ECOMOD-5247; No.of Pages17

ECOLOGICAL MODELLING XXX (2008) XXX—XXX

journal homepage: www.elsevier.com/locate/ecolmodel

Ig] ECOLOGICAL
DELLING

MOI
ol o

available at www.sciencedirect.com

-=zs
*s’ ScienceDirect

Impact of uncertainty in tree mortality on the predictions of
a tropical forest dynamics model

H. Wernsdorfer®*, V. Rossi®, G. Cornu®, S. Oddou-Muratorio?, S. Gourlet-Fleury®

a8 Unité Dynamique des Foréts Naturelles, CIRAD, TA C-37/D, Campus International de Baillarguet,

34398 Montpellier Cedex 5, France

b Unité Ecologie des Foréts Méditerranéennes, INRA, Site Agroparc, Domaine Saint Paul,

84914 Avignon Cedex 9, France

ARTICLE INFO

Article history:

Received 28 September 2007
Received in revised form 3 July 2008
Accepted 22 July 2008

Keywords:

Sensitivity analysis

Variance decomposition

Input factor bound

Parameter tuning
Individual-based spatially explicit
model

Felling

ABSTRACT

A sensitivity analysis on the impact of uncertainty in tree mortality on the predictions of
an individual-based spatially explicit forest dynamics model (SELVA) was performed. The
model was developed to investigate the impact of felling (logging) on the demography and
structure of tree populations in tropical forests (French Guiana). This study addressed ques-
tions about (1) the relative impact on model predictions of uncertainty in mortality processes
at different stages of tree development; (2) the interactions between the mortality processes
and different felling regimes; and (3) the impact of different felling regimes on the demog-
raphy and structure of tree populations, taking account of answers to (1) and (2). A global
approach of sensitivity analysis based on the decomposition of the output variance was
applied. Based on prior knowledge about model uncertainties, mortality processes at the
stages germinated seed, standing juvenile, standing adult, and tree-fall were focused as
input factors. The input factors were multivariate mortality sub-models involving several
parameters with no explicit biological meaning. Thus, an approach based on confidence
ellipses of parameter estimates was used to vary input factors homogenously, so that the
impact of different input factors on a given model output could be compared. As outputs,
the numbers of living, dead and recruited trees, and the tree diameter structure were anal-
ysed over 336 years of simulation. An additional local sensitivity analysis provided deeper
insights into the relationships between model input and output. The results showed that
standing juvenile mortality was the largest source of uncertainty, ahead of standing adult
mortality, germinated seed mortality and tree-fall. Moreover, mainly standing juvenile mor-
tality interacted with the felling regime, resulting in changes of the diameter structure of
the studied tree population (Dicorynia guianensis Amshoff, Caesalpiniaceae). Felling all trees
>60cm diameter of that population every 42 or 84 years was found not sustainable in the
long term. But enhancing the description of standing juvenile mortality may alter these
predictions. As major conclusions, (i) standing mortality at the juvenile stage should be
modelled thoroughly to ensure reliable long-term predictions, and (ii) the interaction of
standing juvenile mortality and the felling regime may be an important relationship to be
considered in the evaluation of the sustainability of felling regimes.
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1. Introduction

Forest dynamics models are developed to study and predict
the evolution of forest ecosystems, or parts of them, under
natural or managed conditions (e.g. van Gardingen et al., 2003,
2006; Gourlet-Fleury et al., 2005; Huth et al., 2005; Degen et al.,
2006; Kohler and Huth, 2007). Many forest dynamics models
aim at addressing complex relationships, such as the temporal
and spatial interaction of tree growth, mortality and regener-
ation processes. Therefore, they integrate a high number of
ecological processes that are usually described by just as many
sub-models (we refer to the functions or algorithms of one
particular process as sub-model). However, some processes
such as mortality are modelled under considerable uncertain-
ties: due to the long life-cycle of trees, tree mortality is a rare
event (e.g. 1-3% of the living trees, each year, in tropical forests;
Condit et al., 1995), and its accurate description requires the
regular survey of a huge number of trees. Usually, available
samples of dead trees are small (Favrichon, 1998; Alder and
Silva, 2000; Phillips et al., 2003; Gourlet-Fleury et al., 2005).
Moreover, samples of seed and juvenile mortality are scarce
as common forest inventories do not include tree regenera-
tion stages. Thus, a crucial issue is to assess how and to what
extent uncertainty in tree mortality at different stages of tree
development affects the model output. Moreover, the inter-
action between tree mortality and human impact, through
felling, is an important issue concerning sustainable forest
management, particularly in tropical forests (Gourlet-Fleury
et al., 2004).

The issue of uncertainty in mortality modelling was
addressed for different types of dynamics models for tropi-
cal forest stands: matrix models (Picard et al., 2008), cohort
models (Alder and Silva, 2000), gap models (Huth and Ditzer,
2000; Kammesheidt et al., 2001) and individual-based spatially
explicit models (Phillips et al., 2003). However, to our knowl-
edge, no comprehensive quantitative study focussing on both
mortality over a large range of stages of tree development
(germinated seed, juvenile, adult) and interaction effects with
felling has been reported so far in the literature.

To study this issue, gap models and individual-based spa-
tially explicit models appear more suitable than the other
model types, as they rely on a detailed representation of
ecological processes and forest structure. Usually, gap mod-
els describe growth as an ecophysiological process (Bossel
and Krieger, 1994; Kohler and Huth, 1998; Ditzer et al,
2000; Huth and Ditzer, 2000, 2001; Pinard and Cropper, 2000;
Kammesheidt et al., 2001; Kohler et al., 2001; Glauner et al.,
2003). In contrast, many individual-based spatially explicit
models rely on the description of phenomena (e.g. diameter
growth) based on observed data (e.g. longitudinal diameter
measurements) and theoretical knowledge (e.g. about poten-
tial growth and its modification through competition), rather
than describing the underlying ecophysiological processes
(Gourlet-Fleury, 1997; Moravie et al.,, 1997; Gourlet-Fleury
and Houllier, 2000; Phillips et al., 2003, 2004; Robert, 2003;
Gourlet-Fleury et al., 2005; Valle et al.,, 2007). However, a
similarity between the latter models and many gap mod-
els is mortality description on the basis of phenomena (e.g.
mortality rate or probability based on diameter growth or

tree crowding); scientific understanding and data are lack-
ing to describe mortality as an ecophysiological process in
gap models (Keane et al, 2001). As a difference, in gap
models mortality usually affects the number of trees per
gap subunit (canopy layer or tree cohort); in individual-
based spatially explicit models mortality usually affects trees
more specifically, according to their individual characteris-
tics and environment. Thus, the latter models appear most
suitable to study the issue of uncertainty in mortality mod-
elling.

We used the individual-based spatially explicit model of
forest dynamics in French Guiana, SELVA (Gourlet-Fleury, 1997;
Gourlet-Fleury and Houllier, 2000; Gourlet-Fleury et al., 2005).
SELVA allows analysing mortality processes over a large range
of stages of tree development unlike other models of the same
type. But the results should be of interest also for other forest
dynamics models, which rely on a similar basis for mortality
description (i.e. phenomena).

How model input uncertainties propagate on the output
was investigated using methods of sensitivity analysis, aim-
ing at establishing the relative importance of input factors
(Cariboni et al., 2007). We present an approach to deal with
the following problem. In sensitivity analysis, input factors,
mostly model parameters, are usually varied within a cer-
tain range. Parameter ranges may be determined based on
the literature and physical boundaries (Huth and Ditzer, 2000;
Kammesheidt et al.,, 2001), or as fixed percentages of default
values (Battaglia and Sands, 1998; Paul et al., 2003). This is pos-
sible if parameters have an explicit biological meaning such as
a mortality rate. However, in SELVA the mortality probability
of an individual tree is related to variables charactering the
tree and its environment in multivariate (logistic regression)
sub-models. Thus, parameters have only implicitly a biologi-
cal meaning, and another approach to determine parameter
ranges is needed.

