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Abstract

Small-scale disturbances that create canopy gaps play a key role in regulating successional pathways in temperate
forests. SORTIE, a spatially-explicit, individual-based model, allows the modelling of temperate forest succession by
means of gap dynamics. The aim of this paper is to evaluate, using a spatio-temporal sensitivity analysis, the spatial
cohesiveness of gaps generated by SORTIE. Northern hardwood forest succession, based on local interactions of
three shade tolerant and three shade intolerant species, was simulated over 1000 years. To investigate the effects of
injtial conditions, two seedling densities (low and high) and two spatial configurations of new seedlings (random and
aggregated) were replicated five times. Statistical analyses were then performed to detect the presence of significant
global spatio-temporal gap structures. These analyses were followed by a more detailed characterisation of the
spatio-temporal behaviour of the model using three different spatial statistics (spatial join-count, nearest neighbour
and gap size) at each time step. The cohesive temporal periodicity of these statistics was assessed using phase
coherence (PC) analysis. Results exhibit consistent global spatial dynamics, with subtle differences between replicates
and between initial conditions. PC analysis reveals the presence of important cyclic behaviour around 200-250 years.
Finally, our results provide useful insights about the intrinsic factors regulating long-term spatial gap dynamics, as
well as the effects of shade tolerance on the immediate responses of tree species to disturbance in temperate forests.
© 2001 Elsevier Science B.V. All rights reserved.
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1979; Pickett and White, 1985; Payette et al,,
1990). Gaps increase light levels and change local
environmental conditions, with significant impacts
on tree interactions. Gaps are necessary for al-
most all tree species to attain canopy status (Can-
ham, 1988, 1989; Pouslon and Platt, 1989) by
means of a myriad of different strategies. Gaps
also play a major role in species coexistence by
creating local ecological niches for specific species
(Denslow, 1980). They constitute an important
source of entry sites of new genotypes and new
taxa (Silvertown and Smith, 1988), and may en-
hance the resistance of some species to herbivory
(Coley, 1993). Overall, local disturbances play an
important role as the driving forces of community
change (Withmore, 1989; Payette et al, 1990).
Consequently, our ability to model local distur-
bance regimes may have a direct impact on our
understanding of successional dynamics (Vitousek
and White, 1981), and on the quality of manage-
ment activities (Lorimer, 1989).

This importance of small-scale disturbances led
many researchers to carefully study gap dynamics
to better understand the underlying processes at a
local scale (e.g. Brokaw, 1985; Runkle, 1985; Can-
ham, 1989; Lieberman et al., 1989). Gap dynamics
can be studied at two distinct but interrelated
levels of organisation, the disturbance level and
the patch mosaic level (or stand level). Traditional
empirical field studies brought many valuable in-
sights about gap replacement processes and gap
resource heterogeneity. However, few studies em-
phasis¢ the emergent gap spatial dynamics (i.e. the
spatio-temporal organisation exhibited by many
gap patches) produced at the stand level in rela-
tion to local disturbarce dynamics. Yet, such
patterns are considered to be directly related to
species composition in the subsequent forest cy-
cles (Withmore, 1989). Studies documenting the
spatial structure of gap dynamics at the stand
level are rare because necessary field data are very
difficult to collect. Time series covering entire
successional sequences are rarely available in the
field, and spatial gap surveys are very labour
intensive. Paleoecological studies have been pro-
posed as one solution to the lack of suitable,
direct observations of time series. Payette et al.
(1990) focused on the mapping of disturbances

due to canopy gaps in a 25 ha study area using
expansion/contraction patterns extracted from
paleo-dendrochronological data.

Ecologists have also emphasised the use of dis-
tributed dynamic simulation models in order to
generate new hypothesis and to improve their
understanding of gap and population dynamics
through time (Botkin et al., 1972; Shugart and
West, 1977; Leemans and Prentice, 1989; Bossel
and Krieger, 1991, 1994). However, most of these
models make use of arbitrary areal units having
little if any ecological correspondence with real-
world canopy gaps at an aggregated semantic
level. In the last decade, these models have been
refined in the form of trué spatially-explicit mod-
els of forest dynamics (Urban, 1990; Urban et al.,
1991; Cosalanti and Grime, 1993; Green, 1994;
Wissel, 1994; Coquillard and Hill, 1997). This new
generation of models now emphasises the poten-

-tial of simulating the complexity of natural dy-

namic systems by taking into account the local
spatial interactions of their physical components.
This shift in ecological models has been partially
driven by the arrival of the object-oriented
paradigm in computer science, recent develop-
ments in theoretical ecology and the emergence of
complex systems theory from which theoretical
dynamic systems like cellular automata have been
shown to produce complex global behaviour while
being very simple in their internal structure (Wol-
fram, 1984; Langton, 1990; Green, 1992; Brad-
bury and Green, 1996). Because they focus on real
physical entities, individual-based models such as
SORTIE (Pacala et al., 1993, 1996) are becoming
a very popular class of spatially-explicit models.
However, despite their apparent potential, there
are problems associated with these models. First,
they usually produce an immense amount of raw
output that makes them barely tractable (Judson,
1994). Second, while these models are based on
the premise that spatial processes are of major
importance (Pacala. and Deutschman, 1995;
Deutschman et al., 1997), the interpretation of the
results is still mostly based on the analysis of time
series illustrating the behaviour of non-spatial
descriptors.

