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Abstract: The effects of forest fires on tree recruitment dynamics in tropical forests is important for
predicting forest dynamics and ecosystem function in Southeast Asia. To our knowledge, no studies
have examined the effects of fire intensity on community-level recruitment patterns in tropical forests
due to the rarity of long-term observation datasets in fire-impacted tropical forests and the difficulty
of quantifying fire intensity. We addressed two questions: (1) is tree recruitment among species
affected by fire intensity? and if so, (2) are there specific plant functional traits associated with these
responses? We used data from a long-term forest dynamics plot at the Huai Kha Khaeng (HKK)
Wildlife Sanctuary in Thailand. The HKK plot occurs in a strongly seasonal tropical environment and
has experienced several fires since its establishment in 1994. We found 46 tree species (52% of the
89 species analysed) showed evidence of reduced recruitment rates with increasing fire intensities
during the most recent fire in 2005. Tree species in this flammable landscape have various leaf and
wood functional traits associated with fire. Spatial and temporal variability in fire activity may lead
to alterations in long-term taxonomic and functional composition of the forest due to selection on
fire-related traits.

Keywords: fire intensity; seasonal evergreen forest; recruitment; zero-inflated model; community-
level; recruitment pattern; functional trait; Thailand

1. Introduction

Forest fire plays an important role in influencing forest structure and composition,
particularly in many regions that experience seasonal climate variability [1-7]. Fire directly
impacts species and community dynamics by acting as a demographic filter, killing trees
that are most susceptible due to their size or lack of adaptations to fire. In doing so,
fires make resources available for recruitments of new individuals or surviving trees to
take advantage of the newly available resources. Community-level recruitment dynamics
and subsequent patterns of relative abundance in the wake of a fire will depend on the
spatial variability of fire intensity and the resultant mortality. Community-level recruitment
patterns have been studied in many temperate and boreal forests [8-10], but relatively few
tropical forests [11,12]. There are several reasons for this. Firstly, many tropical forests
occur in regions that experience aseasonal wet climate conditions and therefore little fire.
Secondly, long-term observations of fire activity in tropical forests are rare. And, thirdly,
unlike their temperate counterparts few tropical species have annual growth rings to enable
reconstruction of historical disturbance events (but see Baker, et al. [13]) and their impact
on community structure [14].

Forest fires are a common feature of seasonal tropical forests around the world. These
fires are typically low-intensity surface fires that burn along the forest floor [15-17]. Sea-
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sonal tropical forests typically experience a 3-6 month long dry season during which the
lack of rainfall and low relative humidity lead to leaf shedding in the forest canopy and
drying of the forest understorey [18,19]. Dry season conditions provide the fuels necessary
to carry low-intensity surface fires. In deciduous forests, these fires can spread throughout
the landscape, primarily killing understorey vegetation, but occasionally wounding or
killing large trees [16,19].

In seasonal tropical landscapes that support a mosaic of deciduous and evergreen
forests, the deciduous forests may experience fires every 2-10 years. In contrast, the
evergreen forests experience fire much less frequently because the persistent canopy cover
ensures that the forest floor is shaded, humid, and relatively cool during the dry season.
As a consequence, fires in these landscapes often burn through the deciduous forests only
to die out upon reaching the margins of the evergreen forest. However, in years of extreme
climatic conditions, such as those associated with strong El Nifio-Southern Oscillation
(ENSO) events, canopy cover in the evergreen forest may decline as trees drop leaves
in response to prolonged and intense drought conditions [20]. Extreme alteration of the
microclimate and fuel conditions of the understorey may provide the conditions necessary
for surface fires to burn into and through the evergreen forest.

Recent studies of the effects of fire on seasonal tropical forests have focused primarily
on the impacts of fire on the trees in the forest at the time of the fire. Because fire-induced
mortality is typically size-dependent, low-intensity surface fires typically kill seedlings,
saplings, and small trees and have little impact on medium- and large-sized trees. This
fire-induced mortality across species varies among sizes of trees [16] and fire intensity [21].
As a consequence, fire may drive changes in tree species abundance due to species-specific
size distributions. However, fire may also impact species composition by influencing subse-
quent patterns of recruitment. Because fire alters local microclimatic conditions and opens
previously occupied space and resources, it may favour the recruitment of certain species.
However, it is unclear the degree to which the interaction between fire and recruitment
shape community composition and subsequent forest dynamics in tropical forests.