The results of our study should address the following ques-
tions: (Q1) what is the relative impact of mortality processes
at different stages of tree development on the predictions
of demography and diameter structure of tree populations?
Implicitly, the question also asks for the processes to be
focused for model enhancement. (Q2) What are the interac-
tions between the mortality processes and different felling
regimes? Based on answers to Q1 and Q2, one should be able to
better interpret model results with respect to the overall ques-
tion the model is intended to answer: (Q3) what is the impact
of different felling regimes on the demography and structure
of tree populations in French Guiana?

2. Materials
2.1.  Model description

SELVA is implemented in the generic software platform CAP-
SIS 4.0 (de Coligny, 2008). The construction and functioning of
SELVA is described in detail by Gourlet-Fleury (1997), Gourlet-
Fleury and Houllier (2000), and Gourlet-Fleury et al. (2005).
Model functions and parameters are given in Appendix A.
SELVA simulates the life-cycles of tree species spatialised
in a forest stand, including processes of regeneration and
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recruitment, growth and mortality. Any recruited focal tree
interacts with its neighbours located within a 30-m radius
through competition, described by competition indices. Forest
dynamics is simulated using a time step of three years. The
tree populations of Dicorynia guianensis Amshoff (Caesalpini-
aceae), the most valuable timber species in French Guiana, and
of any other tree species pooled together are distinguished.

Simulation of the life-cycle of D. guianensis includes a
detailed description of the regeneration and juvenile phases
(Fig. 1). Each tree >1 cm diameter at breast height (dbh) is given
Cartesian coordinates (x and y). Below this dbh, cohorts of
trees within a grid of 10m x 10m cells are simulated.

The regeneration phase starts with seed production and
dispersal by trees >25cm dbh. Seeds die due to random
mortality (fungal rotting and insect predation) and due
to distance-dependent mortality (predation by granivorous
mammals). Overlapping of seed shadows of neighbour-
ing trees creates crowding places where density-dependent
mortality of germinated seeds occurs. The transition of germi-
nated seeds to the juvenile stage includes the stages seedling,
sapling (0.5-1cm dbh) and pre-recruited juvenile (1cm dbh).
Juvenile growth up to the adult stage (increment from 1 to
10cm dbh) is related to the dbh at the beginning of a three
year time step, including stochastic variation. Slower grow-
ing juveniles or juveniles occurring in locally denser stand
areas suffer increased standing mortality. Additionally, juve-
niles can be broken by falling neighbours. Starting from 10 cm
dbh, the average growth of the adult D. guianensis trees is
related to the dbh at the beginning of a time step and modified
by competition, including stochastic variation. Slower grow-
ing or bigger adults suffer increased standing mortality (i.e.
adults die standing as opposed to adult tree-fall described
below).

The life-cycles of any other species than D. guianen-
sis are described for adult trees only (dbh >10cm; Fig. 1).
Each tree is given Cartesian coordinates. Recruitment, i.e.
the number of new trees, is related to local stand density.
Average growth is related to the dbh at the beginning of a
time step and modified by competition, including stochas-
tic variation. Slower growing trees suffer increased standing
mortality.

Tree-fall deaths of D. guianensis and of any other species
rely on the same processes. There are three scenarios of tree-
fall implemented in SELVA: a focal adult tree can fall alone
(primary tree-fall), it can be broken or uprooted by the fall of
a neighbouring tree (secondary tree-fall), or it can fall over at
the margin of newly created gaps (complex tree-fall). Tree-falls
are related to dbh, local stand density or relative position of
trees.

The tree populations of D. guianensis and of any other
species can roughly be characterised by the number of adult
trees per ha: about 9 and 610 trees, respectively (figures of
year 1999 taken from experimental data specified in Section
2.2).

2.2. Model calibration
SELVA was calibrated based on experimental data from

the Paracou field station (5°18'N; 52°53'W) near Sinnamary
in French Guiana (Gourlet-Fleury et al., 2004). It has been

examined in detail (Gourlet-Fleury, 1997; Gourlet-Fleury and
Houllier, 2000; Gourlet-Fleury et al., 2005) concerning log-
ical and biological consistency, statistical properties and
error characteristics of model components (evaluation cri-
teria of forest growth models by Vanclay and Skovsgaard,
1997).

However, there are four processes for which few data were
available. Parameter values of the corresponding sub-models
were empirically adjusted, i.e. chosen or tuned to correctly
render ecological knowledge and hypotheses (Gourlet-Fleury
et al., 2005). The processes are the density-dependent mortal-
ity of germinated D. guianensis seeds, the standing mortality of
D. guianensis juveniles, the standing mortality of D. guianensis
adults and complex tree-fall (for all species).

2.3. Uncertain mortality processes

The four mortality processes described by empirically
adjusted sub-models were supposed a priori to be the
most uncertain input factors of SELVA (Fig. 1). Based on
these processes, we studied how uncertainty in mortality at
different stages of tree development (germinated seed, juve-
nile and adult) affects model predictions. The equations of
the mortality processes (Gourlet-Fleury et al., 2005) are for
the density-dependent mortality of germinated D. guianensis
seeds:

1
Meseed = 7 + exp(a3 dens+bs) ; 1

the standing mortality of D. guianensis juveniles:

1
Mjuv = 1 4 exp(@6-+bs AD+c6 G30) ’ )

the standing mortality of D. guianensis adults:

1
1+ exp(a8+bg AD+cg DdS) ’

and (3)

Mpgstanding =

the complex tree-fall for adults of all species:

1
Mean3 = m~ 4
When a tree >40cm dbh falls, e.g. due to primary tree-
fall, the sub-model of complex tree-fall (Eq. (4)) gives, for
each neighbouring tree of the falling tree, its probability to
fall over as well. The explanatory variables in Egs. (1)-(4)
are: dens=number of germinated seeds per 10m x 10m cell,
AD=mean annual dbh increment (cm/year) during the pre-
vious three year time step, Gsp=1local basal area, i.e. total
cross-sectional area (m?/ha) at 1.3m height of trees >10cm
dbh located <30 m from the focal tree, and D=dbh (cm) at the
beginning of a time step. The parameters are as, bs, ae, be, Cs,
as, bs, cs, dg, a11 and bqq (Table 1 and Appendix A). Notations
are the same as in Gourlet-Fleury et al. (2005).

2.4.  Felling regime

Felling focused on D. guianensis as the most valuable timber
species in French Guiana. The parameters of the felling regime
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Fig. 1 - Outline of the sequence of ecological processes in SELVA describing the life-cycles (regeneration starting from seed
production, recruitment, growth and mortality) of D. guianensis (black arrows and notations) and of any other species pooled
together (grey arrows and notations). Tree-falls of both D. guianensis and any other species rely on the same processes while
all other processes are specific either to D. guianensis or to any other species. D. guianensis trees are simulated as cohorts on
10m x 10 m cells below 1 cm diameter at breast height (dbh), and as spatialised individuals above. Trees of any other
species are simulated above 10 cm dbh as spatialised individuals. Individuals of D. guianensis and/or of any other species
interact with each other through competition. Competition is exerted upon a focal tree by neighbours located within a 30-m
radius. Dashed loops indicate the most uncertain mortality processes.

are the minimum diameter cutting limit (DCL) and the dura-
tion of felling cycles (FC). At a given point in time t after the
beginning tp of a simulation run, either felling (F=1) or no
felling (F=0) occurs according to the following algorithm:

3. Methods
3.1.  Scope of sensitivity analysis

SELVA includes several deterministic, stochastic and non-
linear sub-models (Appendix A). For a given model parame-

