m, +m,(dD, D1.3)Cip]N1 ©)
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wherem, and p are parameters and m,(dD, 5, D, 5) isafunction
dependent on the growth and val ue of the breast height diame-
ter.

Thewhorl and branch modules of PipeQual alow for thein-
clusion of parameters dependent on distance from the tree top
to the whorl. Some of these parameters were made dependent
on treeinteractionsin an earlier version of PipeQua (Makela
et a. 1997), but to make the analysis easier to interpret, such
relationships have been excluded. Furthermore, the assump-
tion underlying the original CROBAS model (Méakela 1997)
that increasing crown size reduces photosynthesis, presum-
ably through an effect on water relations, has been relaxed.
Differences in growth between trees in this version of
PipeQual are hence simply caused by (1) shading, (2) theratio
of respiration to gross photosynthesis, which is a function of
size and form, and (3) alocation, which also depends on the
local environment through the crown rise strategy. Differ-
encesin mortality are caused by (1) direct differencesinthelo-
cal environment through crown coverage, (2) differences in
growth rate, and (3) differencesin size.

Data

Model outputs were compared with two sets of forest mensu-
ration data from long-term permanent plot experiments with
Scots pine in Evo, Finland and beech in Fabrikschleichach,
Germany. The MORG and PipeQual models were tested
against only the Evo data, because parameter values were not
available for beech, whereas FORSKA and 4C were run for
both the Evo and Fabrikschleichach sites.

The Evo data are for a Scots pine stand on medium to poor
soil (siteindex 22 m at base age 100 years). Mean annual tem-
perature is 3.3 °C. The stand was established from seed in
1880 and was 46 years (growing periods) old when the experi-
ment was established in 1925. There are two plots, thinned
(2500 m?) and unthinned (1429 m?), and the natural stand was
included in the test. The plots have been measured nine times
between 1925 and 1989. The measurements include diameter
and height for each treein the plot, and in the two most recent
measurements, the height of the crown base aso. Volume
growth rate was derived from the differencesin height and di-
ameter between two consecutive measurements, together with
standard functions for stem form. Mortality in each diameter
class could also be derived from individua tree measure-
ments. In addition to Scots pine, the plots contain some larch
(Larix decidua Mill.), comprising about 15% of the total stem
number and basal area. For thistest, the treeswere pooled, be-
cause no large differences could be detected between the spe-
cies.

The Fabrikschleichach datawere from abeech thinning trial
in Bavaria, Germany (Franz et al. 1993). The trial consists of
three plotsof 0.369 hawith light, moderate and heavy thinning
from below, respectively. The trial was established in 1870
when the stand was 48 years old, and subsequent stand mea-
surementsweretaken every 5to 15 yearsuntil 1990. The mea-
surements include individual-tree heights and diameters, and
were processed in the same way as the Evo data to obtain vol-
ume growth and mortaity. The site is located in the
submontane vegetation zone, 460 m above sealevel, on afer-

tilewell-watered soil. The mean annual temperatureis6.4 °C.
The site index (base age 100 years) at Fabrikschleichach was
estimated at 28 min 1870, but hasincreased to 30 m at theend
of the observation period. The enhanced stand productivity re-
flects a trend seen in many European forests (Spiecker et a.
1996); however, it is not certain which factors (e.g., nitrogen
deposition, or increasesin either CO, concentration or temper-
ature) are responsible, or to what extent, for this trend at the
Fabrikschleichach site.

Smulation experiment

Wereport asimulation experiment with the four models. Spe-
cifically, we compared model resultsfor stand-level variables,
tree structure, and the VGS graphs with the respective field
data from the two sites.

