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The large diversity of tree species of tropical moist forests relative to temperate zones
and their biomass storage capacity and how these are maintained over extended periods
of time have been subjects of particular interest. Simulation models of forest dynamics
are increasingly used to gain insights regarding the long term effect of both direct and
indirect anthropogenic impacts on these forests. If such models cannot maintain a stable
coexistence of species and biomass dynamics in undisturbed forest simulations model-
ing results might be misleading with potentially deleterious implications. An effort is
described, based on a nested experimental design by use of simulation modeling and
examination of long term permanent sample plots data (PSP’s) along with climatic
records that had the objective to assess the importance of periodic drought disturbance
in the maintenance of compositional and biomass stability over a 100-year period on
the dynamics of the primary forest and on the sustainability of timber harvesting in the
tropical non flooded forests of the Amazon basin. This is done using two separately
recalibrated models within the SYMFOR modeling framework. It is shown that peri-
odic drought stress within the limits of natural environmental fluctuation can have a
significant influence on the simulated biomass dynamics of these forests considering
trees>10 cm dbh but not on the dynamics of functional composition. Implications of
these were found to be highly significant.

1. Introduction

the intermediate disturbance hypothesis to be true for a tropical
rainforest community in Guyana which would indicate that

Amazonian forests are estimated to be some of the most diverse
forest ecosystems on the planet in terms of tree species diversity
and also to harbor a great deal of the global biological diversity
(ter Steege et al., 2003). They also contain significant amounts
of biomass in relation to many other terrestrial ecosystems
of the world (Lewis et al., 2009) and at the same time are an
important sink for carbon and other related pollutants causing
anthropogenic global warming by trapping these directly in
the biomass of the forest and mostly the trees (Malhi et al.,
2004).

The exact mechanism by which the forest is maintained in its
seemingly undisturbed natural state is proposed to be some
form of disturbance regime either allogenic, autogenic or a
combination of some form (Arets 2005; Bamphlyde et al.,
2005; Burrows, 2000).

With respect to compositional diversity Arets (2005) proved
»

some form of relatively low but frequent disturbance unlike
anthropogenic disturbances such as selective logging or
shifting cultivation is responsible for this diversity. The nature
of this disturbance still remains open to question however. If
found true this disturbance would also be a factor to consider
in terms of the issue of the maintenance of biomass also. It
has been proposed that periodic death of moribund trees in
these forests creates an adequate level of disturbance for the
perpetuation of all species present and at proportions observed
(Bamplhyde et al., 2005; Burrows 2000; Van dam 2001). This
however is not the only way gaps can be created in the canopy
and adjacent vegetation disturbed.

For the Amazon basin in particular two major non anthropogenic
allogenic stress factors have been identified as having a
significant impact on the biomass dynamics and therefore
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potentially the compositional dynamics of the forest.

The first is blow-downs a form of invisible hurricane that
periodically affect these forests uprooting trees and creating
disturbance in the canopy in general (Nelson et al., 1994). The
second is drought stress leading to the death of trees especially
canopy and emergent ones and thereby periodically increasing
the natural gap creation rate relative to its complete absence
(Williamson et al., 2000; Phillips et al., 2009; Karfakis and
Andrade, 2013).

The objective of this research is to prove that periodically
naturally occurring droughts are the major factor in determining
the apparently observed stable biomass and tree species
coexistence of primary Amazonian terra firme forests and
consequently has a significant influence also on the dynamics
of these in response to selective logging. To achieve this
a forest dynamics model within the SYMFOR framework
(Phillips and van Gardingen, 2001) is used. The same model
is separately recalibrated using data from permanent sample
plots established in two areas differing in ecological and
climatic conditions.

