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ABSTRACT

Disturbances play an important role in forest dynamics across the globe. Researchers have mainly focused on the temporal context of
disturbances, but have largely ignored the spatial patterns of tree recruitment they create. Geostatistical tools enable the analysis of
spatial patterns and variability in tropical forest disturbance histories. Here, we examine the potential of combining dendroecological
analysis and spatial statistics to reconstruct the disturbance history of a seasonal dry evergreen tropical forest plot at the Huai Kha
Khaeng Wildlife Sanctuary (HKK), western Thailand. We used tree-ring-derived age estimates for 70 individuals of the shade-intolerant
pioneer species Melia azederach (Meliaceae) and tree locations across a 316-ha study plot to identify the timing and spatial extent of past
disturbances. Although the age distribution for Melia suggested that regeneration had been continuous over the past 60 yr, spatial analy-
ses (mark correlation function and kriging) demonstrated the presence of three spatially discrete age cohorts. Two of these cohorts
suggested a severe disturbance ~20 yr before present. A third cohort appears to have established ~50 years ago. Using historical records,
we conclude that fire disturbance is the most likely disturbance factor affecting HKK. Nevertheless, we do not rule out other disturbance
factors. The combined application of tree-ring analysis and spatial statistics as applied in this study could be readily applied to recon-
struct disturbance histories in other tropical regions where tree species with annual growth rings are present.
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THE DYNAMICS OF TROPICAL FORESTS HAVE CHANGED IN RECENT

DECADES. Several studies have demonstrated increased tree
growth, aboveground biomass, and tree turnover in the past
20 yr (e.g., Laurance et al. 2004, Phillips et al. 2008). These trends
have mostly been attributed to global change, especially to
increasing atmospheric CO2 concentrations, either through direct
carbon fertilization or climate change (e.g., increased temperature)
(Lewis et al. 2004, 2009). Others have cautioned, however, that
the observed patterns may be occurring as some tropical forests
recover from past disturbances (Wright 2005, Feeley et al. 2007).
Under this hypothesis, forests would increase in aboveground
biomass as they recover from disturbances in the past (Chave
et al. 2008, Chambers et al. 2013). Failure to take these unob-
served disturbances into account can lead to biases in estimated
mortality and growth rates, potentially leading to overestimations
of forest carbon sequestration rates (Chambers et al. 2004, Fisher
et al. 2008). It is well known from temperate zone forests that

past disturbances influence temporal pattern in forest dynamics
(Oliver & Larson 1996), but this historical context is rarely con-
sidered in studies of tropical forests.

Recovery from disturbances is a long-term process, although
direct observation of forest dynamics typically occurs over rela-
tively short time periods (years to decades, but see also Condit
et al. 1999). The analysis of tree-ring data has proven to be a
valuable method to obtain long-term tree growth data and to
accurately determine tree ages (Rozendaal & Zuidema 2011). In
temperate forests, tree-ring analyses have been applied to recon-
struct past disturbances and forest stand dynamics (Lorimer &
Frelich 1989, Rentch et al. 2003). An underrepresentation of trop-
ical forest systems in similar studies has mainly been due to the
historical perception that tropical trees do not form annual
growth rings (e.g., Lieberman et al. 1985). This perception can be
traced back to the idea that there is no clear seasonality in the
tropics. Many tropical forests experience an annually returning
dry season, however, resulting in cambial dormancy in trees and
annual rings being formed (Worbes 1995). Only recently have the
first tree-ring reconstructions been used to study tropical forest
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dynamics (e.g., Worbes et al. 2003, Rozendaal et al. 2011). Using
long-term tree establishment patterns and growth rates, Baker
et al. (2005) looked for indications of peaks in tree growth and
establishment. Their analyses revealed a complex disturbance
history consistent with widespread disturbances of varying inten-
sities over time, but primarily focused on the temporal patterns
of recruitment and release. Yet, different types of disturbance are
likely to have different spatial signatures. Minor disturbances
(e.g., single treefall gaps) result in a small number of trees growing
into the canopy, probably rather scattered in the landscape. Major
disturbances, on the other hand, are sufficiently severe to ensure
that most recruiting trees do not encounter competition from
surrounding existing trees (Oliver 1980, Oliver & Larson 1996),
likely resulting in larger patches with high density of equally aged
trees. Spatial analyses of recruitment ages thus provide useful
information on the nature of past disturbances and improve our
understanding of the spatial variability in disturbances regimes.