Initialization The data sets include information about tree
height and stem number in diameter classes at particular time
intervals. Because the model s are based on the carbon balance,
they also need initial information about biomass components,
most importantly, the foliage mass of the trees. All the models
make use of some conservative structural relationshipsthat re-
ducetherequirementsfor initialization data. The height of the
crown base, for example, proved sufficient to estimate the
foliage mass by means of regression equations based on vari-
ousinventory datasets. Theinitial sizedistributions generated
by each model based on these three input variables are shown
in Table 2. For example, MORG and 4C utilized the height of
the crown base to estimate the basal area at crown base from a
standard taper curve, then used thisasabasisfor thefoliage es-
timate. PipeQual estimated the amount of foliagedirectly from
crown length with an allometric equation, and FORSK A used
the diameter at breast height in combination with an empirical
parameter and the assumption that sapwood pipesareaivefor
acertain period of time.

Sand-level results of the models  The models were first ad-
justed for standard stand-level measurements: stocking, mean
diameter, and stem volume. For this, the models were initial-
ized based on the ol dest field measurementsfor both sites (Ta-
ble 2) and run over the measurement period. The model results
at the end of the measurement period were then compared with
the corresponding field measurements. Some of the parameter
values, mainly related to overall site productivity, were
changed to provide the right order of magnitude of growth for
thetest sites. Theresultsfor pinein Evo are shownin Figure 1
and those for beech in Fabrikschleichach are shown in Fig-
ure 2. Note that stem volume for beech includes branches in
FORSKA (2c). The model 4C underestimates the absolute
stem volume for beech (2c), although its projection of the qua-
dratic mean diameter isrealistic (2a) and thereisonly slight de-
viation from data in stem number (2b). This suggests that 4C
underestimates height growth (see Figure 4c below).

Stand structure  Stand structure is conventionally described
intermsof diameter distributionsand height:diameter relation-
ships. Model predictions of size distributions were compared
with data after 56 (pine, Figure 3a) and 80 (beech, Figure 44)
simulation years, respectively. Therelative diameter distribu-
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Table2. Initial sizedistributions used for the pine and beech stands at Evo and Fabrikschleichach. Abbreviations: D13 isbreast height diameter, H
istree height, H is height of the crown base, and N is stocking density.

Diameter class 1 2 3 4 5 6 7 8 9 10
Evo, Pinus sylvestris Age 46
D13 (cm) 35 55 75 95 1 12 135 155 175
H (m) 4 54 7.2 9 10.2 10.9 11.7 135 14.4
H¢ (M) 3 38 4.7 53 5.6 57 58 58 58
N (ha™) 609 962 860 384 211 99 167 71 41
Evo, Pinus sylvestris Age 78
D;3(cm) 75 9.5 115 135 155 175 195 215 235 255
H (m) 10.5 11.9 13.7 15.1 15.9 17.2 17.6 184 19 19.3
H¢ (M) 74 8.1 8.9 9.5 9.7 10.1 10.2 104 10.6 10.6
N (ha %) 98 259 280 189 197 167 119 77 42 28
Fabrikschleichach, Fagus sylvatica Age 82
D, 3 (cm) 7.4 10.1 12.9 15.9 19.1 22 25 27.9 30.8 34
H (m) 10.9 14.1 16.7 19 20.8 22.2 234 24.4 25.2 26
H¢ (M) 74 94 109 122 131 137 142 14.6 149 152
N (ha %) 144 339 263 225 209 155 119 68 46 16
Fabrikschleichach, Fagus sylvatica Age 128
D33 (cm) 18.9 225 25.8 304 34.2 37.8 419 45.8 49.6 55.4
H (m) 255 27.3 28.7 30.2 31.2 31.9 32.7 333 338 344
H¢ (M) 16.9 17.6 18.1 18.6 18.8 19 191 193 193 194
N (ha ) 8 68 106 87 73 89 46 1 8 2
25 . (a EvVO tion was also plotted to compare the rel ationships between the
€T 20 | different size classes (Figures3b and 4b). Lindner et al. (1997)
@ o | . . .
ET 15 found that graphs of tree height versus diameter were useful in
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Figure 1. Stand-level predictions of the models for the Evo site. (a) Figure 2. Stand-level predictions of the models for the Fabrik-
Quadratic mean diameter (cm), (b) stand density, and (c) stem volume schleichach site. (a) Quadratic mean diameter (cm), (b) stand density,
(m® ha™Y). PipeQual has been abbreviated as PipeQ in the figures. and (c) stem volume (m® ha™).
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Figure 3. Predictions of stand structurefor the Evo siteat Age 102. (a)
Cumulative diameter distribution, (b) relative cumulative diameter
distribution, and (c) height—diameter relationship.

assessing stand structure at different times. Figures 3c and 4c
complement theinformation obtained from the diameter distri-
bution. Figures 3 and 4 give aclear picture of whether amodel
can reproduce stand structure at a particular time.