) ) terisation, simulation runs must be repeated to account for
0 otherwise the variability generated by the stochastic components of the
sub-models. Hence, a global approach of sensitivity analysis

was required that was free from linearity, additivity and mono-

In the case of felling (F:l), all D. guianensis trees >DCL are tOl’liCity assumptions of the model (Cariboni et al.,, 2007). As
removed. a definition, global approaches assess the effect, on a given

{1 if t=ty+RFC, keN-—{0}

Table 1 - Parameter values of the settings “high mortality”, “low mortality” and “default mortality” for the sub-models of

the processes germinated seed mortality, standing juvenile mortality, standing adult mortality and complex tree-fall

Process High mortality Low mortality Default mortality
Germinated seed mortality as=-0.03 as=-0.02 as =—0.025
b3 =2.25 b3 =3.75 b3=3
Standing juvenile mortality ag=2.35 ag=2.75 ag=2.55
bg=6.5 bg=17.5 be=12
Cg = -0.12 Ce = —0.08 Cg= -0.1
Standing adult mortality cg =—0.0044 cg =—0.0024 cg =—0.0034
dg=1.49 dg=1.33 dg=1.41
Complex tree-fall a;1=2.251 a;; =3.517 a1 =2.884
b11=0.093 b11=0.271 b11=0.182
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model output, of an input factor when all the other input fac-
tors are varying. By contrast, in local approaches the effect of
the variation of one single input factor is assessed while the
other input factors are fixed to their default values (Cariboni
etal., 2007). Global approaches enable to quantify interactions
between input factors, which was necessary to answer ques-
tion Q2.

3.2. Global sensitivity measures

To quantify the impact of one or several input factors on the
variability of a given model output, we used sensitivity mea-
sures based on the decomposition of the output variance. Let
Y =f(X1, X2, X3, X4, X5) be the model function that relates the
five studied input factors X1, Xy, X3, X4 and Xs (i.e. the five sub-
models: four uncertain mortality processes and felling regime)
to an output Y. Referring to Saltelli et al. (2004) and Jacques
(2005), the impact of an input factor X; on the variance of Y
can be evaluated as the decrease of the variance of Y if X; is
fixed to a given value x;* (i.e. if the parameters of a sub-model
are fixed to given values): V(Y|X;=%;*). Given the problem of
choosing the value of x;*, the expectation for all possible val-
ues of x;* is calculated: E[V(Y|X;)]. The higher E[V(Y|X;)], the
lower is the impact of X; on Y. Considering the theorem of the
total variance V(Y)=V[E(Y|X;)] + E[V(Y|X;)], the term V[E(Y|X})],
instead of E[V(Y|X;)], is preferred as an indicator of the sensi-
tivity of Y to X;, since the higher the impact of X;, the higher
is the value of the indicator. Finally, the measure of sensitivity
of Y to X; is defined by normalising this indicator by the total
output variance V(Y):

VIE(YIXi)]
Si= V) ()

This measure corresponds to the first-order sensitivity
index by Sobol’ (1990). Referring to Saltelli et al. (2004), the
impact of the interaction between two orthogonal input fac-
tors on the output Y can be defined in terms of conditional
variances as well, and the conditional variances can be con-
sidered in the context of the general variance decomposition
scheme proposed by Sobol’ (1990). Hence, in the present study
second and third order measures S;; and Sy, were calculated
to evaluate the interaction of two input factors X;, X; and three
input factors X;, X;j, Xm on the output Y, respectively:

Sl} = V(Y) (7)
and

Vijm
Sl}m - V(Y)’ (8)
where
Vi = VIE(YIX))], ©)
Vij = VIE(YIX;. Xj)] - Vi — V. (10)

and

Vijm = VIE(Y[Xi, Xj. Xm)] = Vij = Vim = Vi — Vi = Vj = Vi (12)
In the case of repeated simulation of a given model parameter
setting, the inner means (approximation of E) were calculated
separately for each repetition, and the outer variance V was
calculated based on the inner means of all repetitions. Input
factors were considered to have an important impact if their
sensitivity measures (S;, Sj;, Sijm) were higher than an arbitrar-
ily fixed threshold of 0.10.

3.3.  Additional local sensitivity analysis

For a given input factor with considerable impact on an output
variable (S;>0.10), the evolution of the output variable over
time was plotted for the different values of the input factor.
All other input factors had the default values (local sensitivity
analysis; Section 3.1).

3.4. Variation of input factors

As an explicit biological meaning could not be assigned to the
individual parameters of the mortality sub-models (Section 1),
we defined for each sub-model (Egs. (1)-(4)) three settings of
parameter values: the default values (called “default mortal-
ity”), parameter values implementing a higher mortality than
the default values (“high mortality”) and parameter values
implementing a lower mortality than the default values (“low
mortality”). In this way, the impact of the mortality processes
could be interpreted easily from an ecological point of view.
However, there was the risk to bias the comparison
between the processes through the choice of the parame-
ter values for each setting. For instance, for a relatively large
range between “high mortality” and “low mortality” for stand-
ing adult mortality, and a relatively small range for standing
juvenile mortality, one may obtain a higher impact of stand-
ing adult mortality than of standing juvenile mortality, and
vice versa. Thus, to be able to compare the impact of different
processes, parameter ranges (Table 1) had to be determined
in a homogenous manner. This applied both to parameters
of different processes and to different parameters of a single
process. We dealt with this problem as described hereafter.

3.4.1. Germinated seed mortality

The rate of density-dependent mortality of germinated seeds
(Mgseed> EQ. (1)) was plotted versus simulated values of the
number of germinated seeds per 10m x 10 m cell (dens; Fig. 2).
Starting from the curve of “default mortality”, parameter val-
ues were varied to obtain the curves of “high mortality” and
“low mortality”. As a backing, the ratio of the partial derivates
of the parameters as and bz ((Mgseea/3a3)/(dMgseea/db3)) Was
taken into account. For instance, starting from a chosen vari-
ation of b3, the ratio was used to assess the order of magnitude
for varying as. In general, for the four mortality processes anal-
ysed, parameter values of “high mortality” and “low mortality”
were determined in such a way to maintain the meaning of
each processes, e.g. an increase of Mggeeq With dens in the case
of germinated seed mortality.

model. Ecol. Model. (2008), doi:10.1016/j.ecolmodel.2008.07.017
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Fig. 2 - Plot of the rate of density-dependent mortality of
germinated D. guianensis seeds versus simulated values of
the number of germinated seeds per 10m x 10 m cell
(Mgseeq Versus dens; Eq. (1)) for the parameter settings “high
mortality”, “low mortality” and “default mortality”.

3.4.2. Standing juvenile and adult mortalities

In contrast to germinated seed mortality, which was a deter-
ministic sub-model, standing juvenile and adult mortalities
were stochastic sub-models. Hence, data could be simulated
to estimate confidence intervals of default parameter values,
and thus to determine the parameter values of “high mor-
tality” and “low mortality” as the bounds of the confidence
intervals.

For the standing mortality of D. guianensis adults (Eq. (3)),
only the parameters cg and dg were varied while the param-
eters ag and bg were fixed to their default values. This was
done as cg and dg were adjusted empirically while ag and
bs were based on experimental data (Gourlet-Fleury et al,,
2005).