Shade-intolerant pioneer trees establish almost immediately
after disturbances that create high-light conditions on the forest
floor through canopy tree mortality (Brokaw 1982). This pulse of
regeneration is typically short in duration because pioneer species
cannot germinate in the shade and growth is severely reduced
from even moderate shading. As such, the age, location, and spa-
tial scale of clumping of pioneer tree species can be used to infer
the size and distribution of past disturbances (Duncan & Stewart
1991). By looking at the spatial structure of establishment dates
of pioneer species, we may be able to follow the formation of
canopy openings through time and space, and reconstruct a for-
est’s disturbance history. In temperate regions, spatial statistical
analyses of tree ages have been successfully applied to relate the
scale of clustering of even-aged trees to the size and distribution
of canopy openings formed by past disturbances (Cullen et al.
2001, Rozas 2003, S�anchez Meador et al. 2009). Despite gap
dynamics being a long-recognized component of tropical forests,
this approach has never been applied in tropical forests.

In this study, we examine the potential of combining tree-
ring analysis and spatial statistics to reconstruct the disturbance
history of a seasonal dry evergreen tropical forest in western
Thailand. We analyzed tree-ring samples from the pioneer species
Melia azederach (Meliaceae) across a 316-ha area to determine if
their spatial distribution was indicative of spatially distinct, age
cohorts related to past disturbances. Our specific objectives were
to: (1) reconstruct the age distribution of a widespread pioneer
tree species over a large area to identify temporal pulses of
recruitment; and (2) use spatial analyses to determine if there are
spatially discrete groups of trees within each age cohort. We
expect that this method will offer useful new insights into tropi-
cal forest disturbance history.

METHODS

STUDY AREA AND SPECIES SELECTION.—We carried out this study in
the Huai Kha Khaeng Wildlife Sanctuary (HKK), which is
located about 300 km northwest of Bangkok in Uthai Thani
province, western Thailand (15°40′N, 99°10′E). Huai Kha

Khaeng and its sister sanctuary Tung Yai-Naresuan were together
designated a UNESCO World Heritage Site in 1991. The HKK
landscape is dominated by three distinctive forest types common
to continental Southeast Asia: seasonal dry evergreen forest
(SDEF), mixed deciduous forest, and deciduous dipterocarp
forest, of which SDEF is the most species-rich and has the tallest
canopy (Bunyavejchewin et al. 1999). Seasonal monsoons form
the dominant climatic influence in the area with a rainy season
from May to October followed by a dry season from November
to April. Mean annual rainfall at the Kapook Kapiang Ranger
Station (about 4 km from the study site) was 1427 mm during
the period 1983–1993 (Bunyavejchewin et al. 2009). Mean
monthly rainfall in the dry season was <100 mm and mean
temperatures ranged from 27°C in July to 19°C in January. Figure
S1 shows a Digital Elevation Model (DEM) of our 316-ha study
plot based on inverse distance interpolation of ~20,000 altitude
values collected using a GPS-tracker (Garmin 60csX). Elevation
levels within the plot vary between 490 and 650 meters above
mean sea level and a stream runs from north to south through
the plot. A Smithsonian Center for Tropical Forest Science
(CTFS) 50-ha forest dynamics plot, established in 1992, is imme-
diately adjacent to our study area (Fig. S1). There was no
evidence in this area of past human activities, such as agriculture
or logging (Bunyavejchewin et al. 1999).