The objective of this paper is to study the
spatio-temporal structure of stand level gap dy-
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namics in a northern hardwood forest taking into
account the way different species ‘perceive’ small-
scale disturbances according to their own shade
tolerance characteristics. For the purpose of this
study, we are using the spatially-explicit, individ-
ual-based model SORTIE. Specifically, our aim is
(1) to evaluate the spatio-temporal sensitivity of
the model to initial conditions (initial seedling
density and spatial arrangement), and (2) to char-
acterise .the stand level spatio-temporal pattern
associated with gap dynamics emerging from local
tree interactions. '

We are specifically interested in whether gap
dynamics predicted by the model exhibits a cohe-
sive and consistent global, spatio temporal be-
haviour across different initial conditions. We
also hypothesise that the model will exhibit a
long-term, temporal convergence towards a simi-
lar emergent dynamics in relation to different
initial conditions. This temporal convergence
should be revealed in the trend of the predicted
time series, as well as in its periodicity.

2. Materials and methods
2.1. The model

SORTIE (Pacala et al., 1993, 1996) is a model
built using an object-oriented architecture. It at-
tempts to reproduce the global behaviour of
stands of northern hardwood forests by explicitly
modelling the life cycle of each tree, as well as the
local interactions between them. Individual
growth, mortality and seedling dispersal are mod-
elled according to .each species individual’s size
and light availability. Competition between indi-
viduals is approximated by modelling the shading
effect of each individual’s neighbours. The model
has been developed and calibrated using a large
set of empirical observations taken in a northern
hardwood forest of Connecticut, USA (Canham
et al., 1994 Pacala et al., 1994; Ribbens et al.,
1994; Kobe et al., 1995) and has proven to suc-
cessfully reproduce and forecast non-spatial
global descriptors of forest dynamics (such as
basal-area), as well as community composition
and spatial distribution of individuals through

succession (Pacala et al., 1996). Some studies have
been conducted to assess the sensitivity of this
model to internal parameters in order to charac-
terise and quantify with accuracy the key elements
behind emergent dynamics (Deutschman et al.,
1997, 1999).

Among the nine species incorporated in the
SORTIE model, we selected a subsample of six
species for the purpose of the present study. These
species are classified into two groups, shade toler-
ant species (Fagus grandifolia, Tsuga canadensis

< and Acer saccharum), and shade intolerant species

(Quercus rubra, Acer rubrum and Fraxinus ameri-
cana). A description of the ecology of these spe-
cies and of the experimental stand conditions
associated with SORTIE can be found in Pacala
et al. (1993). Simulations were performed using a
toroidal lattice of 120 x 120 m over 1000 years,
with a time step of five years. A central 100 x 100
m sub-region was subsequently extracted for ana-
lytical purposes to reduce edge:effect.

The overall experimental design is composed of
four main parts and is illustrated .on Fig. 1. Part
A refers to the simulation process and-describes

.-the four initial conditions. Part B represents the

way small-scale disturbances were extracted from
the simulated datasets. Part C illustrates the spa-

* tial analyses performed at each time step to quan-

tify emergent spatial structures. Finally, part D
refers to the temporal analysis performed in order
to monitor the spatial dynamics of the system.

2.2. Initiating the simulations

In order to perform a sensitivity analysis of the
model, four sets of initial conditions were defined
based on initial seedling density (low and high)
and spatial configuration (random and aggre-
gated). The former is modelled by varying the
proportion of seedlings produced by each species
under consideration, keeping the overall number
of seedlings constant. For the latter, seedling dis-
persion was initially random. Then to obtain an
aggregated spatial seedling structure, the entire
simulation area was - disturbed with a  total
clearcut after 250 years of simulation. By doing
s0, only the remaining in situ seedling population
was incorporated in the model as an initial condi-
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Fig. 1. Chart illustrating the simulation and analytical processes.

analysis

tion assuming that its spatial arrangement
reflected a more ‘natural pattern’ than with the
random distribution. In order to perform statisti-
cal analysis, we generated a set of five replicates
for each of the initial conditions under
consideration.

2.3. Quantifying light

SORTIE estimates incident radiation that
reaches the top of the centre of the crown of each
individual seedling, sapling, and adult tree in the
modelled stand. Incident radiation is quantified
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using the Gap Light Index (GLI, Canham et al.,
1990), which ranges from 0 to 100 in units of
percent of full sunlight. For our purposes, we
modified SORTIE to also produce a set of raster
layers where each cell contains GLI at various
heights from the ground. GLI quantifies the per-
centage of incident photosynthetically active radi-
ation (PAR) transmitted through the canopy to
any horizontal and vertical spatial location in the
understory over the périod of the growing season.
The GLI is formalised in Canham et al. (1990) as:

GLI = [(ToPy) + (T, Py)]100.0 (1)

where, P; and P, represent the proportion of
diffuse and beam radiation that reaches the top of
the canopy over the course of the growing season,
and where T, and T, represent the proportion of
diffuse and beam radiation that aré transmitted
through the canopy to a point in the understory.
A value of GLI near 0 suggests the absence of any
clear, detectable gap in the canopy while a value
of 100 reveals the presence of a fully open site.
The sensitivity of the model to this measure has
been investigated by Deutschman et al. (1999).
This study demonstrated that cohesive emergent
population dynamics are produced by SORTIE
even when using a coarser approximation of the
fine-scale light heterogeneity in the model. While
these results are based on circumstancial evi-
dences, they strongly suggest an appreciable .be-
haviorial - stability of SORTIE to the light
modelling approach which reinforces the use of
the GLI in the present study. For our purposes,
this measure has been computed in its original
fine-scale formulation (Pacala et al., 1993) at 1 m
from the ground surface for the entire simulated
area, for every time step. :

2.4. To be a gap or not to be a gap?

A major challenge arises when relating light
regimes to small-scale disturbances, the gap defin-
ition itself. It is more than likely that the way we
define a gap will have a direct impact on its
analysis at' the stand level. Should a gap be
defined as something discrete or as a fuzzy entity?
Traditionally, a canopy gap is defined geometri-
cally by the space generated by the death of one

or a few canopy trees (or even by the loss of
major branches from canopy trees). In order to
relate this geometric conception of a gap to light,
and considering that solar radiation may reach
beyond the vertical projection of a conventional
canopy gap, Runkle (1982) proposed the ex-
panded (or extended) gap concept (EGC). Pous-
lon and Platt (1989) also defined a canopy gap for
eastern hardwood forests as a locally elevated
light level, but this definition remains too simple
and does not bring enough information to be
operational.