Fire may act as a filter shaping the post-disturbance species pool and shifting the
relative distribution of functional traits. Plant functional traits are associated with species
performance, such as growth and survival, and can provide insights into how plants
interact with their living environments [22-25]. Species that have suitable traits for post-
fire conditions might be well adapted to establish. For example, fire-induced mortality
may increase light availability at the forest floor, which may favour more shade-intolerant
species (high leaf nitrogen, and phosphorus concentrations [26]). We hypothesised that
the functional trait distribution of recruits following a fire would be different from the
functional trait distribution of recruits during periods without fire. However, there are no
studies on the impact of fire intensity and its relation to functional trait distributions of
new recruits in seasonal tropical forests. The aim of this study was to examine the effect of
variability in fire intensity on tree recruitment patterns in a seasonal evergreen forest in
continental Southeast Asia. We addressed the two specific questions:

1.  Isregeneration response among species affected by fire intensity?
2. Are functional trait distributions in recruits different during periods with and
without fire?

2. Materials and Methods
2.1. Study Area

This study was conducted at the Forest Dynamics Plot (HKK FDP) in the Huai Kha
Khaeng Wildlife Sanctuary (15°40’ N and 99°10’ E), a UNESCO World Heritage Site, in
western Thailand (Figure 1). The HKK FDP is located within a landscape mosaic of
three forest types: seasonal dry evergreen forest, deciduous dipterocarp forest, and mixed
deciduous forest [27]. The plot is dominated by seasonal evergreen forest, which is the most
species-rich of the three forest types. The plot was established in 1992 and has a total area
of 50 hectares (1000 m long by 500 m wide). It is divided into 1250 20 x 20 m quadrats and
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20,000 5 x 5 m sub-quadrats. Topographic variables such as elevation, slope, and convexity
are calculated at the 20 x 20 m quadrat scale using topographic survey data. The elevation
range is 549-638 m above sea level. The soils generally have low pH [28]. There is one
stream that flows through the northern end of the plot. The climate is strongly monsoonal.
The mean annual rainfall is 1473 mm [29] with a distinct annual dry season (months with
mean monthly rainfall less than 100 mm) from November to April [27] and rainy season
from June to October. The mean annual temperature is 23.5 °C.
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Figure 1. Map of Huai Kha Khaeng (HKK) Wildlife Sanctuary where the study area is located within.

All trees in the HKK FDP with diameter at breast height (DBH; measured at 1.3 m
above the ground) >1 cm were tagged, measured, identified to species, and mapped
following a standard protocol [30-32]. The HKK FDP has been censused every five years
since 1994; there have been six censuses. The plot contains almost 300 tree species, including
190 genera and 65 families (Figure 2). The Euphorbiaceae family has the most abundant
species, Croton roxburghii. The Dipterocarpaceae family is most dominant by basal area,
led by Hopea odorata [29]. Approximately 200 trees have diameters larger than 100 cm,
including individuals of H. odorata, Anisoptera costata, Dipterocarpus alatus, Lagerstroemia
tomentosa, and several species of Ficus.
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Figure 2. Huai Kha Khaeng Forests Dynamics Plot, Thailand. (a) tree species composition; (b) a large
tree with buttress roots; (c) a large fire scar from repeated burns on Hopea Odorata.

There are no records or signs of logging or human disturbances in the HKK FDP [29].
Surface fire is the primary disturbance that has been recorded since the plot was estab-
lished [16,29]. Two surface fires have occurred in the plot since the first census was
completed in 1994. The first of these occurred in 1998 and was associated with an intense
regional drought triggered by the strong 1997-1998 ENSO event. The 1998 fire burned
through the entire 50-ha HKK FDP, killing over 20,000 trees (most were <5 cm DBH) [16,19].
Some tree species displayed extreme shifts in abundance, notably a >200% increases in
Croton roxburghii and near complete extirpation of Solanum erianthum [16]. The second fire,
in 2005, burned through approximately two-thirds of the HKK FDP. This fire was recently
used to conduct analyses of species-specific susceptibility to fire-induced mortality [21]. A
small fire was reported to have burned through several hectares of the southwest corner of
the plot in 1992 (J. Grogan, unpublished report), but this was before the completion of the
first census, so no data are available describing the reported fire’s impact.