The study species, Melia azederach (Meliaceae), is a pioneer
tree species that is strongly shade intolerant (Baker et al. 2005,
Williams et al. 2008). Trees of this species depend on high-light
conditions for their establishment. Therefore, the presence of this
species in the forest is closely linked to past disturbances that cre-
ated canopy gaps sufficiently large to allow Melia seeds to germi-
nate. Furthermore, Melia trees are known to form annual growth
rings as it is completely deciduous (Williams et al. 2008). The
-formation of growth rings in Melia trees was demonstrated in a
cambial wounding experiment at the site (P.J. Baker unpubl. data;
see also Baker et al. 2005). Figure S2 shows an example of
tree-ring boundaries in our study species.

DATA COLLECTION AND TREE-RING MEASUREMENTS.—We collected
wood samples from 70 individual Melia trees in a 316-ha plot
northwest of a 50-ha CTFS forest dynamics plot (Fig. S1). Over
a period of 5 mo, between December 2010 and December 2011,
we systematically searched the 316-ha plot for all Melia trees
>5 cm diameter at breast height (dbh). We used a GPS-tracker
(Garmin GPSMAP 60C Sx) to visualize our trails and to verify
that the whole area had been covered. We also used the GPS
device to record the location of each sample tree to the nearest
5 m. We recorded dbh (1.3 m) and diameter at sampling height
for each individual tree. Per individual, we collected two to four
cores between 1.0 and 1.3 m above the ground using a 40-cm-
long, 5.15-mm-diameter Suunto (Vantaa, Finland) or Hagl€of
(L�angsele, Sweden) increment borer. Every effort was made to
core as close as possible to the pith. Nevertheless, the pith was
clearly visible in at least one core for just ~12 percent of the
individuals. Sampling was limited to individuals >5 cm dbh to
minimize damage to the tree population.

Spatial Disturbance History of a Tropical Forest 579



The increment cores were mounted on wooden holders and
prepared for visual analysis by cutting them with a large sliding
microtome (WSL, Switzerland). Cores were scanned at 1600 dpi
with a high-resolution digital scanner (Epson Expression
10000XL). We measured annual tree-ring widths in at least three
radii per individual, using the WinDENDRO tree-ring image
analysis software (v.6.4a, Regent Instruments). Ring-width series
within each tree were cross-dated by matching the variation in
ring-width patterns, which facilitated the detection of missing and
false rings. In addition, we cross-dated among trees using the
program COFECHA (Holmes 1983). The among tree cross-
dating of Melia ring-width series was relatively straightforward:
our chronology contained ~90 percent of all individuals with a
mean series intercorrelation of 0.48 (M. Vlam unpubl. data).

When all increment cores of an individual missed the pith,
we estimated the distance to the pith by the degree of arcing in
the oldest visible ring, assuming a circular growth pattern. The
number of missing rings was estimated by dividing the missing
distance to the pith by the average width of the five oldest visible
rings of that sample. We defined tree age as the number of years
since an individual tree reached coring height (1.0–1.3 m). Based
on our field experience and the high growth rates of Melia, we
expect that the time to reach coring height is only 2–4 yr.

AGE DISTRIBUTION.—We conducted a Hartigans’ dip test for
unimodality to test the null hypothesis of a unimodal pattern in
Melia establishment dates (Hartigan & Hartigan 1985). The dip
test measures the maximum difference between the empirical age
distribution function and the unimodal age distribution function
that minimizes the maximum difference, and is appropriate for
testing any unimodal against any multimodal pattern (Hartigan &
Hartigan 1985). We conducted the dip test using the diptest pack-
age (M€achler 2012) in the R Software environment version 3.0.0
(R Core Team 2013: 08-04-2013). The age distribution showed a
multimodal pattern if the dip test differed significantly from a
unimodal distribution (P < 0.05).