Runkle (1982) expanded gap was originally
defined as the vertically-projected area associated
to the canopy hole created by the removal of the
crown of a dead individual, extended to the bases
of the individual trees that border the gap. Fig. 2
shows these two definitions of a gap. The grey
areas represent the extent of the actual gap in the
canopy. The dotted circles represent the extent of
the crown of the tree that initiated the gap. In the
first case, the gap extent is restricted to the area
that was occupied by the dead tree crown. In the
second case, the expanded gap incorporates the
influence of the canopy opening on the light
regime beneath the crowns of the immediately
neighbouring trees.

Using the GLI, Canham et al. (1990) demon-
strated the presence of significant spatial hetero-
geneity in spatial gap organisation. They also
showed that the influence of a canopy gap can
‘extend considerable distances beyond the pro-
jected outline of the gap’ (Canham et al., 1990). It
is likely that this influence may also exceed the
first-order neighbour distance and may influence
saplings of different species in a species-specific
manner. Furthermore, this influence will be af-
fected by processes such as vertical gap filling and
lateral gap reinvasion (Lorimer, 1989).

In this study, we use a generalised and species-
dependent version of the expanded gap concept.
This concept embeds the combined influence of
direct beam radiation and sky diffuse radiation on
the light regime reaching the understory, using
GLI. This species expanded gap concept (SEGC) is
defined by the portions of space in which light
levels are suitable for the establishment and
growth of particular species. We have focused on
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light in our operational definition of SEGC be-
cause of the empirical evidence suggesting that
light was the key limiting resource in' the defini-
tion of seedlings habitats at the sites where SOR-
TIE was parameterised (e.g. Pacala et al., 1994).
In principle, the concept could also incorporate
the effects of canopy gaps on spatial variation in

Fig. 2. Traditional ways to define a gap in ecology (grey
areas). (A) canopy gap concept; (B) expanded gap concept.

Table 1 .
Different levels of seedlings density defined for each species in
the process of generating the two density scenarios of initial
conditions®

Species Naimes

Low density (%) = High density (%)

F. grandifolia 11 . 6
A. saccharum 11 6
T. canadensis 11 6
A. rubrum 22 T 28
F. americanus 22 ’ 28
Q. rubra 22 28

2 Low and high density means, respectively, a lower and a
higher representation of shade intolerant species in the set of
initial conditions.

Table 2
GLI threshold values extracted for each species under consid-
eration (Kobe et al., 1995)

Species Group GLI threshold
F. grandifolia Shade tolerant 0.100
A. saccharum Shade tolerant 0.625
T. canadensis Shade tolerant 0.135
A. rubrum . Shade intolerant 1.860
F. americanus Shade intolerant 2.430
Q. rubra Shade intolerant 2.640

soil resource availability (Belsky and Canham,
1994) (Table 1). :
In practice, we have defined species-specific,
expanded gaps on the basis of empirical relation-
ships between sapling mortality rates and incident
light levels (GLI, Kobe et al., 1995). These rela-
tionships provide an objective basis for defining
shade tolerance by deéfinition, shade tolerant spe-
cies have higher rates of survival at low light
levels than intolerant species (Kobe et al., 1995;
Kobe, 1996; Kobe and Coates, 1997). For each
species, the relationships in Kobe et al. (1995)
were used to determine the minimum light level
that would result in a threshold mortality rate of
10% over 5 years (Table 2; Fig. 3). Hence, very
small openings in the canopy can create func-
tional gaps for shade tolerant species, while the
same -opening would not serve as an effective gap
for less tolerant species. The threshold is based on
field experience, but is ultimately arbitrary, and
must ‘be seen as an experimental exercise. Using
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these thresholds, the GLI data for the raster layer
output generated by SORTIE were reclassified to
produce species-specific gap maps at each time
step.

Fig. 1 (Part B) shows a portion of the GLI
image produced at a specific time step during a
simulation. On the same figure we can observe
two binary images generated by applying two of
the predefined GLI thresholds to the original GLI
values. These images, further referred as ‘gap
maps’ in the text, both reflect the actual spatial
distribution of canopy openings, but each map
differs according to the shade tolerance of the
target tree species. The important idea is that the
dataset used in the present study is derived from a
quantitative and continuous underlying represen-
tation of the light distribution that has been trans-
formed to a binary representation corresponding
to the presence/absence of a gap.