Our hypothesis is that a model that includes a periodically
re- occurring drought stress pulse based on relevant long term
monitoring data predicts medium to long term biomass and
functional composition dynamics more accurately in relation
to one that does not and therefore drought is a significant factor
in the shaping of currently observed patterns in the dynamics
of both undisturbed forest vegetation and one subjected to
selective logging

2. Materials and Methods

2.1. Study areas

The study utilized permanent sample plot data derived from two
areas on non-flooded Amazonian forest . The first is in the state
of Amazonas and more specifically the Manaus region while
the second is the state of Madre de Dios in Peru (Figure 1).
The life zone for both areas is classed as tropical moist forest
(Holdrige 1978).However the Madre de dios area is much drier
with an average annual rainfall of only 1568 mm in relation to
2258 mm in Manaus and a dry season (defined as the number
of months with <200 mm of rain) of 4-5 months as opposed to
1-2 months in Manaus (Satyamurty et al., 2010). The climate
in both regions is Af in the Koppen scale (Sombroek, 2001).
The native forests of both Amazonas and Madre de dios has
both deciduous and broadleaf trees in the overstory (Laurance
et al., 2004; Erwin 1985). Edaphic (Oxisols/yellow latosols)
and topographic conditions (gently rolling) were similar across
(Quesada et al., 2006)

The forest of the Amazonas area is exceptionally rich in tree
species (more than 280 tree species considering trees>10 cm

d.b.h) with a consequently very low dominance on a per hectare
basis (in relation to the Madre de dios site with only 130 tree
species per hectare on average considering trees>10 cm d.b.h
(ter Steege et al., 2003).

There are also considerable variations in terms of biomass and
its dynamics (Malhi et al., 2004) as well as stand structure for
forests of these sites (ter Steege et al., 2003). More specifically
forests of the Madre de dios area have much lower stem density
in relation to Amazonas (400 stems>10 cm dbh in Madre de
dios viz. 500 stems in Manaus). Also the forests of Manaus
exhibit a decreased dynamism of biomass turnover in relation
to Madre de Dios (1.8 Mg C ha'a' on average in Manaus vs
4 Mg C ha'a!in Madre de Dios )

2.2. Data sets

Permanent sample plot (PSP) data were made available from
the Manaus region in Amazonas state, Brazil and the Madre
de Dios in Peru. They are described briefly bellow.

The series of plots in Manaus are clustered in four locations.
The first is the Adolpho Duke Forest reserve located 26km
outside the city of Manaus (02°, 55" S, 59°, 59" W). Castilho
et al. (2006) provide details of the data and the environment
of the plots.

The second is the Biological Dynamics of Forest Fragments
Project (BDFFP) undisturbed forest plots located 90 km
outside the city of Manaus (2°51'31.24" S; 59°53'17.36" W).
They have been monitored at various intervals since 1981
with the last campaign made available in 2004. Quesada et
al. (2006) provide details of the data and the environment of
these plots.

The third series of plots was the TEAM network early warning
system for nature permanent sample plots. Plots are located 100
km outside the city of Manaus (2°56'41.22" S, 59°56'37.73"
W). Quesada et al. (2006) provide details of the data and the
environment of these plots.

The fourth series of plots was the Precious Woods Amazonas
Itd permanent sample plots which is located 250 km outside
the city of Manaus (2°57' N, 58° 42’ W). Karfakis et al. (2013)
and Wellhofer (2002) provides details of the data and the
environment of these plots respectivelly.

The series of plots in Madre de Dios, Peru are clustered in two
locations 120 km outside the city of Puerto Maldonado in the
Madre de Dios province of Peru (12°40'59.20" S, 69°13'1.50"
W). They are known as Tambopata and Cuzco Amazonico.
Quesada et al. (2006) provide details on the datasets and the
environment of these plots.

2.3. Tree species grouping

Because of the high diversity of tree species present in the
dataset, species where assigned to one of 9 ecological groups
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based wood density and adult stature class (Table 1). All tree
species where classified a priori using all possible combinations
of three bole wood specific gravity (g cm™) and three adult
stature classes (maximum potential height classes in meters).
The result of this was nine groups. The approach was originally
developed and tested for rainforest in Malaysia (Kohler et
al., 2000) and has been validated and used for Neotropical
rainforest for purposes of forest dynamics modeling (Arets,
2005; Silva, 2004; Kamesheidt et al., 2001).