SPATIAL ANALYSIS.—To establish whether the distribution of
sampled tree locations in our plot was random, we described the
spatial distribution of Melia locations using the L-function (Besag
1977), which is the linearized form of the Ripley’s K-function
(Ripley 1977). The L-function is based on the second-order anal-
ysis of all tree-to-tree distances in a two-dimensional area and
characterizes the spatial pattern of tree locations at various dis-
tances d. Details on the calculation of the K- and L-functions can
be found elsewhere (Ripley 1977, 1981, Venables & Ripley 2002,
Illian et al. 2008). We calculated L(d) values for 10-m distance
intervals to distances up to half the maximum of the plot dimen-
sion (i.e., 1400 m) to reduce errors introduced by edge effects
introduced by the unknown pattern of unsampled trees outside
our study area (Boots & Getis 1988, S�anchez Meador et al.
2009). To reduce additional bias from edge effects, we applied an
isotropic edge correction introduced by Ripley (1988). The
L-function was plotted as L(d)-d, giving a value of 0 under com-
plete spatial randomness. We calculated 95 percent simulation

envelopes obtained from 999 Monte Carlo permutations under
the hypothesis of complete spatial randomness (uniform Poisson
point process; Baddeley & Turner 2005). If trees are clumped in
space, L(d) > 0; if trees are regularly dispersed, L(d) < 0.

The mark correlation function k(d), introduced by Stoyan
(1984), is used in forest ecological studies to describe the spatial
correlation of tree properties (i.e., ‘marks’), such as tree biomass,
diameter, or crown radius, in an observed point pattern given by
the discrete locations of trees (Stoyan & Penttinen 2000, W€alder
& W€alder 2007, Illian et al. 2008, Law et al. 2009). This function
gives a measure of the dependence between the marks of trees
for the point process a distance d apart. We used this function to
describe the spatial relationship of tree age. For theoretical defini-
tions, we refer to Stoyan and Stoyan (1994; p. 262). We applied
an isotropic edge correction to reduce bias introduced by edge
effects (Ripley 1988). We calculated distributions of k(d) under
the assumption of a spatially random distribution of ages using
999 Monte Carlo permutations (Baddeley & Turner 2005). We
then calculated 95% simulation envelopes for each distance
d (d ranges from 0 to 1400 m) and compared observed k(d) to
the these simulated envelopes. If observed k(d) values fall within
the simulation envelopes, tree age is spatially independent. When
k(d) is higher than the upper limit of the 95 percent simulation
envelopes, tree ages are clumped in space; whereas k(d) values
lower than the lower limit of the 95 percent simulation envelopes
indicate overdispersion of tree age.

Although the spatial distribution of individual trees in our
study plot represent a point pattern of discrete points in space,
the spatial distribution of tree attributes (e.g., biomass, height,
volume, or in our case, tree age) may be considered continuous
(Chen et al. 2004, Dimov et al. 2005). Therefore, the use of
kriging techniques to interpret spatial patterns in tree ages is justi-
fied. Kriging techniques use a local age estimation of neighboring
trees and account for the global age structure (Davis 2002). The
global autocorrelation structure is provided by a semi-variogram,
which is related to the abovementioned mark correlation func-
tion. Semi-variances were calculated over 50-m distance classes.

All spatial analyses were conducted and graphically depicted
using the R Software environment v.3.0.0 (R Core Team 2013:
08-04-2013). We used the following packages: spatial (Venables &
Ripley 2002); ncf (Bjornstad 2009); spatstat (Baddeley & Turner
2005); and gstat (Pebesma 2004).

RESULTS

AGE DISTRIBUTION.—We assessed evidence for recruitment pulses
of Melia based on the age frequency distribution of recruitment
decade of all sampled trees in the 316-ha plot (Fig. 1). We could
not assess recruitment post-2000 due to the minimum sampling
diameter of 5 cm dbh. Like many pioneer tree species, Melia is
relatively short-lived. Mean age of all sampled Melia was 35.8 yr,
with a standard deviation of 13.6 yr. The oldest individual that
we sampled, however, was 121 yr old. Because only two of 70
sampled trees established before 1950 (in 1891 and 1909), we
decided to exclude these trees from further spatial analyses as
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they were statistical outliers and such a low number would unli-
kely produce meaningful spatial patterns. The Hartigans’ dip test
showed that the age distribution was unimodal (P = 0.69,
N = 70) and the age data as presented in the age histogram
suggest continuous recruitment over the past 60 years.

SPATIAL DISTRIBUTION OF TREE LOCATIONS AND AGES.—We tested
whether the spatial distribution of sampled Melia tree locations
followed the hypothesis of complete spatial randomness, using
the Besag’s L-function. Melia tree locations were significantly
clumped at distances up to ~450 m (P < 0.05) (Fig. S3). At
greater distances, Melia tree locations were not significantly
clumped and showed no consistent pattern.