2.2. Workflow and Data

The overview of method and all operation performs of study is shown in Figure 3.
Specific details of data and analyses are described in the sections below.
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Figure 3. Overview of analysis workflow for the effect of 2005 surface fire influence post-fire recruit-
ment in 2009, using data of tree recruitment data from the Forest Dynamics Plot, plant functional
traits (PFT), and fire intensity scores.

2.2.1. Fire Intensity Classification

The 2005 fire created a mosaic of burn intensities, including no fire, low-intensity fire,
and relatively high-intensity fire. We compared recent reconstructions of fire intensity
across the plot [21] with recruitment data in the 2004 and 2009 censuses to explore how fire
intensity in 2005 may have influenced post-fire recruitment. In total there were 97,104 and
105,905 individual trees in 2004 and 2009, respectively. For our analyses, we excluded
species with mean density of <1 tree per ha (i.e., less than 50 individuals) and selected
only species that have complete functional trait dataset. This resulted in 89 species being
included in this study. We divided the entire plot into 200 quadrats of 50 x 50 m to align
with the scale of the fire intensity reconstruction. We then calculated recruits of each tree
species in each quadrat using the ‘recruitment’ function in the CTFS R Package from Center
for Tropical Forest Science [33]. To analyse the effect of fire intensity on recruitment dynam-
ics, we first used fire intensity data obtained from Trouvé, Bunyavejchewin and Baker [21]
as an explanatory variable of species recruit numbers. Fire intensity was calculated as a
latent variable for each quadrat based on observed tree mortality between the 2004 and
2009 censuses, modelled background mortality, and modelled species- and size-specific
susceptibility to fire-induced mortality. Fire intensity was estimated on a relative scale
varying from 0 to 1, with zero being no fire and one being the hottest fire observed. We
classified each quadrat as having been unburnt, or experiencing low- or high-intensity
fire. A quadrat was considered unburnt if the fire-intensity score was <0.1. Quadrats
classified as low-intensity fire had fire-intensity scores between 0.1 and 0.5. Quadrats with
fire-intensity scores >0.5 were classified as high-intensity fire. Altogether, there were 62,
46, and 92 quadrats classified as unburnt, low-, and high- intensity fire areas, respectively
(Figure 4).
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Figure 4. Map represents quadrat classifications according to fire intensity in Huai Kha Khaeng
Forest Dynamics Plot, Thailand. Red coloring intensity refers to the increasing of fire intensity.

2.2.2. Functional Trait Dataset and Their Measurement

Functional trait data were collected from June to September 2016 by scientific staff
from the Xishuangbanna Tropical Botanical Garden (XTBG). Samples were collected from
at least three individuals of each tree species and at least three leaves were collected for
each tree. All leaf samples were collected from small to big trees and throughout the
area of the plot. We measured nine standard leaf functional traits using the methods
described in Pérez-Harguindeguy, et al. [34] (see Table 1 for a summary of the variables,
their measurement units, and abbreviations). Wood samples were collected from trees
outside the plot. Wood density (WD) was measured using the standard CTFS/ForestGEO
protocol (www.forestgeo.si.edu/protocols, accessed on 1 June 2016). In total, 89 species, for
which we had all functional trait measurements were included in this analysis.

Table 1. Summary of the variables, abbreviations, and measurement units of functional traits.

Variable Abbreviation Measurement Unit
Leaf chlorophyll content Chlo SPAD unit
Leaf thickness LT mm
Leaf area LA cm?
Leaf dry matter content LDMC mg g~ !
Specific leaf area SLA em? g1
Leaf total carbon concentration LCC gkg!
Leaf total potassium concentration LKC gkg™!
Leaf total nitrogenconcentration LNC gkg!
Leaf total phosphorus concentration LPC gkg™!