To estimate confidence intervals of default values of the
parameters of standing juvenile mortality (Eq. (2); as, bs, Cs)
and standing adult mortality (Eq. (3); cs, dg), 70 simulation
runs with the default parameter settings were performed. For
each juvenile and adult tree, the explanatory variables of mj,y,
and Mpgstanding (EQs- (2) and (3)) were recorded at the begin-
ning of a time step, respectively. At the end of the step, the
status (living or dead) of each tree was recorded (the data
was recorded after the model outputs had stabilised; Section
3.6). Based on this data, 70 estimates were obtained a poste-
riori for each of the parameters ae, bs, ¢s and cg, dg of Egs.
(2) and (3), using maximum likelihood estimation in the SAS
9.1 (SAS Institute, Cary, USA) and R 2.4.1 (R Development Core
Team, 2006) software packages, respectively. Out of the 70 esti-
mates, 64 and 50 estimates of each of the parameters of Egs. (2)
and (3) were used in subsequent analyses after elimination of
non-plausible values, respectively. Finally, confidence ellipses
(at the 10% level) were plotted for the parameters of each
sub-model. Each ellipse was centred on the default param-
eter values and its shape was given by the covariance of the
parameter estimates.

For standing adult mortality (Eq. (3)), the intervals of
cg =[—0.0044, —0.0024] and dg=[1.33, 1.49] were determined
by projecting the intersection points of the minor axis of
the ellipse on the abscissa and ordinate axes, respectively
(Fig. 3). The intersection points of the minor axis of the
ellipse were chosen since their projections lead to reasonable
parameter intervals. This was assessed by plotting predicted
probabilities for “high mortality” and “low mortality” using
the bounds of the intervals of cg and dg as parameter values
(Fig. 3).

For standing juvenile mortality (Eq. (2)), confidence ellipses
were plotted for each couple of parameters: ¢ versus ag, be ver-
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Fig. 3 - Plot above: confidence ellipse (at the 10% level) of
parameters dg versus cg of the standing mortality of D.
guianensis adults. The ellipse was centred on the default
values of cg and dg, and the shape of the ellipse was given
by the covariance of 50 estimates of both cg and dg. The
values of cg and dg for “high mortality” and “low mortality”
were determined by projecting the intersection points
between the ellipse and its minor axis (dashed line) on the
abscissa and ordinate axes. Plot below: probability of
standing mortality of D. guianensis adults versus diameter
at breast height (mpgstanding Versus D; Eq. (3)) for the
parameter settings “high mortality” and “low mortality” as
determined in the plot above, and for the default parameter
setting.
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sus ds and cg versus bg. Starting from the ellipse of ¢ versus
as, as it was strongly oval and elongated (i.e. the parameters
were clearly correlated) unlike the other ellipses, the intervals
of ag and cs were determined in the same way as for stand-
ing adult mortality, i.e. by referring to the minor axis of the
ellipse. Then, the bounds of the intervals of a¢ and cs were
projected on each of the other ellipses, and the intersection
points on each ellipse were projected on the axis of bs. In this
way, two intervals for bg were obtained: [6.0, 18.0] and [6.5,
17.5]. As they were very similar, one of them could be chosen
arbitrarily: be = [6.5, 17.5]. Alternatively, an ellipsoid could have
been plotted, but we preferred the two-dimensional approach
as it was simpler and clearer.

Ranges of parameter values of standing juvenile and adult
mortalities were determined in a homogenous manner based
on the minor axes of confidence ellipses.

3.4.3. Complex tree-fall

The sub-model of complex tree-fall (Eq. (4)) was a part of
the sub-model of primary tree-fall (Gourlet-Fleury, 1997).
That is, both sub-models had the same default parame-
ter values for aj; and bqq, but the sub-model of primary
tree-fall had additional parameters. For the sub-model of
primary tree-fall, parameters a;; and bj;; were estimated
based on experimental data, and the standard deviations of
the parameter estimates were known (Gourlet-Fleury, 1997).
Based on this, confidence intervals (at the 10% level) of
the parameter estimates were calculated assuming a nor-
mal distribution of parameter estimates. The bounds of the
confidence intervals were chosen as parameter values of
the parameter settings “high mortality” and “low mortal-

)

ity".

3.4.4. Felling regime

The parameter DCL (Eq. (5)) was fixed at 60 cm in accordance
with current forestry practice in French Guiana. Felling is cur-
rently planned every 60 years. Considering this, parameter
values FC =42 years and FC =84 years were chosen as settings
for more frequent felling and less frequent felling, respec-
tively. As a reference (default parameter setting), no felling
was performed.

3.5. Output variables

Germinated seed, standing juvenile and standing adult
mortalities (Egs. (1)—(3)) were specific to the D. guianensis pop-
ulation, while complex tree-fall (Eq. (4)) applied to both the D.
guianensis population and the population of any other species
(Sections 2.1 and 2.3). We chose output variables to charac-
terise both populations (Table 2).

3.6. Simulation runs

Simulation runs were based on a 36.36-ha study area, the
so-called Southern Block of the Paracou field station. In this
area, extensive forest inventory data was gathered in 1999.
Starting simulation from this data, the curves of the output
variables N10p; and N60p, (Table 2) over time firstly oscillate,
but then stabilise after several hundreds of years (Gourlet-
Fleury et al., 2005). Considering this, all simulation runs of

the sensitivity analysis started after the stabilisation period,
999 years after 1999, from the same forest stand simulated
with the default parameter settings. The starting year after
stabilisation was set to tp =0 year and simulation time was 336
years.

3.6.1. Complete factorial design

First we applied a complete factorial design: five input fac-
tors with three parameter settings each, leading to 243
combinations. Each of the 243 combinations was simu-
lated three times to account for the stochasticity of SELVA,
resulting in 729 simulation runs. Sensitivity measures (Sec-
tion 3.2) were calculated at regular time intervals: to+81
years, tp+ 165 years, to+249 years and tg+333 years. These
dates corresponded to the years just before felling (84-years
cycles) and just before every second felling (42-years cycles)
when the population recovery after felling reached its maxi-
mum.

3.6.2. Fractional factorial design

Based on the results of the complete factorial design, we
selected a reduced number of the most important combi-
nations of parameter settings. Each of these combinations
was simulated 20 times to obtain more robust results. In
this fractional factorial design only those input factors were
included whose sensitivity measures (S;, Sj or Sy, at to+81
years, to + 165 years, to + 249 years or tp + 333 years) were higher
than the threshold of 0.10 (Section 3.2). Applying this cri-
terion (to the results of the complete factorial design given
in Table 3 of Section 4), germinated seed mortality was not
included in the fractional factorial design. Moreover, the frac-
tional factorial design could be limited to the analysis of the
impacts of standing juvenile mortality, standing adult mor-
tality and felling regime on the output variables for the D.
guianensis population, and of the impact of complex tree-fall
on the output variables for the population of any other species
(Table 2). Hence, all possible combinations of parameter set-
tings of standing juvenile mortality, standing adult mortality
and felling regime were simulated: three input factors with
three parameter settings each, leading to 27 combinations.
It was necessary to simulate all possible combinations of
parameter settings to be able to correctly calculate the sen-
sitivity measures. For complex tree-fall, sensitivity measures
were not calculated since it was the only input factor hav-
ing an impact on the output variables for the population of
any other species (Table 3). Instead, two combinations were
simulated: the parameter settings “high mortality” and “low
mortality”, where the parameter settings of all other input
factors were set to their default values. Note that a combi-
nation with the default parameter settings of both complex
tree-fall and all other input factors was already included in
the combinations of parameter settings of standing juvenile
mortality, standing adult mortality and felling regime. This
was done to perform an additional local sensitivity analysis
(Section 3.3) of complex tree-fall, but also of standing juvenile
mortality, standing adult mortality and felling regime. In total,
the fractional factorial design included 29 combinations, each
of which was simulated 20 times, resulting in 580 simulation
runs.
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Table 2 - Output variables for the D. guianensis population and the population of any other species

Population Output variable Definition
D. guianensis N10p, Number of trees >10 cm dbh per ha

N60p, Number of trees >60 cm dbh per ha

M10pg Mean number of trees per ha and year that died during a three year simulation time step (trees
>10cm dbh)

R10p, Mean number of trees per ha and year that were recruited during a three year simulation time step
(trees >10 cm dbh)

X%g Dbh structure in year t after the starting year t, of a simulation run, characterised by the Chi-square
statistic comparing the dbh structures in years t and to. Dbh classes: 1-5cm, 5-10cm,. .., 65-70 cm,
>70cm

Other species N100s Number of trees >10 cm dbh per ha

N60os Number of trees >60 cm dbh per ha

dbh =diameter at breast height.