Compiling the series of binary’ gap maps ex--

tracted at each time step, we generated a spatio-
temporal dataset that represents species-specific
gap distributions through space and time, for each
of the initial conditions simulated. Such spatio-
temporal dataset allowed the detection of specific
spatio-temporal gap events (appearance/disap-
pearance, expansion/contraction, etc.) across the
simulation space.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

P P S T N A

MORTALITY (/5 YR)

RELATIVE

GLi (%)

Fig. 3. Definition of the species-dependent GLI threshold
(Kobe et al., 1995). F. grandifolia, ACSA, A. saccharum;
ACRU, 4. rubrum; QURU, Q. rubra; TSCA, T. canadensts
FRAM, Fraxinus americanus. -

2.5. Characterising spatio-temporal gap dynamics

The first step in our spatio-temporal analysis of
the gap dynamics was to test for the presence of
an overall significant. spatio-temporal structure
over the entire successional sequence (as illus-
trated in Fig. 4). We performed a global spatio-
temporal join-count analysis over each dataset,
considering the temporal dimension as a third
spatial dimension (H, = no significant spatio-tem-
poral structure, o« = 0.05). This statistic is a 3D
generalisation of spatial join-count statistics (CLiff
and Ord, 1981; Fortin, 1999), a surface pattern
method used to characterise the autocorrelation
of qualitative/categorical data (in this study, the
presence/absence of a gap). This method uses an
isotropic neighbourhood and. quantifies the gap/
gap, gap/mon-gap and non-gap/non-gap spatial
links, allowing the characterisation of the dataset
in terms of random, uniform or clustered spatial
arrangement through the discretised simulation
space.

In order to describe the detalls of the simulated
gap dynamics, three spatial analyses were per-
formed at each time step for each initial condi-
tion. These three statistics were chosen to
highlight complementary information describing
the spatial properties of the gap patterns gener-
ated by the model. First, the spatial join-count
statistics were calculated for each time step to
obtain a general picture of the spatial autocorrela-
tion of the gap maps through time.

‘Second, nearest neighbour statistics were com-
puted using the distance from one gap edge to the
nearest gap in order to monltor the global expan-
sion/contraction of the gap pattern at each time
step. Finally, we computed the mean gap size,
using the number of raster cells per gap, for each
time step. This' measure 48 often related ‘to- gap
heterogeneity and ‘used as-a descriptor of gap
dynamics (Payette et al., 1990; Coley, 1993; Gray.
and Spies, 1996); it was integrated in the present
study for comparative purposes. -

The values of these three- statistics were plotted
against time to -produee time series. The periodic-
ity of the temporal signal was analysed using the
phase coherence (PC) approach (Lindstétm et al.,
1997). This technique measures the petiodicity of
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Spatial join-count (random low density seedling distribution)
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Fig. 4. Q. rubra, Jom—count time series representmg the gap--gap spatial relationship. The histogram in the lower right corner
illustrates the results of the PC analysis applied on the corresponding five replicates, for each initial condition. The Y axis of the
histogram corrésponds to the number of times a s1gn1ﬁcant periodicity has been detected by the PC analysis among the five rephcates

for the corresponding time step perlod (plotted on'the X ax1s)

a temporal signal by examining. the deviation: of
data points from their zero-mean values (com-
puted from a set of vectors including the time
series values sampled .at a specific period) for-a
period p to a period p + n.. The main advantage of
PC analysis over temporal autocorrelation analy-
sis. lies in its efficiency at detecting.‘true periodic-
ity’ -(i.e. good -ability to detect -periodicity in
simple mathematical functions known to. exhibit
mathematical cyclical properties on the Poincaré

planes) while dealing with short and noisy time
series signals. Another salient advantage of PC
analysis is that it doesn’t assume a linear correla-
tion behaviour among the data. In addition, it
does not assume the presence of white noise pro-
cesses in the time series, as it is the case with other
indices from the family of autocorrelation statis-
tics. "All the PC values were compared for statisti-
cal significance with 1000 permutations of the
time series with an o threshold of 0.05.
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Spatial join-count (aggregated low density seedling distribution)
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Fig. 4. (Continued) -

3. Results

The global spatio-temporal join-count statistics
reveal significant, spatio-temporal structures . in all
simulations (& = 0.05). The comparison between
initial. conditions. for. this.. statistic .is..shown-.in
Table 3-for. each species. Acecording to these re-
sults, we reject the null hypothesis-and conclude
that there are significant differences in the effec-
tive, global, spatio-temporal gap pattern for-alt of
the species under consideration -and for all of the
different initial conditions.

More detailed spatial analysis was performed in
order to capture the gap structure generated by

Table 3 : S

Kruskall-Wallis  results ‘showing . global comparison for the
spatio-temporal join-count statistic -between - the four initial
conditions

Species Kruskall-Wallis P(KW)
A. saccharum 15.11 0.002
A. rubrum. . 14.17 -0.002
Q. rubra 14.01 0.002
F. americanus 14.01 0.002
F. grandifolia 12.25 0.006
T. canadensis ° 13.71

0.003.
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the model. Each of the three statistics, used in the
context of this analysis, is described by reference
to the variability observed in the global trend, the
local trend and in the periodicity among replicates
and between initial conditions. While we used

different thresholds to define gaps for each of the - ‘

six species, the species were effectively clustered
into shade tolerant (GLI threshold < 1%) and
intolerant (GLI threshold > 1%) species. Due to
the massive amount of output generated for the
analysis of each species-specific pattern, we
present below the results of one representative
shade tolerant species — F. grandifolia — and

one representative intolerant species — Q. rubra.

While we expected spatio-temporal gap dynamics
to vary between the two species in absolute terms,
our goal was to determine whether there were
similarities in the relative dynamics of gaps for the
two species groups, and whether those. dynamics
showed similar sensitivities to initial conditions.

3.1. Gap spatial analysis for a shade intolerant
species (Q. rubra)

A first visual analysis suggests that the global
trend of the join-count time series (for gap—gap
links) is independent of the initial conditions sim-
ulated by the model (Fig. 4). Locally, these statis-
tics oscillate with an amplitude that declines with
time towards a more or less stable oscillatory
state. The initial conditions with aggregated
seedling distribution exhibit an evolution after the
disturbance at the 50th time step (250 years) that
is similar to the random runs, regardless of the

~density of seedlings initially incorporated into the
model. Nonetheless, it appears that the aggre-
gated, high density initial condition is associated
to rapid stabilisation of the system compared w1th
the aggregated low density scenario.