2.4. The baseline model

The baseline models in our case was separately recalibrated
for the forests of the Manaus and Madre de Dios regions using
the relevant permanent sample plot data. The decision to
calibrate separately came as a consequence of the significant
differences in tree species composition, stand structure and
dynamics and associated differences in physical environment.
Two other model variants were created by fine tuning for each
area. All trees>10 cm dbh where included in the process. A
brief description of the baseline model for both areas which is
described more extensively elsewhere (Karfakis et al., 2013)
follows.

The growth, recruitment and mortality functions where
calibrated for each species group. The growth submodel
(equation 1) predicts annual diameter growth, I (in centimeters
per year) of an individual tree, as a function of tree diameter
at breast height, D (in centimeters), and a competition index

I=D(a tae*")t+a,C+ta, (1)
(20x20 m? subplot basal area in m?).

Where, a,...a, are model parameters, D is the diameter at breast
height, C is the diameter independent competition index and e
is the mathematical constant represented by this symbol

Annual recruitment probability, F, is predicted for each 20%20
m? subplot a function of the growth, I, of a hypothetical tree
with 10 cm diameter centered in the middle of 20x20 m? grid
square The probability of recruitment (F) of new trees in a
grid-square of 100 m? for the Para model and 400 m? for the

F=r+rl, 2)

Manaus and Puerto Maldonado models depends on the light
availability in that grid-square (equation 2).

Wherer, ....r,are model parameters, I, is the diameter growth
rate in cm per year of the hypothetical tree of the minimum
d.b.h of 10 em in the center of a 20x20 m? grid square. The
growth rate is predicted using the growth model described for
a tree with the same diameter at the minimum d.b.h threshold
of 10 cm.

A model parameter, Ti represents the time required (in years)

for in growth as the number of years required for a tree to grow
from seed to a d.b.h of 10 cm. It is used in the simulation when
an area of ground is cleared of seedlings, for example when the
soil surface is mechanically scarified and compacted during log
extraction. This is different for all three areas and ecological
group within each area.

Finally the annual mortality probability (as a percentage) on an
annual basis based on size (d.b.h) for each individual tree>10

no-Nm :Il/t (3)

no

mi=1-[1-

1. { b,D, < bm+10} @
btbD, D, > b +10

cm dbh in the forest and was modeled separately for each
ecological group (equations 3 and 4).

For the annual mortality probability (equation 3) No is the
total numbers of stems of the particular ecological group at
the beginning of the time interval t, and Nm is the number of
recorded dead trees during the interval. For the dynamics of
the mortality model (equation 4), b,...b, are model parameters,
b_is the bin width or 5" percentile of the diameter distribution
and Di is diameter at breast height of the tree i.

Other allometric properties, like height and crown width of
the trees are determined using functions with d.b.h. These
are describing extensively elsewhere along with relevant
coefficient values (Phillips et al., 2004; van Gardingen et al.,
2000).

2.4.1. Dynamic equilibrium assumption model variant

The dynamic equilibrium assumption is a very common
assumption in forest dynamics modeling (Kammesheidt et
al., 2001; Porte and Bartelink, 2002; Valle et al., 2009) and
is generally interpreted in this context as assuming that an
undisturbed forest will have a relatively stable basal area and/
or tree density on the species group level and/or the stand level.
This assumption is frequently implemented by fine-tuning the
forest dynamics model, regardless of whether the model is
empirical or mechanistic (Valle et al., 2009).

We implemented this assumption by iteratively adjusting the
parameters from the baseline growth, mortality and recruitment
submodels when deemed necessary. The limits for these
adjustment where the 95% confidence interval statistic for the
paremeter of that curve. For the assumption to be unviolated the
species group composition over a 100-year simulation period in
undisturbed forest would have to be relatively constant while
compositional dynamics should be realistic in the sense that the
forest managed to maintain its relative multi group composition
over time without significant changes and without regression
to a later or earlier stage of ecological succession.

The pragmatic justification for this procedure is that recruitment
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and mortality data are commonly problematic due to noise.
2.4.2. The drought pulse model variant

The drought pulse model variant is exactly the same as the
dynamic equilibrium assumption model variant, except for
incorporation of a steady deterministic pulse that artificially
raised mortality of trees in selected ecological groups
at specified intervals in time over 100-year simulations
following fine tuning on the basis of the dynamic equilibrium
assumption.