Volume growth and survival graphs The stand structuresin-
dicated by Figures 3 and 4 depend on the relative growth and
mortality of thetreesinthesize classes, manifestedinthe VGS
graphs. To relate the predicted stand structure to the differ-
ences in growth and mortality implied by the models, these
graphswere computed on two occasi onsduring the simul ation:
Y ears46 (Figure5) and 78 (Figure 6) for Scotspineand Y ears
82 and 128 for beech (Figure 7). In theseruns, the modelswere
initialized with data for the respective year, to avoid differ-
ences caused by an accumulating deviation from the actual
stand structure (Table 2). Survival graphswere not constructed
for beech, because the field data did not distinguish between
natural mortality and thinning.

Results and discussion

Currently, akey question in process-based forest growth mod-
eling is how tree growth responds to the variable local envi-
ronments in a stand. One of the response mechanisms is
thought to be the allocation of growth, such that a certain re-
duction inintercepted light, or annual net photosynthesis, may
not necessarily result in asimilar reduction in growth if trees

(a) FAB Age128
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Figure 4. Predictions of stand structure for the Fabrikschleichach site
at Age 128. (a) Cumulative diameter distribution, (b) relative cumula-
tive diameter distribution, and (c) height—diameter relationship.

of a stand are compared (Albrektson and Valinger 1985). To
validate our model results, we must therefore be able to test
the distribution of relative growth implied by the model be-
tween trees of different size and position. Weillustrate such a

1 (a) EVO
0.8
$ 06 i
3
3 04—
02 -
] i } |
0 0.2 04 06 0.8 1

relative diameter

s/s*

02 - () EVO
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o DATA —=—PipeQ —+MORG
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Figure 5. VGS graphs in the models compared with the Evo data at
Age 46. (a) Volume, and (b) survival.
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Figure 6. VGS graphs in the models compared with the Evo data at
Age 78. (8) Volume, and (b) survival.

test using the VGS graphs developed by Sievanen et al.
(2000).

We conclude that stand-level tests are not sufficient for
evaluating an individual-tree based model. Thisismost clearly
illustrated by the results of MORG and PipeQual, which pro-
vided fairly accurate predictions for the stand-level variables
shown here, but failed to reproduce the shape of the diameter
distribution after a 56-year simulation. PipeQual overesti-
mated the proportion of small trees, probably becauseit under-
estimated their relative growth rate in the early phase of the
simulation (Figure 53). The model MORG erred in the oppo-
site direction: the proportion of small trees was underesti-
mated, whereas growth of small trees was disproportionately

1.0
(a) FAB Age 82
0.8
o DATA
% 06 + —=4C

S04 | |~ FORSKA

0.2 { A
0.0 >0 L s i
0.0 0.2 04 0.6 0.8 1.0
relative diameter
10 i (b) FAB Age 128
0.8 { o DATA
506  ™4C o o
3
S04 FORSKA .
o
0.2 % g
0.0 0.2 04 06 0.8 1.0

relative diameter

Figure 7. VGS graphs for volume in the models compared with the
Fabrikschleichach data. (a) Age 82, and (b) Age 128.

large compared with growth of the larger trees.