The mark correlation function revealed departures from
complete randomness in the spatial distribution of Melia tree ages
(Fig. 2). Ages appeared to be correlated up to distances of about
450 m and clumps of similarly aged trees were separated by
distances of roughly 800–1100 m. We found no significant corre-
lation between tree age and altitude (Spearman, P = 0.10,
N = 68), suggesting that the observed patchy distribution of ages
was not related to topography.

SPATIAL INTERPOLATION OF TREE AGES.—We calculated semi-
variances for Melia ages over 50-m distance classes as a measure
of spatial dependence in Melia age in our study plot. A spherical
variogram model was fitted through the calculated semi-variances
(Fig. S4). The semi-variogram model showed that Melia ages were
spatially dependent until ~800 m, shown by the range of the
semi-variogram.

We spatially interpolated Melia ages using ordinary kriging
based on the variogram model (Fig. S4). The resulting surface
map showed that all sampled Melia trees could be subdivided into
three spatially distinct age cohorts throughout our plot, demon-
strating a widespread, but diffuse, pattern of synchronous gap
formation (Fig. 3). The youngest Melia cohort was located in the
southeast corner of the plot with an average age of 24.5 yr and a
standard deviation of 10.0 yr (N = 12). Establishment of this
cohort started around 1990. A second spatially distinct age

FIGURE 1. Age-frequency distribution for sampled Melia trees (N = 70) in

our 316-ha plot in Huai Kha Khaeng wildlife sanctuary, Thailand. Sampled

Melia ages ranged from 4 to 121 yr. Age distribution of Melia trees that estab-

lished after 1950 was shown to be unimodal (P = 0.69, N = 70). Recruitment

after 2000 could not be assessed because of the minimum sampling diameter

of 5 cm.

FIGURE 2. Mark correlation function k(d) estimated for sampled Melia ages over 10-m distance classes to distances up to half the maximum of the plot dimen-

sion (i.e., 1400 m) (solid line). Dashed lines are approximate 95% simulation envelopes obtained from 999 Monte Carlo simulations under the hypothesis of com-

plete spatial randomness. Tree ages are as follows: spatially independent if k(d) = 1; clumped in space if k(d) > 1; and regularly dispersed if k(d) < 1.
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cohort was found in the northwest corner of our plot and had
an average age of 24.9 yr with a standard deviation of 11.9 yr
(N = 9). This patch most likely recruited around 1985. Finally, a
third cohort was located along the northeast to southwest diago-
nal with an average age of 41.6 yr and a standard deviation of
11.1 yr (N = 47). Recruitment of trees in this third cohort began
in the 1960s.

DISCUSSION

MELIA RECRUITMENT WAVES AND DISTURBANCES.—To better under-
stand the long-term dynamics of forests, a clear picture of past
disturbances is required. Earlier attempts were made to examine
long-term community dynamics of tropical forests using tree-ring
analyses (e.g., van Groenendael et al. 1996, Worbes et al. 2003,
Rozendaal et al. 2011). Reconstructing historical disturbance
regimes of species-rich tropical forests has proven to be a major
challenge. To our knowledge, Baker et al. (2005) is the only other
study that revealed past disturbances in a tropical forest with the
use of long-term establishment patterns, but they made no
attempt to include spatial patterns of tree recruitment. New
methodological approaches that also account for the spatial pat-
tern of recruitment may offer useful insights on the nature of
past disturbances and a better understanding of the spatial vari-
ability in disturbances regimes. Here, we demonstrated the poten-
tial of combining traditional dendroecological approaches with

spatial statistical analyses for reconstructing the disturbance his-
tory of a seasonal tropical forest in western Thailand.