Table 3 - Global sensitivity measures of first order effects (S;) of the input factors germinated seed mortality (gsm),

standing juvenile mortality (sjm), standing adult mortality (sam), complex tree-fall (ct) and felling regime (fr) on all
output variables

Output variable Year to+ Sensitivity measures S; with i=input factor
i=gsm i=sjm i=sam i=ct i=fr Total
N10pg 81 0.01 0.87 0.03 0.05 0.01 0.99
165 0.06 0.65 0.06 0.04 0.04 0.99
249 0.06 0.57 0.06 0.04 0.06 0.99
333 0.07 0.52 0.06 0.04 0.05 0.99
N60pg 81 0.00 0.00 0.50 0.02 0.25 0.94
165 0.00 0.01 0.45 0.10 0.20 0.95
249 0.02 0.32 0.23 0.08 0.12 0.97
333 0.04 0.27 0.14 0.05 0.10 0.98
M10pq 81 0.01 0.60 0.01 0.01 0.01 0.82
165 0.07 0.63 0.02 0.01 0.04 0.91
249 0.08 0.60 0.03 0.01 0.05 0.94
333 0.07 0.59 0.04 0.02 0.05 0.97
R10pg 81 0.07 0.76 0.01 0.01 0.00 0.97
165 0.06 0.55 0.04 0.01 0.07 0.95
249 0.06 0.57 0.04 0.02 0.07 0.96
888 0.07 0.54 0.04 0.02 0.06 0.97
ng 81 0.04 0.58 0.01 0.02 0.04 0.94
165 0.01 0.60 0.02 0.04 0.01 0.94
249 0.03 0.13 0.05 0.03 0.05 0.86
888 0.01 0.08 0.02 0.02 0.05 0.71
N10os 81 0.01 0.08 0.03 0.25 0.02 0.71
165 0.01 0.03 0.01 0.79 0.02 0.93
249 0.01 0.04 0.01 0.85 0.02 0.97
333 0.01 0.06 0.01 0.79 0.03 0.97
N60os 81 0.00 0.00 0.00 0.86 0.00 0.93
165 0.00 0.00 0.00 0.94 0.00 0.97
249 0.00 0.00 0.00 0.95 0.01 0.98
333 0.00 0.00 0.00 0.94 0.01 0.98

Second (S;) and third (S;,) order effects are not given as all but one of them were not above the threshold of 0.10 for important impact. The
second order effect above the threshold was Si_gjm, j-r =0.11 for X% in year 249. Total is the sum of all first, second and third order effects.
Definitions of output variables: Table 2. The results are based on 243 combinations of parameter settings of the sub-models for germinated seed
mortality, standing juvenile mortality, standing adult mortality, complex tree-fall and felling regime. Each combination was simulated three
times. Simulation time was 336 years, sensitivity measures are given for years 81, 165, 249 and 333. Sensitivity measures >0.10 are indicated in
bold.
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variables of the population of any other species only. Thus,
germinated seed mortality was excluded from the fractional
factorial design of the most important combinations of param-
eter settings (Section 3.6). The final results based on the latter
design are described hereafter.

4.2.  Fractional factorial design

4.2.1. D. guianensis population
Regarding the relative importance of input factors, the results
of the complete factorial design (Table 3) were basically con-
firmed by those of the fractional factorial design (Table 4).
Out of standing juvenile mortality, standing adult mor-
tality and felling regime, standing juvenile mortality had a
considerable impact on all of the output variables for the D.
guianensis population (first order effects Si_gjm, >0.10 for N10py,
N60pg, M10pg, R10pg and XZDg; Table 4). Also, the highest val-
ues of global sensitivity measures were found for standing
juvenile mortality. Furthermore, standing adult mortality and
felling regime had a clear impact on N60p, (first order effects
Si—sam and Si_g). The felling regime had also an impact on
X2D9~ Interaction effects were clearly lower than first order
effects for most output variables, with few exceptions includ-
ing in particular X%g5 there was a joint impact of standing
juvenile and adult mortalities on X%g (second order effect
Si=sjm,j=sam), Of standing juvenile mortality and felling regime
on X%g (Sizsjm,j=fr), of standing adult mortality and felling
regime on N60pg (Si—sam j-fr), and of standing juvenile mortal-
ity, standing adult mortality and felling regime on M10p, and
X2D9 (third order effect Si_gjm j-sam,m-fr)- A closer look at these
relationships is provided hereafter.

4.2.1.1. Number of trees >10cm dbh per ha (N10p,). The first
order effects of standing juvenile mortality (Si_sjm) on N10pg
decreased systematically from year 81 to 249, and they were
the same in years 249 and 333 (Table 4). However, in year 333
uncertainty in standing juvenile mortality still accounted for
Sisjm =0.75 of the total variance of N10pq. The local sensitivity
analysis (Section 3.3) showed for the setting “high mortality”
of standing juvenile mortality a decrease of N10p, over time
(Fig. 4). But the curve of N10p, flattened after about year 200,
and reached values close to 0 at the end of the simulation time
(year 336). For the setting “low mortality”, the curve of N10p,
increased without flattening.

4.2.1.2. Number of trees >60cm dbh per ha (N60pg). Stand-
ing juvenile mortality had almost no impact on N60pg in

Time (years)

Fig. 4 - Evolution of the number of D. guianensis trees
>10cm dbh per ha (N10pg4) over time for the parameter
settings “high mortality”, “low mortality” and “default
mortality” of the standing mortality of D. guianensis
juveniles. The parameters of the other sub-models of
SELVA were fixed to their default values. Values of N10p,
are means of 20 repetitions outputted every 21 years.
Interpolation between mean values is linear.

years 81 and 165, but the highest impact on N60p, in years
249 and 333 out of all input factors (first order effects Si_gjm;
Table 4). In contrast, first order effects of standing adult mor-
tality and felling regime on N60p; were higher in years 81
and 165 compared with years 249 and 333. Besides, standing
adult mortality and felling regime had a low joint impact on
N60pg in years 81 and 165 (Si—sam j-fr =0.12 and Si_gam j-fr = 0.11,
respectively; Table 4). Overall, the parameter settings “high
mortality” of both standing juvenile mortality and standing
adult mortality resulted in a decrease of N60pg, and the set-
tings “low mortality” in an increase of N60pg over time (Fig. 5).
However, the curves of N60p, flattened after about 60 and 200
years for the settings “high mortality” and “low mortality” of
standing adult mortality, respectively. Moreover, the impact of
standing adult mortality on N60p; was immediate while the
impact of standing juvenile mortality was delayed. The delay
corresponded to the time for the growth of juveniles, which
survived after the application of standing juvenile mortality,
until the dbh threshold of 60 cm (N60pg = number of adult trees
>60cm dbh per ha). In contrast, standing adult mortality had
an impact on N60p, immediately after year 0. The same expla-
nation applies to the differences in first order effects between
years 81-165 and 249-333 highlighted above. About the felling
regime (Fig. 5), the D. guianensis population >60 cm dbh (N60pg)
did not completely recover within the felling cycles of 42
and 84 years, resulting both in a stepwise decrease of N60pg
over time. However, higher levels of N60p,; were maintained
at the ends of 84-years cycles than at the ends of 42-years
cycles.