In contrast, the resultswith FORSK A illustrate that an accu-
rate prediction of the diameter distribution or the VGS graphs
is not sufficient for the model to perform adequately at the
stand level. For the Evo runs, FORSKA showed good agree-
ment with datafor the V GS graphsfor volume and reproduced
the measured diameter distribution, but the prediction of total
volumewas grossly underestimated (Figure 3). Thereason for
the underestimation of stem volumeisseeninthegraph of tree
height versus diameter (Figure 3): the predicted tree height of
FORSKA isfar too low, probably because the allocation be-
tween height and diameter was parameterized for the Central
European rather than the northern pine region. This empha-
sizes that the VGS graphs represent relative growth and sur-
vival of trees, whereas model predictions of absolute growth
rates have to be tested by other means. Further, because mor-
tality occursin pulsesin FORSKA, the rather flat V GS graphs
for mortality are unrepresentative of average mortality in the
model. The pulsesare al so the cause of the step-like size distri-
bution.

The FORSKA results indicate that the VGS graphs do not
give a complete picture of stand dynamics. Because they are
concerned with volume growth, no information on how this
growth isdistributed between diameter and height increments
can be inferred. The graph of tree height versus diameter is
therefore a useful additional tool for the analysis of stand
structure, asnoted by Lindner et al. (1997). Thisisfurther em-
phasized by comparison of the results obtai ned with PipeQual
and MORG with those obtained with FORSKA and 4C. Fig-
ure 3 shows that PipeQual in particular, but also MORG, pro-
duced arealistic description of the allocation between height
and diameter growth. This seemsto override the discrepancies
between the measured and predicted VGS graphs for volume
(Figure 5 and 6) in those models, such that the overall model
predictions of PipeQual and MORG are more in keeping with
the test data than those of FORSKA and 4C which, however,
aremoreaccurateintheir predictions of the VGSgraphs. This
is probably caused by the propagation of error from stand
structure to the VGS graphs in model simulations, whereas a
realistic stand structure will give rise to more realistic VGS
graphs. Indeed, V GS graphs based on datafrom PipeQual and
MORG remained quite similar to those based on measurement
data throughout the long-term simulations, unlike the VGSs
based on data from FORSKA and 4C.

The discrepancies between the models and the data can be
analyzed further by investigating the contributions of treesize,
photosynthesis, respiration, and allocation to the form of the
VGS graphs. This can be done using the concept of growth ef-
ficiency (GE) (Waring and Schlesinger 1985), defined as the
growth rate of stem volume (Gs) per unit foliage mass (or area)
(W). Stem volume growth is hence

G, =GEW,. 4

Foliage mass represents the impact of tree size on volume
growth, whereas GE incorporates the combined, size-specific
effect of photosynthesis, respiration, and alocation of total
growth to stems. These depend on avariety of factors, includ-
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ing shading, acclimation of specific leaf area, and the ratio of
respiring biomass to foliage. A description of these relation-
shipsis an integra part of any process-based model, but the
methods of implementation vary greatly among models. Fo-
liage mass, on the other hand, isusually astraightforward state
variable (e.g., inall themodelsused here), or an algebraic vari-
able computed from stem dimensions (e.g., Shugart 1984).

In both the Evo and Fabrikschleichach data, the relationship
between diameter and volume growth resembles a power
function. Additionally, the relationship between foliage mass
and diameter is known to be of similar form (e.g., Landsberg
1986). We studied this proposition in PipeQua and MORG
and found that variation in foliage mass explained most of the
variation observed in volume growth in the models. Further-
more, the differences observed in the VGS graphs for volume
between PipeQual and MORG could be attributed largely to
the different initialization procedures in the two models con-
cerning foliage mass. On the other hand, the strong correlation
between foliage mass and volume growth largely disguised
the difference between the two models in the relationship be-
tween GE and tree size. However, the significance of foliage
for volume growth was probably larger than normal because
the size range of the stand was large.

We conclude that actual data on foliage mass or area are
necessary for a stringent test of the VGS graphs in pro-
cess-based models. Preferably, the different foliage processes
that contribute to volume growth should be analyzed sepa-
rately. It is necessary for the model to maintain arealistic pro-
portion of foliage in each tree relative to its height, diameter,
and other indicators of size, just as arealistic height:diameter
ratio is necessary, to simulate stand structure correctly, and
hence to reproduce the development of the VGS graphs over
time.