For the purposes of this work we defined a drought event as that
event in the scale of calendar years where average dry season
rainfall falls at least or more than 40% of the average annual one
based on precipitation data from the long term environmental
record (Williamson et al., 2000; Phillips et al., 2005)

Using this principle it was possible to establish a return interval
for a drought event by an examination of rainfall gauge records
dating up to 120 years before the date of this work (Haylock
et al., 2006; Holmgern et al., 2001; INMET, 2001; Malhi and
Phillips, 2004; Malhi and Wright, 2004; Phillips et al., 2009;
Satyamurty et al., 2010; Slik, 2004; Sombroek, 2001; Vieira
2000; Williamson et al., 2000)

Following this an examination of the BDFFP permanent sample
plot data spanning 23 years and encompassing two distinct
drought events lead us to the conclusion that the drought pulse
should essentially be a tree mortality pulse by ecological group
of tree as the effect of growth is not long term significant
and recruitment is a function of tree mortality (Karfakis and
Andrade, 2013).

For this later analysis it was concluded that in terms of
response to drought there was only two basic groups of trees:
the pioneers and the non pioneers..

It was therefore decided that mortality would be applied
uniformly to all groups due to the relatively small differences.
The mortality increase in relation to the baseline (what
mortality would have occurred if a drought had not hit the
forest) for the Manaus calibration was set at 45% on a 12
year interval and for the Madre de Dios calibration for a 70%
increase every 9 years.

2.4.3. Forest response to selective logging

As no data from permanent sample plots where available
to directly evaluate long term biomass and compositional
dynamics it was decided that the response of the forest to
selective logging for the two model variants both for the
undisturbed forest simulations and for was to be judged
intuitively using assumptions and principles in other SYMFOR
modeling efforts with the same issue to be addressed (Phillips
et al., 2003; Phillips et al., 2004; Valle et al., 2007) but also

elsewhere (Kamesheidt et al., 2001).

Response of the forest under this criterion needs to show in
general a predictable pattern of ecological succession in terms
of forest stand functional composition and biomass dynamics
over a 100-year simulation period in response to a relatively
severe logging event of around 12 commercial trees per hectare
with a d.b.h>45 cm.

2.5. Design of simulations and initial conditions

Two kinds of simulation experiments were performed. The
first consisted of undisturbed forest experiments whereby for
each area separately and for each one of the four hectare plots
a 100 year simulation for undisturbed forest with and without
a drought pulse was run and an output of tree numbers per
hectare along with basal area for all individual trees for all
plots was generated; The second set of experiments consisted
of selective logging experiments set with two treatment with
and without a drought pulse for a relatively heavy harvest of
around 12 commercial trees per hectare with a d.b.h>45 cm
for each of these. The initial ecological conditions of the forest
sample plots used to initialize simulations where significantly

South america

- Manaus

de Dios

Figure 1: Location of the study areas
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different with the forest of Madre de Dios being more open
in relation to the forest of the Manaus region and with respect
to tree species functional composition.The forest of Madre
de Dios also had a greater volume of commercial tree species
and very importantly a greater proportion of more early
successional heliophylic tree species (Table 2).. We used four
1 ha plots from each of the two areas. For each plot simulation
was repeated 5 times, resulting in 20 repetitions. Data were
output for all live trees only every fifth year to keep the size of
output files manageable. We chose to output live tree basal area
by ecological group as the variable which also provided us with
the number of stems in each 1 ha plot. When harvesting was
applied we chose to apply it not at t=0 years but rather at t=10
years after initializing the simulations thus giving a record of
90 years of development in response to the logging event.

2.6. Statistical analysis

Since the simulated datasets included repeated that strictly
speaking are not independent of each other general linear
models (GLM) where considered inadequate for a valid analysis.
General linear mixed models (GLMM) however provide ideal
solutions when measuring the same unit repeatedly through
time (West et al., 1984; West et al., 1995).