4.2.1.3. Number of dead trees per ha and year (M10pg) and
number of recruited trees per ha and year (R10pg). First order
effects of standing juvenile mortality on M10py and R10p, for
years 81-333 accounted for Si_gj, 0.7 of the total variances
of each of the output variables. Differences in Si_g, occurred

model. Ecol. Model. (2008), doi:10.1016/j.ecolmodel.2008.07.017
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Table 4 - Global sensitivity measures of first (S;), second (Sj;) and third (S;;,) order effects of the input factors standing

juvenile mortality (sjm), standing adult mortality (sam) and felling regime (fr) on the output variables for the D.

guianensis population

Output variable Year to+

Sensitivity measures S;, S

ij» Sijm With i, j, m=input factor

i=sjm i=sam i=fr i=sjm,j=sam i=sjm,j=fr i=sam,j=fr i=sjm,j=sam, m=fr Total

N10pq 81 0.94 0.03 0.01 0.00 0.00 0.00 0.01 1.00
165 0.82 0.07 0.05 0.03 0.02 0.01 0.01 1.00

249 0.75 0.08 0.07 0.04 0.04 0.01 0.01 1.00

888 0.75 0.07 0.07 0.05 0.04 0.01 0.01 1.00

N60pg 81 0.02 0.53 0.26 0.02 0.02 0.12 0.05 1.00
165 0.04 0.53 0.24 0.02 0.02 0.11 0.05 1.00

249 0.40 0.28 0.14 0.05 0.02 0.08 0.03 1.00

888 0.38 0.18 0.14 0.10 0.08 0.07 0.04 1.00

M10p, 81 0.64 0.04 0.04 0.05 0.04 0.05 0.14 1.00
165 0.73 0.03 0.06 0.04 0.03 0.03 0.07 1.00

249 0.73 0.05 0.07 0.03 0.05 0.02 0.05 1.00

333 0.75 0.05 0.07 0.03 0.04 0.02 0.03 1.00

R10pq 81 0.89 0.02 0.01 0.02 0.01 0.02 0.04 1.00
165 0.65 0.06 0.10 0.04 0.07 0.03 0.05 1.00

249 0.73 0.06 0.08 0.04 0.04 0.02 0.04 1.00

333 0.72 0.06 0.07 0.04 0.05 0.02 0.03 1.00

XZDQ 81 0.64 0.03 0.09 0.07 0.12 0.02 0.05 1.00
165 0.68 0.04 0.02 0.09 0.08 0.03 0.06 1.00

249 0.23 0.08 0.11 0.15 0.20 0.07 0.14 1.00

333 0.16 0.09 0.15 0.16 0.15 0.09 0.20 1.00

Definitions of output variables: Table 2. The results are based on 27 combinations of parameter settings of the sub-models for standing juvenile
mortality, standing adult mortality and felling regime (parameters of the sub-models for germinated seed mortality and complex tree-fall were
fixed to their default values). Each combination was simulated 20 times. Simulation time was 336 years, sensitivity measures are given for years

81, 165, 249 and 333. Sensitivity measures >0.10 are indicated in bold.

mainly between years 81 and 165-333 (Table 4). Also, there
was a low joint impact of standing juvenile mortality, stand-
ing adult mortality and felling regime on M10p, in year 81.
For the parameter setting “high mortality”, both M10py and
R10pg decreased with increasing simulation time; the curves
of M10pg and R10p, flattened after about 200 and 60 years,
respectively; and it was M10pg >R10p, at a given point in time,
especially between years 0 and 200 (Fig. 6). The latter was
related to the decrease of N10p, (Fig. 4) for the same setting
(“high mortality”), since N10p, in year t resulted from N10p,
in year t—3 minus the number of dead trees (M10p4) plus
the number of new trees (R10py). For the parameter setting
“low mortality”, M10ps and R10p, increased about continu-
ously over time without flattening; it was M10pg <R10pg; the
latter was related to the increase of N10p, (Fig. 4). Moreover,
for a given parameter setting, changes (increase or decrease) in
M10p4 and R10p, over time were similar, and they were related
to the change in the number of living trees (N10p,) as explained
above. To highlight this, the mortality rate (ratio of M10p, in
year t and N10pg in year t—3) and the recruitment rate (ratio
of R10p, in year t and N10pg in year t—3) were additionally
plotted (Fig. 6). In contrast to M10p; and R10pg, mortal-
ity and recruitment rates showed no clear tendency over
time for the different parameter settings of standing juvenile
mortality.

4.2.1.4. Dbh structure (xp,). First order effects of standing
juvenile mortality (Si_sjm; Table 4) on XZDQ slightly increased

from year 81 to 165, followed by a clear decrease until
year 333. Moreover, there were interactions, mainly in years
249 and 333, of standing juvenile mortality with standing
adult mortality and/or felling regime (Si_gjm j-sam,» Si=sjm,j=frs
Sizsjm,j=sam,m=fr)- For the parameter setting “low mortality”, the
evolution of XZDQ over time was very similar to that for the
default parameter setting (Fig. 7). For the parameter setting
“high mortality”, the dbh structure (X%g) firstly departed but
then re-converged towards the initial dbh structure, reaching
values close to the curve of the default parameter setting in
year 333. However, at this point in time the established adult
population (N10p4) was rather small (Fig. 4), so that the respec-
tive dbh structure was less meaningful to characterise the
population.

4.2.2. Population of any other species

The evolutions of N10ps and N60ps (Table 2) over time
showed rather small differences between “low mortality” and
“default mortality” (also, N10ps stabilised on a lower level than
observed in 1999 considered acceptable; Fig. 8). In contrast,
for the setting “high mortality”, the values of N60pgs firstly
decreased, but then stabilised (or maybe increased) about after
year 250. The values of N10ps firstly decreased as well but
then, about after year 90, reached values above those obtained
for the default parameter setting, and stabilised about after
year 250. This suggests that SELVA counteracted the loss of big
trees >60 cm dbh (N60gs) by higher recruitment of new trees,
resulting in an increase of N10ps.
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Fig. 5 - Evolution of the number of D. guianensis trees

>60 cm dbh per ha (N60pg) over time for the parameter
settings “high mortality”, “low mortality” and “default
mortality” of the standing mortalities of D. guianensis
juveniles and adults (plot above), and for the parameter
settings “42-years cycle”, “84-years cycle” and “no felling”
of the felling regime (plot below). In each case (standing
juvenile mortality, standing adult mortality and felling
regime), the parameters of the other sub-models of SELVA
were fixed to their default values. Values of N60p, are
means of 20 repetitions outputted every 21 years, and
additionally three years (one simulation time step) before
felling in the plot below. Interpolation between mean
values is linear.

the recruitment rate (ratio of R10p, in year t and N10p, in
year t—3) over time. Values of mortality and recruitment
rates are means of 20 repetitions outputted every 42 years
(i.e. t=42, t=84, ..., t=336). Interpolation between mean
values is linear.

To compute sensitivity measures based on variance
decomposition, such as the indices by Sobol’ (1990), Saltelli et
al. (2000) describe space-filling sampling schemes. Applying
such schemes would have been computationally expensive.
Thus, only a limited number of values (parameters) of each
input factor (sub-model/process) was used in this study. How-
ever, we paid special attention to determine parameter ranges
in a homogenous manner.
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Fig. 7 — Evolution of the dbh structure of the D. guianensis
population (xf,g; Chi-square between the dbh structure at a
given point in time and the dbh structure at the beginning
of the simulation) over time for the parameter settings
“high mortality”, “low mortality” and “default mortality” of
the standing mortality of D. guianensis juveniles. The
parameters of the other sub-models of SELVA were fixed to
their default values. Values of Chi-square are means of 20
repetitions outputted every 21 years. Interpolation between
mean values is linear.