We reconstructed the age distribution of a tree species to
identify temporal pulses of recruitment similar to Baker et al.
(2005). Our tree-ring analyses suggested that Melia recruitment
was continuous over the past 60 yr and showed no indication of
distinct age cohorts (Fig. 1). The spatial analyses of ages, how-
ever, revealed a distinct spatial patchiness in Melia recruitment
and the presence of three spatially discrete age cohorts (Fig. 3).
Thus, spatial analyses allow detecting spatially explicit recruitment
peaks that cannot be inferred from age structures alone.

The distances over which Melia ages showed spatial depen-
dency in our study plot were larger (up to ~800 m; Fig. S4) than
those typically found for pioneer trees in temperate forests (e.g.,
Wallenius et al. 2002, Rozas 2003). This spatial dependency is
indicative of the severity of the disturbances that resulted in the
establishment of a new age cohorts in our study area. We could
not assess patterns in tree age at a fine spatial scale, like in tem-
perate forests (e.g., Splechtna et al. 2005, S�anchez Meador et al.
2009), due to the relative scarcity of Melia trees in our study area
(<1 tree per 4 ha). In the boreal region of east-central Finland,
Wallenius et al. (2002) found spatial dependency at a range of
85 m in two old growth forests, reflecting the distance among
three spatially discrete age cohorts of trees that established after
three severe fire events. In addition, the spatial autocorrelation
structure of shade-intolerant Quercus robur trees in an old growth

0000000000000000000 444000000 444000000 m44000000 mmm4000000 mmmm000000444444444 mmmmmmmmmmmm40

88885555588885555588855555888555558885555588555558855555119999988111999998811199999888111999998881111999998881111999998888111199999888811111111111 8

99999666660000099999666660000099999666660000099996666600000999966666000009996666600000999666660000011111111111191111991111999111199911119999

9999999900000999999990000099999990000099999990000099999000009999900000999900000111999111999911999911999911999991199999991999999911111111111111111111991

11119999966666000011199999666660000111999996666600000111999996666600000119999966666000009999966666000009999966666000001111111111111111111 0000000

20

25

30

35

40

45

50

FIGURE 3. Interpolated Melia ages in our study plot, based on global ordinary kriging. Grey-scales represent interpolated tree ages, ranging from 4 (dark grey)

to 61 (light grey) years. Dots indicate sampled tree locations; dot size corresponds linearly to tree age. Areas with similar ages are delineated by smooth contours.

Three spatially distinct cohorts of Melia trees can be distinguished that established, respectively, in 1960, 1985, and 1990. Due to the location of the 50-ha forest

dynamics plot in the southeast corner, no tree age estimations could be obtained for the area indicated by the white square.
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beech-oak lowland forest in Northern Spain suggested the pres-
ence of spatially distinct age cohorts separated by distances from
22 to 48 m (Rozas 2003). The author showed that several pulses
in tree establishment coincided in the 19th century, and that these
were related to disturbances (e.g., hurricanes and violent wind-
storms) resulting in the expansion of existing canopy openings.
For studies on disturbance history in temperate regions, research-
ers often possess high-quality historical records on past natural
(e.g., windstorms, fires, droughts) or anthropogenic disturbances
(e.g., logging, grazing, agriculture). In tropical forest research,
records of past disturbances or climate are often incomplete or
absent. This limits the potential to reconstruct tropical forest
disturbance regimes.

The spatial pattern of Melia recruitment at our study site is
likely indicative for the intensity, severity, and type of past distur-
bances, as in pioneer trees, such patterns are closely related to
scale and severity of past disturbances (Duncan & Stewart 1991).
The most common form of disturbance in tropical forests is
created by treefall gaps that result in spatially aggregated, but
temporally random, regeneration at a typical scale of ~1 ha
(Brokaw 1985). One single severe disturbance event, however,
can create many treefall gaps simultaneously across the forest,
leading to a diffuse, but widespread, pattern of synchronous gap
formation over several hectares (Baker et al. 2008). The estab-
lishment of three spatially distinct Melia age cohorts across our
study plot suggests such a pattern of diffuse, but synchronous
gap formation. We observed one pulse of Melia recruitment
around 1960 and two Melia establishment pulses took place
around 1985 and 1990; the last two may have originated from
the same disturbance event. We therefore hypothesize that at
least two severe past disturbances (i.e., in terms of tree mortality
and canopy gap formation) affected forest dynamics at HKK in
the past 50 years.