"Distances between nearest gaps for the shade
intolerant species ranged from 0 to 80 m, depend-
ing on the replicate and the initial condition
observed!, with a mean of approximately 15 m.
The long-term trend in nearest neighbour statis-
tics was quite stable (Fig. 5). At a very fine

! A distance of 0 illustrates the presence of a single gap
patch in the simulation area.

temporal sampling, all replicates exhibit a pro-
nounced saw-toothed signature. At coarser tem-
poral sampling, the signal produces a smoother
oscillating pattern regardless of initial conditions

‘(Flg 5).

The amplitude of the gap size time series is
quite variable, ranging from 0 to 8000 m*® (Fig.
6) Gap sizes in most of the time series do not
exceed 1000 m. The global trend also exhibits a
quite stable behaviour that is locally punctuated
by discrete events that cause mean gap size to
increase dramatically. After the disturbance at 250
years, the time series reveals a behaviour similar
to the period before the disturbance. The signal is
characterised, however, by reduced amplitudes,
suggesting again a stabilising effect of aggregated
seedling spatial configuration on the system (Fig.
6).

Figs. 4-6 also illustrate a synthetic view of the
PC analysis for each replicate. These results take
the form of frequency distributions showing the
number -of times a -significant periodicity is de-
tected by the PC analysis among the five replicates
for each initial condition. In ordinate is the fre-
quency ranging from 0 to 5, and in abscissa is the
period ranging from 1 to 100 timesteps (500
years). ,

A visual analysis of the frequency distributions
of the PC analyses in Figs. 4-6 provides a syn-

thetic view of the differences between the oscillat-

ing behaviour of the replicates for a given initial
condition and for the three different spatial statis-
tics. There is no initial condition for which the
same periodicity is expressed by all of the repli-
cates. We suggest that differences in periodicity
between replicates are likely to be related to a
delayed response of each replicate towards a simi-
lar (but not in phase) oscillatory pattern, rather
than to truly different temporal trajectories. This
interpretation is supported by the fact that results
show peaks of high frequency as well as an impor-
tant clustering effect for the majority of the distri-
butions around 200250 years (40—50 time steps).
Between initial conditions, this clustering effect is
quite - pronounced and consistent for the join-

2 A size of O illustrates the fact that there is no species
expanded gap in the simulation area:



P. Dubé et al. /Ecological Modelling 142 (2001) 39-60 49

Nearest neighbor (random low depslly seedling distribution) . .
70 —— Replicate 1
—— Replicate 2
© 60 e Replicate 3
1 —— Replicate 4
50 "
é --------- Replicate 5
- 40 :
& . it Significant periodicity frequency
4 . A, 1 distribution (PC for all replcates)
E 30 1T - i 5 .
Q H
i 20 . hﬂ : 0 1 t b ; ; 4
[} 1 ' { 113 -
10 1 A M2 I k
Lh ¥ i
6 s i i | -
1 12 23 34 45 56 67 78 89 100111122 133144 155166177 188199 . 1 15 20 .43 57 71 85 99
Time step (5 years interval) . Period(Syeap intervaf)
Nearest neighbor (random high density seediing distribution)
80 —— Replicate 1
70 —— Replicate 2
----- Replicate 3
60 —— Replicate 4
o s — e I e o e 1o | AR Replicate 5
- I3 ¢
E 40 1 \ ‘§§ 11 l i Significant periodicity frequency
g |11 \ i distibution (PC for allreplcates)
= g4 I 1L 5
B 1 |l
20 1 B3
10 |
A LS | [T
1 12 23 34 45 56 67 78 89 100111122133144155166177188199 1 15 20743 57 71 85 99
Time step (5 years interval) . Period (5 years ‘intervai)

Fig. 5. Q. rubra, nearest neighbour time series representing the average distance between discrete gap objects (distance computed
from the gap borders). The histogram in the lower right corner illustrates the results of the PC analysis applied on the corresponding
five replicates, for each initial condition. The Y axis of the histogram corresponds to the number of times a significant periodicity
has been detected by the PC analysis among the five replicates for the corresponding time step period (plotted on the X axis).

count analysis and the gap size analysis. This
recurrent, temporal autocorrelation across repli-
cates and initial conditions indicates the presence
of a potentially important periodicity in gap for-
mation of 200—250 years.

3.2. Gap spatial analysis for a shade tolerant
- species (F. grandifolia) :

The join-count analysisr of the shade tolerant
species F. grandifolia (Fig. 7) exhibits temporal
trends that are consistent between replicates and
. for each initial condition. These series describe a

global trend that increases with time, and with
increasing amplitudes in the local oscillating pat-
tern (Fig. 7). This behaviour is strikingly different
from the trends exhibited by the join-count analy-
sis of Q. rubra, the shade intolerant species (Fig.
4). The initial conditions with aggregated initial
seedling distribution show an important peak af-
ter the disturbance event that differs from the
early behaviour of the undisturbed simulations,
regardless of initial seedling density. These results
are effectively the opposite of the patterns seen for
the intolerant species, suggesting that gap dynam-
ics experienced by shade tolerant and intolerant
species are qualitatively different.
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Distances between nearest gap patches for the
shade tolerant species range from 0 to 20 m,
depending on the replicate and the initial condi-
tion observed (Fig. 8). The average inter-gap dis-
tance is approximately 5 m, which is one third of
the average distance between gaps for the shade
intolerant group. As it is the case for inter-gap
distances for the shade intolerant species, the
long-term trend is relatively stable. The temporal
signal is characterised by a pronounced saw-
toothed behaviour at a very fine temporal sam-
pling, but oscillations at a coarser level are weaker
than they are for the intolerant species.