The approach based on confidence ellipses used to deter-
mine parameter ranges complied with model specifications,
such as parameters of multivariate sub-models having no
explicit biological meaning and being empirically adjusted

650 35
600 e e
& P - 30 E
% 550 Y A ?‘3
T T T s m s . —.
o T °
= 500 L25 &
(] o
2 450 2
£ 20 §
Z 400 Z
350 T T T 15
0 84 168 252 336

Time (years)
Trees = 10 cm dbh Trees = 60 cm dbh
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— default default

Fig. 8 — Evolution of the number of trees of any other
species >10 cm dbh (N10gs; ordinate axis on the left) and
>60cm dbh (N60gs; ordinate axis on the right) per ha over
time for the parameter settings “high mortality”, “low
mortality” and “default mortality” of complex tree-fall. The
parameters of the other sub-models of SELVA were fixed to
their default values. Values of N10gs and N60gs are means
of 20 repetitions outputted every 21 years. Interpolation
between mean values is linear.

Ditzer, 2000; Kammesheidt et al., 2001). van Gardingen et al.
(2003) stress the importance of analysing simulation results
about forest management treatment statistically, including
interactions. Ginot et al. (2006) stress that time course anal-
ysis of sensitivity measures gives an interesting comparison
of the behaviours of parameters, which was underlined
by our findings. However, concerning some results of the
present study (e.g. the impacts of standing juvenile mor-
tality on N60Opg; Fig. 5, and of complex tree-fall on N60os;
Fig. 8), it would have been interesting to get further insights
beyond the chosen simulation period of 336 years. As a
drawback, this would have increased computation time con-
siderably.

5.2.  Impact of mortality and felling

5.2.1. Question Q1

Our first question (Q1) addressed the relative impact on model
predictions of mortality processes at different stages of tree
development. At first glance, the results (Tables 3 and 4)
suggest considerable impacts of standing juvenile mortality,
standing adult mortality and complex tree-fall, but not of ger-
minated seed mortality. However, germinated seed mortality
was included into SELVA to emulate observed spatial patterns
of D. guianensis juvenile and adult distributions (Gourlet-Fleury
et al., 2005). Since output variables for spatial patterns were
notincluded in the sensitivity analysis, germinated seed mor-
tality could still play a considerable role in the performance
of SELVA that was not reflected by the results of this study.
Complex tree-fall had a high impact only on the population
of any other species (N10ps and N60gs; Table 3), which was
not directly affected by the other mortality processes. Thus,
complex tree-fall appears less important as an uncertain pro-
cess than standing juvenile and adult mortalities. Compared
to standing adult mortality, standing juvenile mortality was
clearly the most uncertain input factor (Tables 3 and 4). But the
impact of standing adult mortality on N60p, (Tables 3 and 4)
is particularly important from a forestry perspective, since it
gives the number of trees that can potentially be logged above
the diameter cutting limit of 60 cm currently used in French
Guiana (so-called exploitable stock). Moreover, standing juve-
nile and adult mortalities had a joint impact on X]2)g (Table 4),
suggesting that both processes were important sources of
uncertainty.

In summary, to answer question Q1, standing mortality at
the juvenile stage and, in the second place, standing mortal-
ity at the adult stage were the largest sources of uncertainty
in model predictions. Similarly, standing mortality of adults
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showed significant systematic effects on predictions of tree
population demography (number of trees, basal area) from
another individual-based spatially explicit model, whereas
tree-fall did not (Phillips et al., 2003). However, in the latter
model tree-fall is the probability of a dying tree falling over
and complex tree-fall is not described. Moreover, only adult
trees (dbh >10cm) are represented so that standing juvenile
mortality is not taken into account. Also, Kammesheidt et al.
(2001) found predictions of tree population demography from
an individual-oriented gap model more sensitive to basic mor-
tality rates than to tree-fall, or seed mortality. Juvenile (dbh
>1cm) and adult trees are represented in the latter model,
but mortality rates reported in the sensitivity analysis make it
difficult to distinguish impacts of juvenile and adult mortali-
ties. Finally, unlike these results other gap models are reported
rather insensitive to mortality (Bossel and Krieger, 1994; Huth
and Ditzer, 2000). A comparative sensitivity analysis of differ-
ent model types may provide further insights into uncertainty
in mortality modelling.

5.2.2. Question Q2

Question Q2 addressed possible interactions between the mor-
tality processes at different stages of tree development and
different felling regimes. Natural mortality can hinder the
evolution of the remaining population after felling, so that
lengthening felling cycles does not guarantee complete pop-
ulation recovery (Gourlet-Fleury et al., 2004). In this respect,
standing adult mortality may play a certain role for the popu-
lation of big trees (joint impact with felling regime on N60p, in
years 81-165; Table 4). Howevetr, in the long term, the first order
effect of standing juvenile mortality on N60p; became pre-
dominant in the simulations (years 249-333; Table 4). Thus, in
the long term, the interaction effects found for the dbh struc-
ture appear more important (XZDg in years 249-333; Table 4).
The dbh structure represented both the juvenile and adult
populations. The juvenile population originated from the
population of reproductive adult trees, where the former pop-
ulation was affected directly by standing juvenile mortality,
and the latter population by both standing adult mortality and
the felling of big, reproductive trees. Hence, the dbh struc-
ture was affected jointly by standing juvenile mortality and
the felling regime (second order effect; Table 4), as well as
by standing juvenile mortality and both standing adult mor-
tality and the felling regime (third order effect). However,
further analyses should evaluate these relationships as sim-
ulations runs with high standing juvenile mortality highly
reduced the number of trees characterising the dbh structure
(Section 4.2.1.4).

In summary, as an answer to question Q2 one may say
that particularly standing juvenile mortality interacted with
the felling regime, resulting in changes of the dbh structure
of the D. guianensis population. To our knowledge, this ques-
tion has hardly been tackled in sensitivity analysis of tropical
forest dynamics models so far.

5.2.3. Question Q3

Question Q3 addressed the impact of different felling
regimes on the demography and structure of tree population
s in French Guiana, taking account of the answers to questions
Q1 and Q2. On the one hand, there was a clear uncertainty

in the results concerning Q3 due to the higher impact of
standing juvenile and adult mortalities on N60p, in compar-
ison with the felling regime (Table 4). On the other hand,
the little interaction between these input factors for most
of the output variables (all but XZDQ) enhances the respective
results of the local sensitivity analysis (Figs. 4-6). The lat-
ter results showed plausible responses of SELVA to changes
in input factors, at least qualitatively. This was shown for
the relationships between N10pg, M10py and R10p4 (Section
4.2.1). It can also be seen from the results that N60p, sta-
bilised on a higher than the default level if standing adult
mortality was reduced, and vice versa (Fig. 5), meaning that
driftage of the population of big trees through changes in
standing adult mortality was counteracted by the other eco-
logical processes. However, driftage of the population (N10pg
and N60p,) through changes in standing juvenile mortality
was hardly counteracted, at least not within the simulation
period (Figs. 4 and 5); this underlines the high impact of stand-
ing juvenile mortality. But overall, the plausible responses of
SELVA to changes in input factors show its performance, and
the precision and relevance of its predictions could increase
considerably by improving standing juvenile and adult
mortalities.

In contrast to the results of this study (Fig. 5), Degen
et al. (2006) found D. guianensis to recover completely
under 65-years felling cycles (460 years simulation time;
60cm diameter cutting limit) with their model ECO-GENE.
They suggest that, in ECO-GENE, populations simulated
are more resilient than is probably the case in reality.
Based on a comparison between SELVA and ECO-GENE,
Degen et al. (2006) suggest that the differences between
the predictions come from the different ways demography
is described. Our results suggest focussing model enhance-
ment on standing juvenile mortality; in the case of SELVA
this may include describing more explicitly the stimulation
of juvenile survival in canopy openings. For this reason,
populations simulated in SELVA could be less resilient
than in reality. Finally, the results of this study under-
line the importance of including well-founded mortality
sub-models into tropical forest dynamics models, in order
to obtain reliable long-term predictions of tree population
dynamics.