These where performed using the default REML algorithm
(subroutine) for examining repeated measurements data using
the statistical software GENSTAT v 12.1. The variable was the
number of stems per hectare by ecological group with time as
an average for each one hectare plot by model version (with
and without drought pulse incorporation). Separate analyses
where conducted for the forests of Madre de Dios and Manaus
respectively.

3. Results and Discussion

3.1. Dynamic equilibrium assumption

When the baseline model had been calibrated in the SYMFOR
framework for both Manaus and Madre de Dios undisturbed
forest simulations over a 100 year period showed a pattern

Table 1: Ecological groups of trees used in this study

that was clearly in violation of the dynamic equilibrium
assumption for both the forest of the Manaus region (Figure
2a) and Madre de Dios (Figure 2b). For Manaus that the small
statured medium wood density tree species showed a significant
increase in mean number of (live) stems per hectare. This was
also the case for the canopy trees of low wood density and high
wood density canopy trees and for the true pioneers though
for the later the change was much smaller. Other groups also
declined and especially the high wood density emergent species
group along with other minor fluctuations in other mostly later
successional groups.

For the Madre de Dios baseline model there was considerable
change in the number of stems per plot (hectare) and basal
area per plot by species group also but changes appeared to be
different to the ones of Manaus. Here there were three main
groups in terms of significant increases in the forest, for high
and low wood density canopy and emergent species. There
were also groups that showed significant decreases and more
specifically these are the medium wood density emergent and
canopy species and the true pioneers.

The resulting steady state for both regions was that of a
forest that would be relatively denser than that of the starting
conditions dominated by groups of tree species that would not
grow to emergent but mostly to that of canopy status. Also the
stand would be dominated to a significant extent by more light
wood density tree species.

This is a possible evolution for these forests based on a variety
of finds. The most directly relevant in support of this is that of
Laurance et al. (2004) which noted a gradual compositional
shift during the past 20 years prior to their investigations that
was expected to become more significant with time for an area
of undisturbed forest near Manaus for the forest of the BDFFP
from which data where obtained for the purposes of this study.
The extrapolations predicted that the forest would be dominated
to a greater extent by genera of light wood much the same way
as the forests of the two areas based on our simulations

In addition to this there is direct evidence supporting such
potential future evolution of tropical moist non-flooded forests

General ecological group Co- Wood density Adult

de (gem?) stature (m)
Slow growing emergent 1 >0.70 Hmax>35
Slow growing subcanopy 3 >0.70 Hmax<15
Medium growing emergent 4  0.49>WD>0.69 Hmax>35
Medium growing canopy 5  049>WD>0.69 15>Hmax>30
Medium growing subcanopy 6  049>WD>0.69 Hmax<15
Fast growing emergent 7 <0.48 Hmax>35
Fast growing canopy 8 <0.48 15>Hmax>30
Fast growing subcanopy 9 <0.48 Hmax<15

(true pioneers)

Table 2: Description of stand initial conditions considering
trees>10 cm dbh (mean+tstandard error)

Stand Characteristics Manaus Madre de

dios
Total volume (m*ha™') 311+14  243£19
Commercial volume (m*ha™') 97+12  136+20
Percent volume of light hardwood species”  3+1 8+2
Percent volume of pioneer species™ 2+0.6 7+1

*Groups 7 and 8 in Table 1; “Group 9 in Table 1
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from relevant studies using permanent sample plots both in the
Amazon basin but also elsewhere (Baker et al., 2004; Malhi
& Phillips, 2004; Lewis et al., 2004a, 2004b).

The most likely main cause for the changes these studies point
to increased plant fertilization caused by rising atmospheric
pollutant concentrations such as CO, (Baker et al., 2004;
Laurance et al., 2004). However our models where entirely
data constrained and it is therefore difficult to prove this
assumption correct. It must also be taken under consideration
that recent changes on biomass and thereby potentially
composition cannot be disregarded as an artifact of the data
used according to a more recent study on Amazonian plot data
including several datasets that were used in this study (Gloor
et al., 2009). However equally compelling evidence from
similar forests elsewhere suggests that this is simply a pattern
of common natural fluctuations in the relevant dynamics of
the forests for both biomass and functional composition as
is evident for two large forest plots in Malaysia and Panama
(Feeley et al., 2007).