Mean gap size is also quite variable, ranging
from 800 to 8000 m?2, with a mean value oscillat-
ing around 5000 m? (Fig. 9). The time series also

exhibits a pronounced high-frequency oscillation.
After disturbance at 250 years, the time series
reveals a local behaviour different from the period
before the disturbance. Specifically, the time series
does not reach the same stable sill as it does at the
beginning of the simulation. Nonetheless, the be-
haviour of the signal eventually tends to converge
on dynamics similar to those observed with the
two sets of random initial conditions. This sug-
gests that the spatial extent of seedlings habitats
as illustrated by the gap size statistics would be
more dynamic on a short-term basis for shade
tolerant dominated stands compared with shade
intolerant dominated stands without, however,
showing a strong sensitivity to this factor in long-
term dynamics.

Nearest neighbor (aggregated low density seedling distribution)
80 —— Replicate 1
| —— Replicate 2
70 .
----- Replicate 3
60 - —— Replicate 4
é i N Replicate &
£ . Significant periodicity frequency
# 40 ; distribution (PG for allreplicates)
g 4 1.1 ﬂ 5
g 30 ﬂ
3 4
04 _ Nf “l;g i \
. ; il "
10 1 ; 7 7
lx HH 1
| rill AN
1 12 23 34 45 56 67 78 89 100111 122133 144 155 166 177 188 199 1 15 29 43 57 71 85 99
Time step (5 years interval) Period (5 years Inlervél)
Nearest neighbor (aggregated high density seedling distribution)
90 - —— Replicate 1
80 ~—— Replicate 2
o) EEE——| L Replicate 3
60 —— Replicate 4
i - Replicate 5
5 50 : | Significant periodicity frequency
] 40 4 istribution {PC for &ll replicates)
7 A, ’ N 2
0 bbbl AR o brereedle] I
1 12 23 34 45 56 67 78 89 100 111 122 133 144 155 166 177 188 199 1 15 29 43 57 71 85 99
Time step (5 years Interval) Perlod (5 years interval)

Fig. 5. (Continued)
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Fig. 6. Q. rubra, mean gap size time series. The histogram in the lower right corner illustrates the results of the PC analysis applied
on the corresponding five replicates, for each initial condition. The Y .axis of the histogram corresponds to the number of times a
significant periodicity has been detected by the PC analysis among the five replicates for the corresponding time step period (plotted

on the X axis).

As for the shade intolerant species, the PC
analyses of the three spatial statistics reveal that
similar initial conditions can produce different
oscillatory patterns. Overall, our results suggest a
clustering in the periodicity. of gap dynamics of
around 200-250 years, remarkably similar to the
periodicity observed for Q. rubra in the earlier
section. In contrast to the results for the shade
intolerant species, significant periodicities in gap
dynamics for the shade tolerant species are
present in fewer replicates in only 3 of the 4 sets
of initial conditions (Figs. 7-9).

4. Discussion and conclusion

4.1. Spatio-temporal sensitivity of the model to
initial conditions

One of our first observations is that SORTIE
exhibits a significantly cohesive global spatio-tem-
poral behaviour. It is likely that the global differ-
ences observed between. initial conditions are
related to. the inclusion of a disturbance in half of
the simulations rather than solely due to strong
sensitivity to initial conditions. This interpretation
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is supported by the analysis of the global trends of
the time series that show consistency between initial
conditions despite the fact that they present many
subtle local differences in replicate behaviour. Such
local differences might be related to the sensitivity
of the model to its own internal parameters (e.g. the
pseudo-random number generator). If the distur-
bance simulated in order to spatially structure the
seedling configuration influences the short-term
behaviour of the time series, the results seem to be
quite convergent in a long-term perspective. The
aggregation effect of significant gap periodicity
around 200-250 years, revealed by the frequency

distributions of the PC analysis, reinforces this view
of a long-term stability of the gap behaviour. It
suggests a coherent behaviour between replicates
for a single initial condition despite a more sensitive
response to initial conditions.

On the other hand, for a same initial condition,
a change in the shade tolerance level used to
define gaps is associated with a change in the
amount of variability observed between different
replicates. Variability increases as the level of
shade tolerance increases (as an example, see Fig.
9 between 305 and 600 years). From a dynamical
perspective, we-also observe that different seedling

Mean Gap Size (aggregated low density seedling distribution)
9000 — Replicate 1
8000 = —— Replicate 2
oo d T Replicate 3
—— Replicate 4
6000 +—— T e Replicate 5
"g— 5000
5 4000 P ¥ lreqt
= 3000 \ distribution {PC for all replicates)
2000 $
3
1000 2 o
: =13 AL 1-
0 2 Pasles =T MAL ; T, o - l
1 12 23 34 45 56 67 78 89 100 111122 133 144155166 177188 199 |, .5 .9 45 57 71 85 oo
Time step (5 years interval) Period (5 years interval)
Mean Gap Size (aggregated high density seedling distribution) :
9000 - —— Replicate 1
8000 —— Replicate 2
------ Replicate 3
7000 —— Replicate 4
6000 - Replicate §
e
u 5000
3
3 4000 f quency
H distribution (PC for all replicates)
3000
5
. 2000 4
: ) 3
1000 e ! ) 2
. 19
0 o ' i ™ o !
1 12 23 3445 5667 78 89 100 111 122 133 144 155 166 177 188199 1 ‘15 20 43 57 71 85 99
Timé step (5 yearsInterval) ) : ‘Period (5 vears ‘interval)