2.3. Data Analysis
2.3.1. The Effect of Fire Intensity on Recruit Abundance for All Species and on a per
Species Basis

We used the 2009 census data to determine the number of recruits of each species in
each 50 x 50 m quadrat. The abundance of recruits per species per quadrat was typically
low, and while some species had high recruitment rates many species had no recruits in
most quadrats (Figure S1). We tested the relationship between fire intensity and recruits by
fitting a zero-inflated generalized linear mixed model with Poisson distribution. The model
predicted the number of recruits as a function of fire intensity, while adjusting for the high
number of ‘zero’ results per species per quadrat. Species was treated as a random effect
because recruits of different species might respond differently to fire intensity. We allowed
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species to have different intercepts and slopes in the random-effects terms. This model was
a quadrat-based analysis using the ‘glmmTMB’ package in R [35]. Our model was:

number of recruits ~ fire intensity + (1 + fire intensity | sp), )
zi = ~ fire intensity, family = Poisson

We provide further details about the model in Appendix A. We further tested the
effect of fire on recruit abundance for each species among the different fire intensity classes
(i.e., unburnt, low-, and high-intensity) using the Kruskal-Wallis test.

2.3.2. Specific Plant Functional Trait and Its Relation to Recruit Response

To answer the question: Are functional trait distributions in recruits different during
periods with and without fire? We tested the relationship between the average functional
trait values and fire intensities by using simple linear regression. The average trait values
were calculated by community-weighted mean (CWM) traits of recruits of each quadrat.
The CWM traits of each single trait were calculated by weighting species mean trait values
with relative species abundances. We used the ‘cwm’ function from the ‘weimea’ package in
R software to calculate CWM traits. Several functional traits were highly skewed, including
LA, SLA, LNC, LPC, and LKC; these were log10-transformed prior to analysis.

We further evaluated the relative importance of each species recruitment contribution
to the community mean traits in each quadrat according to fire intensity classes. To do
this, we calculated the CWM of recruits for each functional trait and in each area. We used
percent species-specific contribution to CWM trait to represent the relative importance
of individual species to functional composition of each area. Species that have high
percentages contribute more to a community functional trait distribution. In other words,
species play crucial role in determining functional composition in that area. The relative
species-specific contribution was calculated as:

%Species contribution RiTij x 100 (2)
(o) P —

P i CWM

where Species contribution; is percentage of species i, in trait j. R; is the relative abundance
of recruits in species i, Ti]- is the mean functional trait j of species i, and CWM]- is the
community-weighted mean of trait j. All results are reported as CWMs, unless otherwise

specified. All analyses were performed in R software v. 3.5.3 [36].

3. Results
3.1. The Effect of Fire Intensity on Recruit Abundance for Overall Species and on a per
Species Basis

Fire influenced recruitment patterns at the community and species levels. The num-
bers of recruits vary across the 200 50 x 50 quadrats (Figures S2 and S3). The zero-inflated
generalized linear mixed model results indicate that the number of recruits per 50 x 50 m
quadrat varied with fire intensity and among species (Figure 5). The model predicted
that the number of recruits per quadrat was significantly negatively associated with the
estimated fire-intensity scores from the HKK FDP (Appendix A). The slope of the relation-
ship between the number of recruits per quadrat as a function of the fire-intensity index
was estimated as —1.00 [CI —1.38, —0.63]. However, there were important species-specific
differences in this relationship (Figure 5 and Table S1). Of the 89 species included in the
analysis, 43 species had negative slopes, three species had positive slopes, and the other
43 species had no response (Table S1). Croton roxburghii had the largest intercept (Table S1),
indicating that the abundance of recruits for this species was much higher than other
species. Similarly, when we compared species-specific recruitment patterns across the three
fire-intensity classes, we found 46 species with significant differences between at least
two of the classes (Table S2). Of these, 43 species responded negatively to fire intensity,
including Orophea polycarpa and Vatica harmandiana, three species responded positively to
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fire intensity, such as C. roxburghii, and Senna timoriensis (Figure 6 and Table S2), and the
remaining species showed no response. The positively responding species showed clear
differences in recruitment rates, particularly between unburnt quadrats and those that
experienced high-intensity fire.