In addition to this such changes can potentially be entirely
an artifact of the data due to the almost universal issue of
significant amount of noise of these used in parameterization
(Phillips et al., 2002; Phillips et al., 2003; Phillips et al., 2004;
Vale et al., 2009), especially mortality and recruitment .

It is known however that changes of this magnitude have not
yet occurred for the forests of the Manaus region (Karfakis&
Andrade 2013).

Moreover Phillips et al. (2004) for a similar modeling effort

and associated ecological grouping system in the SYMFOR
framework for non-flooded tropical forest in Para state, Brazil
hypothesized that this causes pioneers or associated groups to
consistently outperform more lately successional shade tolerant
species due to their inherently faster recruitment rates. This was
in particular because they outperformed more shade tolerant
species in gaps in natural forest. They also hypothesized
that this was because they did not have an adequate area of
undisturbed forest that was monitored and hence natural gaps.
They proceeded into empirical fine tuning on the basis of this
assumption.

Based on current scientific evidence we therefore concluded
that these dynamics where in direct violation of the dynamic
equilibrium assumption in both cases and proceeded in
changing selected model parameters empirically through the
process of fine tuning so that the baseline models agree to the
dynamic equilibrium assumption as was the common practice
in other efforts in the SYMFOR framework .

For the Manaus version this resulted in a steady state in which
although some compositional changes occurred these remained
within the limits of the forest plot data used to initialize
simulations This was also the case for the Puerto Maldonado
version . These results were also in agreement with other studies
(Arets, 2005; Phillips et al., 2002; Phillips et al., 2004; Valle
et al., 2007).

In response to a heavy single logging event the forests of
both Manaus and Puerto Maldonado exhibited significant
compositional and biomass changes in response to logging.

Table A1: Parameters for the growth model for both model variants

Group a, a, a, a, a,
1 0.0004  0.0001 3.178 -0.0177 0.202
2 0.0001 0.0004 2.388 -0.055 0.217
o 3 0.0054  -0.0005 2.101 0.0417 0.1114
; 4 0.0023  0.00001 4.28 -0.0522 0.212
§ 5 0.007 -0.002 3.188 -0.0533 0.165
= 6 0.0055 -0.0004 2.0633 -0.0037 0.161
7 0.0038  -0.0002 5.776 -0.106 0.258
8 0.0073  -0.0009 2.54 -0.137 0.270
9 0.282 -0.0005  0.0211 -0.058 0.0018
1 -0.0034 0.1 0.1 -0.093 0.059
2 2 -0.0054 0.1 0.1 -0.213 0.0185
5 3 -0.15 0.1 0.1 -0.156 0.088
o 4 -0.0043 0.1 0.1 -0.117 0.25
= 5 -0.0095 0.1 0.1 -0.078 0.16
_g 6 -0.027 0.1 0.1 -0.2 0.19
< 7 -0.0034 0.1 0.1 -0.11 -0.0038
= 8 00039 0.1 0.1 0158  0.153
9 -0.0063 0.1 0.1 -0.0148 0.133

Table A2: Parameters for the mortality and recruitment models
for both model variants