Fig. 6. (Continued)
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Fig. 7. F. grandifolia, spatial join-count time series representing the gap—gap spatial relationship. The histogram in the lower right
corner illustrates the results of the PC analysis applied on the corresponding five replicates, for each initial condition. The Y axis
of the histogram corresponds to the number of times a significant periodicity has been detected by the PC analysis among the five
replicates for the corresponding time step period (plotted on the X axis).

distributions can induce differential transient dy-
namics among replicates but a similar long-term
dynamics as observed with random initial seedling
distributed simulations. Results also suggest that

the magnitude and the direction of this. effect -

might also depend on the selected GLI level for a
specific simulation. The time series suggests that
structuring the seed spatial organisation may con-
tribute to stabilise or, at the opposite, to enhance
the oscillations in specific phases of the system
according to different GLI thresholds. An ¢xam-
ple of this stabilisation effect is provided by the
mean gap size of the shade intolerant species (Fig.
6) between 50 and 120 time steps for the aggre-

gated scenario as compared with 0-70 time steps
for the random distribution.

4.2. Ecological implications

Our results lead us to the presumably obvious
but often neglected conclusion that consideration
of spatial dynamics is of vital importance in char-
acterising spatially-explicit models. For example,
SORTIE produces spatio-temporally cohesive
gaps constituted from aggregated pixels, not scat-
tered ones, which is consistent with the patch
dynamics resulting in a spatial mosaic signature
(Pickett and White, 1985). The spatio-temporal
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analysis also suggests that the spatio-temporal
dynamics of gaps experienced by shade tolerarit
versus intolerant species are strikingly different.
GLI thresholding first has a differential structur-
ing effect on the spatial configuration of gaps for
each species included in the model. As these gaps
define areas of potential canopy recruitment (Can-
ham, 1989) for each species, their configuration is
likely to have a strong influence on the spatial
arrangement of species within stands.

How do these different gap patterns evoive
through time? Our analysis of gap size patterns
and distances between gaps reveal clear differ-
ences for tolerant versus intolerant species. First,
shade intolerant species generally experience
small, distant gaps, while the shade tolerant spe-
cies experience large, close gaps. In this sense, the

gaps experienced by the shade intolerant species
are closer to the size and configuration of conven-
tional gaps defined by the vertical projection of
the canopy opening. Gaps experienced by the
shade tolerant species are better described by the
expanded gap definition.

From a dynamical perspective, the gap size
analysis suggests that the temporal dynamics of
gaps experienced by shade intolerant species are
relatively stable, while the gaps perceived by the
tolerant species have a relatively unstable oscillat-
ing behaviour representing high frequency expan-
sion and contraction of the gap pattern in the
landscape. These observations reflect the fact that
expanded gaps are more sensitive to subtle
changes in available radiation than are more con-
ventional gaps.

Spatial join-count (aggregated low density seedling distribution)

25000 —— Replicate 1
f \ - Replicate 2
20000 l “\ ----- Replicate 3
§ ' —— Replicate 4
:_9 15000 +————— L L A, AR e Replicate 5
% Significant peniodicity frequency
g j { 4 distribution {PC for all replicates)
3 10000 /\\ / ALk H\, 5
3
5000 N,
0 : 0 .
1 12 23 34 45 56 67 78 89 100 111 122 133 144 155.166 177 188 199 1 15 29 43 57 71 85 99

Time step (5 years Interval)

Period (5 years interval)

Spatial join-count (aggregated high density seedling distribution)

—— Replicate 1
—— Replicate 2
----- Replicate.3

JOIN-COUNT {gap-gap)

—— Replicate 4
AAAAAAAAA Replicate 5

Significant periodicity frequency
distribution (PC for all replicates)

N

5
4
3
2
1
0

1 12 28 34 45 56 67

78 89 100 111 122 133 144 155 166177 188 199

Time step (S years interval)

1 17 33 49 65 81 97
Period (5 years interval)

Fig. 7. (Continued)



P. Dubé et al. / Ecological Modelling 142 (2001) 39-60 ) 55

Nearest neighbor (random low density seedling distribution)

Time step (5 years Interval)

16 —— Replicate 1 _
14 —-— Replicate 2
o . fi ----- Replicate 3
—— Replicate 4
ft————m—m———— e H—f Replicate 5
;i 8 Il | Significant periodicity frequency
§ M 1 distsloution (PG for al replicates)
;e :
4 s 4
1 i ¥ 4 3
2 E{ ¥ J l i i ] \ 4 Nz
. ] I TR ) |

[
1 °12 23 34 45 56 67 78 89 100 111 122 133 144 155 166 177 188 199 1 45 29 43 57 71 85 99

Period (5 years interval)

Nearest neighbor (random high density seedling dls!ributlon)

Time step (5 years interval)

25
— Replicate 1
: —— Replicate 2
| e T — Replicate 3
—— Replicate 4
R |- I B i | S 7 S s m—— S Replicate 5
E
8 i I [ Significant periodicity frequency
E 10 4+ ¢ distribution (PC for all replicates)
Z | :
| :
5 — 3 3
[*1 L J Na
r H i BE ! 1
0 - d s

1 12 23 34 45 56 67 78 89 100 111 122 133 144 155 166 177 188 199

1 15 29 43 57 7t 85 99
Period (5 years interval)

Fig. 8. F. grandifolia, nearest neighbour time series representing the average distance between discrete gap objects (distance
computed from the gap borders). The histogram in the lower right corner illustrates the results of the PC analysis applied on the
corresponding five replicates, for each initial condition. The. ¥ axis of the histogram corresponds to the number of times a significant
periodicity has been detected by the PC analysis among the five replicates for the corresponding time step period (plotted on the X

axis).