An analysis of the component processes contributing to the
VGS graphs can be useful not only in model evaluation but
also in model development and improvement. The VGS
graphs have already been used asatool for structural improve-
ment in the 4C and PipeQual models. For example, PipeQual
was first run based on the assumption that crown length is an
attribute of photosynthetic efficiency through a postulated re-
duction of water availability in the crown (Hellkvist et al.
1974, Tyree 1988, Makel41997), but thisled to gross underes-
timation of the relative volume growth of larger trees in the
stand. When this assumption wasrelaxed, the VGS graphs de-
rived from the model became more consistent with the mea-
surement data. Similarly, inaformer version of 4C, the growth
VGSindicated that the growth of small and intermediate tree
cohorts was underestimated relative to that of the dominant
tree cohort. This behavior wastraced to the growth model and
its parameterization. Consequently, some sensitive and highly
uncertain parameters (e.g., the sapwood senescence parameter
and the parameter describing the relation between height
growth and foliage growth) wereimproved and changesto the
growth model were carried out: height growth isnow modified
by stand density (similar to the approach of Lindner et a.
1997), and the calculation of light absorption is a function of
crown projection area.

Asaresult of thisanalysis, it is evident that all four models

can beimproved. In PipeQual and MORG, some of theimpor-
tant issues will be the initialization procedure for foliage, as
well as an analysis of the photosynthesis submodels, to im-
prove the VGS graphs for volume. The mortality functions
clearly need improvement with respect to the mortality of the
smaller trees. Further, the comparison of simulated and mea-
sured height—diameter relationship (Figure 3) indicates that
height growth in MORG, which is driven by height of the
crown base, does not work well onthe Evo plot, indicating the
need for re-examination of this model component.

In FORSKA, the VGS graphs for volume are satisfactory,
especially for the Evo data, but the height—diameter relation-
ship requires attention. The problem in the case of Evo may be
solved by re-parameterizing the model for the Finnish pine. In
Fabrikschleichach, FORSK A overestimates the height and di-
ameter of dominant trees and underestimates those of sup-
pressed trees. Accordingly, the VGS graph for growth at Age
128 (Figure 7b) indicates an underestimation of growth of
small trees. This could be explained by the simplification of
the photosynthesis model in FORSKA, which uses only one
light response parameter set for beech, athough it is well
known that shaded beech leaves are more efficient than un-
shaded leaves (e.g., Schulze 1970). The overestimation of
stand volume of beech at Fabrikschleichach may be partly ex-
plained by differences in the definition of volume: the mea-
surements show only stem volume, whereas FORSKA
simulates (aboveground) biomass, which includes branches.

Although 4C produces satisfactory VGS graphsfor volume,
the main concern is the underestimation of growth in the
smaller tree cohorts, which also correspondsto an overestima-
tion of mortality of smaller trees, as indicated by the VGS
graphs for survival. A thorough analysis of the different
submodels of 4C (light interception, photosynthesis and alo-
cation) is necessary, therefore, to explain the unsatisfactory
growth behavior of the small and intermediate tree cohorts.

Use of the VGS evaluation method assessed here requires
data on individual tree growth and mortality in a stand. How-
ever, asit is stem volume growth that is of interest, suitable
data can be derived from forest inventories. Furthermore, a
snapshot of growth and mortality over a period of no more
than 5 years may be al that isrequired. This method is there-
fore easy to use and provides insight into model properties.

Individual-tree, process-based growth model s consist of nu-
merous interrelated model components that make thorough
model validation difficult. Our analysis has shown that VGS
graphs are useful in model evaluation because they show how
deviations from observed stand dynamics can be attributed to
the growth and mortality components in a process-based
model. In particular, if used in combination with indicators of
stand structure, such asthe height:diameter ratio, they provide
additional information on the relative growth of different size
classesof treesthat isof great valuein model development and
improvement.
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