Group T I, Ti b, b, b,  Bin(cm)
1 -141  0.0074 494 176 0.0037 0.039%6 2.6
2 00749 0.0021 52 22 -0.0039 0.944 44
o 3 2351 0004 65 144 -0.0137 1.0 35
5 4 2862 0024 40 136 -0.0069 0011 1.5
S 5 20021 00329 45 5166 0.0053 0933 7.5
= 6 0.823 -0.0088 50 813 -0.0209 4.32 53
7 -0.104 0.0246 35 7.128 -0.0091 1.7 35
8 02658 -0.0246 32.1 83216 -0.0156 1.807 33
9 0479 -0.0002 22 8379 02694 227 24
1 0.014 0.0012 50 0.8372 -0.0132 1.421 1.9
S 2 00574 00011 30 14396 -00076 13225 33
5 3 02394 -00176 43 1.09 0.0243 0.0406 4.1
o 4 -00434 -03869 55 0.875 -0.0093 05175 2.2
2 5 -0.1723 -0.1496 33 16133 -0.0175 0.74 1.9
5 6 05416 003 43 119 00284 0.132 52
© 7 0.0 0011 16 24 -00151 25574 27
= 8 0.0 000159 11 1525 -0.0181 2.7868 2.1
9 -0.1782 0.0904 12 1.898 -0.0491 5.57 39
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More specifically more early successional species groups
benefited at the expense of more late successional ones.
Following the logging event succession towards a steady
state dominated to a greater extent by more shade loving early
successional species with a higher wood density followed
for both the Manaus region(Figure 3a) and Madre de Dios
(Figure 3b).

These results were also in agreement with other studies within
SYMFOR(Arets, 2005; Phillips et al., 2002; Phillips et al.,
2004;Valle et al., 2009) but also elsewhere (Carreno-Rocabado
et al., 2012; . Horne and Gwalter, 1982; Kamesheidt et al.,
2000; Kariuki, 2004)

Estimates of the model parameters for the growth, mortality and
recruitment submodels for both Manaus and Madre de Dios are
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Figure 2: Forest dynamics of 9 ecological groups of trees (hori-
zontal axis) expressed as number of trees (live stems) per hectare
(vertical axis) considering trees>10 cm dbh. This is following
fine tuning based on the dynamic equilibrium assumption across
a 100 year simulation period divided in three time points :10,50
and 100 years after the beginning of the simulations for a model
version without drought pulse :NODR 10=year 10, NODR
50=year 50, NODR 100=year 100 and with drought pulse in-
corporated :DR 10=year 10, DR 50=year 50, DR 100=year 100.
Forest not subjected to logging for Manaus (A) and Madre de
Dios (B). Error bars represent standard error of the mean.

given in tables A1 and A2 respectively in Appendix A.
3.2. Drought pulse Assumption

The incorporation of a drought pulse had a significant effect
on both undisturbed forest dynamics and one subjected to
heavy logging (Table 3). The effect on the undisturbed forest
simulations was that of a decrease in the number of stems
(live stems) per hectare (Figure 4). This was also true for
selectively logged forest with time period as factor. Again the
effect was similar for both Manaus (Figure 2B) and Madre de
Dios (Figure 3B).

It was therefore evident that the incorporation of the drought
pulse had a significant influence on the simulation output from
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Figure 3: Forest dynamics of 9 ecological groups of trees
(horizontal axis) expressed as number of trees (live stems)
per hectare (vertical axis) considering trees>10 cm dbh. This
is following fine tuning based on the dynamic equilibrium as-
sumption across a 100 year simulation period divided in three
time points:10,50 and 100 years after the beginning of the
simulations for a model version without drought pulse :NODR
10=year 10, NODR 50=year 50, NODR 100=year 100 and
with drought pulse incorporated:DR 10=year 10, DR 50=year
50, DR 100=year 100. Forest subjected to a relatively severe
logging event (15 stems>45 cm dbh per hectare) at year 10
of simulations For Manaus (A) and Madre de Dios (B). Error
bars represent standard error of the mean.
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both model versions though for the Manaus model the effect
appeared to be more significant than Madre de Dios. From
available analyses no effect on the compositional dynamics
of the forest could be determined. More specifically it was
apparent that the effect of the pulse could not promote or
suppress significantly the population density of any of the
groups during the simulated period in the unlogged primary
forest. Therefore it was not possible to prove that current
species richness of these tropical rainforest sites is directly
related to drought despite direct correlation observed from
field data (ter Steege et al., 2003).The effect of competition
appears to be highly significant and is in contradiction with the
finds and opinions of Bamphlyde et al. (2005) that factors other
than competition and potentially exogenous ones are more
important in maintaining current species richness observed in
tropical rainforests.