What type of disturbances may have caused the observed
Melia recruitment patterns? One potential disturbance factor
affecting tree establishment at HKK is wind. It is known that
wind disturbance plays an important role in determining dynam-
ics in both temperate (Everham & Brokaw 1996) and tropical
forests (Nelson et al. 1994, Negr�on-Ju�arez et al. 2010). Wind-
storms and hurricanes lead to canopy damage and exposure of
mineral soils due to uprooted trees, allowing pioneer tree species
to regenerate in the resulting gaps (Ashton 1993). In a study by
Negr�on-Ju�arez et al. (2011), remote sensing imagery was coupled
to field investigations to create a 25-yr landscape-scale distur-
bance chronosequence for old growth forests in the Central
Amazon. The detected disturbances were caused by strong wind-
storms, which resulted in tree mortality events ranging from small
clusters of 6–8 downed trees, to large contiguous blowdowns
larger than 30 ha in size (Nelson et al. 1994, Negr�on-Ju�arez et al.
2011). Windstorms are an important disturbance factor at HKK.
For example, in 1962, a large cyclone struck Thailand (ADRC
(Asian Disaster Reduction Center) 2003), potentially creating the
canopy openings that resulted the 1960s Melia cohort in our
study area. This cyclone has earlier been proposed as an explana-
tion of tree recruitment waves at HKK (Baker et al. 2005). More

recently, a ~30-ha block of forest at HKK was blown down by a
windstorm in 1987 (Baker et al. 2005). The same windstorm may
have led to the regeneration of the two Melia age cohorts that we
dated to 1985 and 1990.

Another disturbance factor influencing forest dynamics at
HKK is fire. A growing number of studies have documented the
occurrence of fires in tropical forests and their impacts on forest
dynamics (e.g., Leighton & Wirawan 1986, Goldammer 1999,
Barlow et al. 2003, Cochrane 2003). Intense El Ni~no-Southern
Oscillation (ENSO) events in 1982–83 and 1997–98 resulted in
extreme drought conditions over continental and insular South-
east Asia that were accompanied by extensive fires throughout
the region (Murphy & Lugo 1986, Baker & Bunyavejchewin
2009). Moreover, seasonal tropical forests on the Southeast Asian
continent experience fire relatively frequently due to the Asian
monsoon system that generates a dry season of 2–6 mo in which
little to no rainfalls (Baker et al. 2008). In these periods, tempera-
tures on the forest floor increase and relative humidity decreases,
making forests more prone to fire. Baker et al. (2008) conducted
a study on the impacts of landscape-scale fire in deciduous and
evergreen forests at HKK during the 1997–98 ENSO event.
Although they found that most tree mortality occurred in the
smallest size classes, some large canopy trees were killed during
the fires and for the ensuing 2–3 mo, creating canopy gaps rang-
ing from 25 to 1000 m2 (Baker et al. 2008). With the onset of
the monsoons, several months after the fires, there was a second-
ary pulse of canopy tree mortality as heavy rains and strong
winds knocked over weakened trees (Baker & Bunyavejchewin
2009). Such post-fire mortality may continue for years after
low-intensity fires (Barlow et al. 2003). Even though these 1998
fires in HKK were low intensity (i.e., flame lengths ranging from
5 to 50 cm), they led to diffuse canopy mortality over hundreds
of thousands of hectares of forests. This diffuse canopy gap for-
mation pattern that resulted from the 1998 fires is consistent
with observed Melia recruitment patterns in our study plot. Fur-
thermore, we found physical evidence of trees (both Melia and
many other species) damaged by fire (e.g., fire scars, charred
stumps), especially in the northern parts of our plot. Fire distur-
bance is therefore also a likely explanation of observed Melia
recruitment patterns. Unfortunately, no fire data are available for
HKK prior to 1992.