Consequently, a shade tolerant species is likely
to experience opportunities for seedling establish-
ment and ultimate canopy recruitment that follow
a sort of ‘flash flood’ dynamics, where the propor-
tion of the habitat suitable to colonisation oscillates
from very high to very low in a relatively small per-
iod of time. We suggest that this process may have
significant consequences for species interactions, by
constituting a very dynamic, spatial constraint on
critical phases in tree life histories. Our results are
consistent with the suppression-release dynamics of
shade tolerant species documented by Canham

(1985, 1990) and subsequent studies (Merrens and
Peart, 1992 Rebertus and Veblen, 1993 Orwig and
Abrams, 1994; Cho and Boerner, 1995). Extensive
research and model validation will be required to
confirm the relationship between the model simula-
tions and empirical observations of the temporal
dynamics of ‘canopy recruitment in both shade
tolerant and intolerant species. Additional research
will also be needed to address the much broader
question of the effect of the observed spatial
instability of gap dynamics on the nonequilibrium
nature of succession and species coexistence.
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Finally, the PC analysis of all the spatio-tempo-
ral datasets suggests that the dominant processes
governing gap formation may be related to mass
event processes that operate at a coarser temporal
scale, and that can be complementary to docu-
mented, finer temporal scale events of 25-30
years (Payette et al., 1990). These results are
consistent with the view that gaps produced by

the death of old trees are one of the key compo- -

nents of gap dynamics.

4.3. Future research

This study is among the first attempts (see
Acevedo et al., 1995) to understand stand level
spatio-temporal patterns emerging from local gap
dynamics predicted by an individual-based simu-

lation. We believe that the SEGC has proven to
be a flexible framework allowing a more accurate
representation of the intimate relationship be-
tween species and light from an ecological per-
spective. This new interpretation of small-scale
disturbances dynamics is now opening a whole
new dimension of research opportunities.

In this study, we defined the GLI thresholds on
the basis of an arbitrarily selected but realistic
mortality rate. An interesting approach for future
research would be to evaluate the potential of
different light aggregation schemes using fuzzy
sets theory to define membership functions to a
gap/non-gap state for each spatial location, while
still taking into account the relationship between
species-specific mortality rates and the GLI. This
operational approach is likely to provide more
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Fig. 9. F. grandifolia, mean gap size time series. The histogram in the lower right corner illustrates the results of the PC analysis
applied on the corresponding five replicates, for each initial condition. The Y axis of the histogram corresponds to the number of
times a significant periodicity has been detected by the PC analysis among the five replicates for the corresponding time step period

(plotted on the X axis).

flexible rules in the definition of a gap. It is also
important to recognise the need to evaluate the
gap spatio-temporal dynamics for a more exten-
sive set of species along the shade tolerance gradi-
ent. We expect this operation to enable the
identification of species-specific behaviour charac-
terising distinctive self-organised spatio-temporal
patterns. :

From a topological perspective, we recognise
that gaps are dynamic entities that spatially inter-
act with each other and that their borders are also
dynamic. Relating gap spatial organisation to dis-
turbance history may provide useful, new infor-
mation about gap dynamics at the stand level.

This requires the development of a methodology
to track ‘gap lineages” through space and time.

‘Here, the potential of object-oriented analysis and
~ graph theory could be investigated.

Scale issues are also of vital importance in
future research. At which spatial scales should
simulations be conducted? What is the relation-
ship between the spatial dimensions of the simula-
tion space - and the effects of the torus
edge-wrapping method? Temporal scale is also
likely to be important. In the past few years,
researchers highlighted the fact that natural dy-
namical systems can exhibit very long transients
over many thousands of years before reaching
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their long-term dynamics (Hastings and Higgins,

1994). Over which temporal period should a forest -

be simulated in order to capture the essence of its
dynamics? These questions are not usually ad-
dressed explicitly by modellers even if they are
likely to promote incomplete and/or fallacious
interpretations of the simulated dynamics by not
being well-tuned at the scale at which the studied

emergent pattern is really expressed. Time scale .

issue will be especially important in the process of
further exploring the ecological meaning of the
200-250 years periodicity detected in this study.
Another interesting research path would be to
explicitly refer to the spatio-temporal organisation

of seedlings habitats as a system of constraints
acting on population dynamics and species disper-
sal into the succession framework. Field data
suggest that some species regenerate better in gaps
of specific age that were dominated by a specific
species [e.g. beech regenerate better in old sugar
maple gaps (Runkle, 1990)]. Other evidence shows
that the ability of shade tolerant species to handle
the period of light suppression .between gap for-
mation leads to very complex succession dynamics
(Canham, 1989). We also suggest that emergent
gap spatial patterns can influence population dy-
namics by defining a set of spatial constraints that
influence species recruitment at the local level. It
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would be interesting to relate the self-organised
gap spatial heterogeneity to -different modelling
schemes of the GLI in order to link our results
with those proposed by Deutschman et al. (1999).
Overall, it is clear that mechanistic interpreta-
tion relating gaps with individual trees at the
stand level, new insights about local gap hetero-
geneity, and a better understanding of the cohe-
sive emergent spatio-temporal properties of gap
dynamics at the stand level, can replace the sim-
plistic dichotomy between ‘gap’ and ‘closed
canopy’ (Lieberman et al., 1989) conditions in
forest ecology. The SEGC proposed in this study
represents an important step in this direction.
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