In contrast to functional composition there was a significant
effect on the total number of stems per hectare for the forest
stand as a whole. More specifically the steady state number of
stems per hectare was consistently smaller with a drought pulse
than without one (Figure 4). Furthermore this was considerably
closer to the values derived from permanent sample plot
data from each region but also the initial conditions prior the
commencement of the simulations. This is not surprising as the
drought essentially increases the overall tree mortality levels
(Gloor et al., 2009; Holmgern et al., 2001)

Therefore increased conformation to relevant field data is not
surprising. This was the case for both areas but appeared to be
more significant for Madre de Dios. This is also not surprising
because it is known that drought is a much stronger ecological
component of these forests (ter Steege et al., 2003; Phillips et
al., 2005; Satyyamurty et al., 2010).

For both areas despite the fact that tree density in the steady

Table 3: F-statistic and P values for the GLMM analysis
for number of live stems per hectare

Treatment Variable F-statistic P value
Manaus Ecological group 11.52 <0.001
Undisturbed  All stems>10 cm dbh  78.38 <0.001
forest

Manaus Ecological group 7.980 <0.001
logged All stems>10 cm dbh ~ 58.91 <0.001
Forest Ecological group 2.7000  <0.001
Madre de All stems>10 cm dbh  0.370 <0.001
Dios Undis- Ecological group 9.340  <0.001
turbed forest  All stems>10 cm dbh 15.78 <0.001
Madre de dios

logged forest

state forest is reduced to levels closer to field data it still
remains more elevated relatively. This is potentially because
other forms of natural disturbance such as animal browsing
are not represented at all in the current model.

For selectively logged forest it appeared for both areas that the
increased baseline (natural) mortality of trees causes recovery
of biomass to occur later than without it (Figure 5).

This is an expected result with important implications for
use of these models in decision making for sustainable
forest management and more specifically yield regulation.
This is because this process needs to be very accurate
and underestimation of baseline mortality will naturally
overestimate yield (Alder, 1995; Vanclay, 1995).

Results were in general almost identical to the dynamic
equilibrium assumption model variant for undisturbed forest
and selectively logged forest and were also in agreement
with studies within SYMFOR but also elsewhere for both
undisturbed (Arets, 2005; Phillips et al., 2002; Phillips et al.,
2004; Valle et al., 2007) and selectively logged forest (Arets,
2005; Phillips et al., 2002; Phillips et al., 2004; Valle et al.,
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Figure 4: Stand density expressed as mean number of live
stems>10 cm dbh per hectare over a 100 year simulation period
of the forest of Madre de Dios and the Manaus regions from
field data and for the steady state of the undisturbed forest for
both model versions for the uncalibrated, calibrated and the
drought pulse versions.
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Figure 5: Modeled evolution of stand density over a 100 year
simulation period (expressed as mean number of live stems per
hectare) considering trees>10 cm dbh in response to a relatively
heavy single selective logging event (around 12 trees>45 cm
dbh per hectare). For the forests of the Manaus and Madre de
Dios regions in relation to field data from harvested undisturbed
forest stands from both regions. Field data: Man=Manaus;
MdD=Madre de Dios. Model variant: Manwdr=Manaus
drought pulse; Mannodr=Manaus without drought pulse;
MdDwdr=Madre de Dios drought pulse; MdD=Madre de Dios
without drought pulse.

2009; Carreno-Rocabado et al., 2012; . Horne and Gwalter,
1982; Kamesheidt et al., 2000; Kariuki, 2004). Results where
also in agreement with graphical analyses of model output
for both model variants for stem density and basal area by
ecological group with time of Karfakis et al. (2013) that also
concluded this variant to be realistic with respect to undisturbed
forest dynamics and response to selective logging

Number of trees plot™!

MdD

4. Conclusions

The incorporation of a drought stress pulse had a significant
effect on forest dynamics because of its influence of bringing
the biomass dynamics much closer to levels found in permanent
sample plot data. It did not however have a significant impact
on the compositional dynamics of the forest in the undisturbed
state and in response to selective logging. These results lead
us to reject the null hypothesis as there was no significant
difference between the two model variants with respect to
forest functional composition despite the significant effect on
biomass dynamics observed.
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