A third potential disturbance factor is drought. Severe
droughts have a substantial influence on tree mortality in forest
canopy species (Leighton & Wirawan 1986). Moreover, we con-
sider the indirect effects monsoonal droughts have on fire occur-
rence to be of great importance to forest dynamics in terms of
tree mortality. Cook et al. (2010) developed a seasonally resolved
gridded spatial reconstruction of Asian monsoon drought and
pluvials over the past millennium (the Monsoon Asia Drought
Atlas) based on tree-ring chronologies spanning the Asian region.
They found an intense dry period in the 1960s, consistent with
extremely reduced wet-season rainfall inferred from teak chronol-
ogies in Northern Thailand (~300 km from HKK; Pumijumnong
et al. 1995). These dates are consistent with the establishment of
the Melia age cohort we dated to the 1960s. This further supports
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the idea that the observed Melia recruitment patterns may have
been the result of drought-induced forest fires.

We have speculated about the potential disturbance types
affecting forest dynamics in a seasonal tropical forest in western
Thailand. The reconstructed Melia establishment patterns suggest
that at least two widespread disturbances took place at HKK in
the past 60 years. In view of recent research on fire effects across
the forest landscape of continental Southeast Asia (Baker et al.
2008, Baker & Bunyavejchewin 2009), we assume that fire is the
most likely disturbance factor explaining Melia recruitment
patterns. Nevertheless, high-quality historical records of distur-
bances are absent in these regions and other disturbance types,
such as wind, cannot be ruled out.

IMPLICATIONS FOR RECONSTRUCTING DISTURBANCE HISTORIES.—
Although the combination of dendroecological and spatial analy-
sis tools, such as the mark correlation function and kriging,
proved very useful in our study, we suggest several improve-
ments to our combined methodology. First, we worked on a
rather coarse spatial scale as we included on average less than
one tree per 4 ha, which reflects the low abundance of Melia in
this forest. To evaluate gap dynamics on smaller spatial scales,
we recommend a sampling design that includes a broader range
of pioneer tree species. The high species diversity of tropical
forests and the relatively limited number of species forming tree
rings (Zuidema et al. 2012), however, make it unlikely that this
approach will enable us to study dynamics at the scale of meters,
as has been done in temperate forests (e.g., Rogers 1999, S�anchez
Meador et al. 2009). It should be taken into account that the
identification of spatially distinct cohorts of shade-intolerant trees
will be most useful for interpreting disturbance histories. Shade-
tolerant trees are not dependent on canopy gap formation for
their survival and establishment, and various studies have shown
that regeneration of shade-tolerant species is unrelated to past
disturbance (Rozas 2003, Song et al. 2011). Therefore, patterns
of tree regeneration for shade-tolerant trees may not reflect gap
dynamics (Lorimer & Frelich 1989). In addition, shade-tolerant
species are less likely to form annual growth rings (Baker, P.J.
unpubl. data), limiting their utility for reconstructing historical
stand dynamics.

Second, we see an additional application of this methodol-
ogy. Sudden increases in diameter growth rates that are main-
tained for some years or decades (‘releases’) are thought to be
the result of canopy gap formation (Rozendaal et al. 2011, Soliz-
Gomboa et al. 2012). The use of spatial statistics in the analysis
of light–growth relations may allow the temporal variations in
growth (Rozendaal et al. 2011) to be interpreted on a spatial
scale. In addition, although shade-tolerant tree species may not
provide evidence of disturbance in their establishment patterns,
they are sensitive to abrupt changes in light conditions. As such,
spatial patterns of growth release in the few shade-tolerant tree
species with annual growth rings could be used to supplement
establishment patterns in shade-intolerant species such as Melia
(e.g., Baker et al. 2005). This would improve the reconstruction of
the complex disturbance histories in tropical forests.

Past disturbances are important drivers of long-term changes
in forest structure and growth trends. It is critical that the role of
past disturbances in responses to regional and global environmen-
tal changes is acknowledged. Tree-ring analyses have the potential
to offer great value in the reconstruction of historical stand
dynamics in tropical forests. They allow us to gather insights into
historical establishment dates without the need to perform long-
term monitoring. Combining traditional tree-ring analyses and
spatial statistical analyses will allow unraveling the spatial signa-
ture of past recruitment events.
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