6. Conclusions

e Sensitivity analysis based on variance decomposition
appears suitable for complex ecological models, for which a
small number of processes (here: four mortality processes)
are modelled under considerable uncertainties while the
others are rather well-founded. The approach allows quan-
tifying the relative impact of different processes, and their
interactions, on a given model output.

e For processes described by multivariate sub-models involv-
ing several parameters that have no explicit biological
meaning (here: parameters of logistic regression sub-
models) and are not based on experimental data, an
approach to determine parameter ranges for sensitivity
analysis is to compute confidence ellipses of parameter
estimates from simulated data. Thus, parameter settings

model. Ecol. Model. (2008), doi:10.1016/j.ecolmodel.2008.07.017

Please cite this article in press as: Wernsdorfer, H., et al., Impact of uncertainty in tree mortality on the predictions of a tropical forest dynamics



dx.doi.org/10.1016/j.ecolmodel.2008.07.017

ECOMOD-5247; No.of Pages17

14 ECOLOGICAL MODELLING

XXX (2008) XXX-XXX

can be defined allowing comparison between processes and
ecological interpretation. The approach may be of general
interest for sensitivity analysis of models relying on similar
process description.

e Especially standing juvenile mortality, and in the second
place standing adult mortality, should be modelled thor-
oughly to ensure reliable long-term predictions of tree
population dynamics in tropical forests.

¢ Interaction between standing juvenile mortality and the
felling regime may be an important relationship for the eval-
uation of the sustainability of felling regimes, which should
be further analysed.

e For the studied tree population (D. guianensis), felling all
trees >60 cm dbh every 42 or 84 years was found not sus-
tainable in the long term. But enhancing the description of
standing juvenile mortality may alter these predictions.

Acknowledgements

We are particularly grateful to Claude Bruchou of INRA (French
National Institute for Agricultural Research), Avignon, for
valuable assistance and advice regarding the set-up and per-
formance of the sensitivity analysis. Furthermore, we thank
two anonymous reviewers for constructive and helpful com-
ments on an earlier manuscript. The work was funded by a
joint post-doctoral fellowship of CIRAD (French Agricultural
Research Centre for International Development) and INRA.

Appendix A. Model functions and parameters
of SELVA used in this study

A.1. Specific functions for D. guianensis

Process

Sub-model

Parameter values

Regeneration and recruitment (cohorts on 10m x 10 m cells)

Seed production by trees
>25cm dbh

Niseed =ff€q Nseed

Ngeed = A1 Scrown — b1

Scrown = C1 D%

ap =136.33, by =11691,
c1=0.1699, dq =1.7082

where Ngeeq = number of seeds produced by a tree

during a three year time step; freq = average number of
seeding events per time step, which varies with tree
dbh class; ngeeq =number of seeds produced during a
seeding event; Scrown = tree crown area (mz); D=dbh
(cm)

Mortality of seeds Mgeed = a2

where mgeoq = global mortality rate of dispersed seeds;
surviving seeds are germinating. They are dispersed
around the mother tree and split on 10m x 10 m cells
using the function (gamma law):

by gistbo—1 —dist/c;

Ty, ., (dist) = cp2 dist 2”2};13 2

where dist =distance to mother tree (m)

Mortality of germinated Eq. (1)
seeds
Transition including the

stages seedlings,

Ney1=AN:+R.

saplings (0.5-1 cm dbh) with
and pre-recruited 1—by 0 0
juveniles (1 cm dbh) A= Ms1 11— by — My 0

0 Mg 1 —bg3 —mys3

where the matrix operates on each 10m x 10m cell;
N¢=vector of the number of individuals in each stage
at time step c; A =matrix of transition parameters;

R. =vector of recruited seedlings (one non-null value,
equal to the number of survivors to the mortality of
germinated seeds)

ap;=0.97, by =4.28,
=291

Table 1

bs1 =0.44, byy =0.008,
b43 = 1, mgyi = 0.56,
mgp =0.56, my3=0.14,
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Appendix A.1. (Continued )

Process Sub-model Parameter values

Growth (spatialised individuals)

Juveniles (1-10 cm dbh) log(AD+1)=as +bs D +es5 as =0.0214, bs =0.0233,
&5 ~N(p; o) (0. =0, 0=0.067;
auto-correlated Gaussian
random number)

where AD =mean annual dbh increment (cm/year)
over a three year time step; D=dbh (cm) at the
beginning of the time step
Adults (>10 cm dbh) log(AD +0.2) =log(D) +log[log(K7) —log(D)] + az =—0.0033, by =—0.015,
ay NBD + by ANBD +cy + &7 c;=-4.37,K;=135.2,
€7 ~N(p; o) (0 =0, 0=0.375;
auto-correlated Gaussian
random number)

where AD=mean annual dbh increment (cm/year)

over a three year time step; D=dbh (cm) at the

beginning of the time step; NBD =number of trees

located <30m and larger in dbh than the focal tree;

ANBD =variation of NBD during previous time step
Standing mortality (spatialised individuals)

Juveniles Eq. (2) Table 1
Adults Eq. (3) ag=3.42, bg =4.96, cg, dg
in Table 1

A.2. Specific functions for any other species

Process Sub-model Parameter values
Recruitment of PR=0)=1- Wm d1p = —0.364; aq9r =1.456 for
adults (>10cm r=1;a:5,=3.184 forr=2;

dbh; spatialised a19r =4.54 for r=3; aqoy =5.642

— 1
P(R = r) =1- Texp(@12r 7012 530x30)

individuals) forr=4; b1, =0.665

PR<5)=1

where P = probability of R new trees on a

10m x 10 m cell during a three year time step;

G3ox30 = total basal area (m?/ha) of trees

>10cm dbh located on a 30m x 30m cell

centred on the focal 10m x 10m cell

Growth of adults log(AD + 0.287) = a3 + ai3=-6.77, by3=-0.031,

[log(mi3) +1og(D) + (1 + 7 ) log[log(K13) — log(D)]| + c13=—0.018, d13=—1.3 x 107%,

[b13 NBDY2 + i3 ANBD + d13 ANBD2] + 613 my3=0.51, K13 =692.65, £13 ~
N(y; o) (0 =0, 0=0.447;
auto-correlated Gaussian
random number)

where AD =mean annual dbh increment

(cm/year) over a three year time step; D=dbh

(cm) at the beginning of the time step;

NBD =number of trees located <30m and

larger in dbh than the focal tree;

ANBD =variation of NBD during previous time

step

Standing' adult Mosstanding = W a14=3.42, b14=4.957
mortality

where Mosgstanding = probability of a tree to die
standing; AD=mean annual dbh increment
(cm/year) during the previous three year time
step
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A.3. Functions for both D. guianensis and any other species

Process

Sub-model Parameter values

Primary tree-fall

Secondary tree-fall

Mealll = Trexpime5075050) ag=2.884, bg = —0.01, cg =0.182

where mg,; = probability of a tree to fall alone; D=dbh (cm) at
the beginning of a three year time step; G3p = total basal area
(m?/ha) of trees >10 cm dbh located <30 m from the focal tree
Mgaqp = probability of a tree to be broken or up-rooted by the
fall of a neighbouring tree. Secondary tree-falls are
mechanistically created depending on their relative position

and dbh according to primary tree-fall tree

Complex tree-fall Eq. (4)

Table 1
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