Negative

No response Positive

200 1

100

Number of recruits

Effect
— Negative
— Noresponse

— Positive

0.25 050 0.75

1.0 0.0 025 050 075 1000 0.25 050 075 1.0
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Figure 5. Relationship between the number of recruits in each each 200 50 x 50 m quadrat of each

species for 89 species in Huai Kha Khaeng Forest Dynamics Plot, Thailand. Line colors represent

effect of fire intensity on recruitment.
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Figure 6. Boxplot of the Kruskal-Wallis test of number of recruits per quadrat across areas of Orophea
polycarpa; OROPPO, Vatica harmandiana; VATIHA, Croton roxburghii; CROTRO, Senna timoriensis;
SENNTI in Huai Kha Khaeng Forest Dynamics Plot, Thailand. Note the vertical axis differs among
panels. The multiple-pairwise comparison in number of recruits between areas are applied by the
Wilcoxon test. Asterisks indicate statistically significant difference: n.s. for p > 0.05; * for p < 0.05;
** for p < 0.01; **** for p < 0.0001.

3.2. Post-Fire Community Trait Responses and Relationships with Recruitments

We firstly explored shifts in trait distributions of recruits that had established before
and after the fire and found evidence of a shift in trait distributions (Table 2).

We evaluated relationships between functional traits of recruits and fire intensity
and our results showed significant relationships. WD and LDMC were the traits most
strongly associated with fire intensity; both were significantly negatively related to fire
intensity (Figures 7 and S4). LT and LCC were also significantly negatively associated
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with fire intensity (Figure S4). LPC and LNC displayed stronger positive relationships
with fire than others. Other functional traits significantly positively associated with fire
intensity were Chlo, LA, SLA, and LKC. We also observed that the distributions of CWMs
varied by fire-intensity category, although the scale of these differences was trait specific
(Figure 8). The percentages of species-specific contributions to CWMs varied among species
(Figure S5). Croton roxburghii contributed the most to all CWMs and all areas, except for
LDMC in unburnt areas (Figure S5). This species was particularly influential in CWMs
of LPC. The contribution of LPC for this species was highest in the areas that burned at
high intensity (74.7%) and lowest in areas that were unburnt (28.4%) (Figures 9 and S5).
Other species that contributed substantially to the CWM for LPC were O. polycarpa and
S. timoriensis (Figures 9 and S5).

Table 2. Summary of paired sample t-test of community weighted-mean (CWM) of functional traits
in Huai Kha Khaeng Forest Dynamics Plot, Thailand. Chlo, Chlorophyll content; LT, leaf thickness;
LA, leaf area; SLA, specific leaf area; LDMC, leaf dry matter content; WD, wood density; LCC, leaf
total carbon concentration; LNC, leaf total nitrogen concentration; and LPC, leaf total phosphorus
concentration. CWM pre-fire shows the mean of CMWs of recruits in 2004 which are derived by
200 50 m x 50 m quadrats and CWM post-fire are accounted by CWMs of recruits in 2009. Asterisks
indicate statistically significant difference: n.s. for p > 0.05; * for p < 0.05; **** for p < 0.0001.

Functional Trait CWM Pre-Fire CWM Post-Fire p Value Slgrilef:f;nce
Chlo (SPAD) 50.8 50.8 0.7545 ns
LT (mm) 0.153 0.151 0.0541 ns
log1g LA (cm?) 1.97 1.92 3.10 x 108
log1o SLA (cm? g~ 1) 221 22 0.8239 ns
LDMC (mg g~ ') 340 345 0.0319 *
WD (g cm—3) 0.569 0.582 0.0001 xRAX
LCC (gkg™1) 455 456 0.1275 ns
LNC (gkg™h) 1.3 1.29 0.0694 ns
LPC (gkg™) 0.499 0.473 8.64 x 107°
LKC (gkg™h) 1.23 1.22 0.5581 ns
074 R*=0.69 P <0.001 b R*=0.67 P <0.001
£~ 4004
o
E 3504
&}
% 3004
000 025 050 075 1.00 000 025 050 075 1.00
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Figure 7. Simple linear regression analyses between community-weighted mean (CWM) of functional
traits and fire intensity in Huai Kha Khaeng Forest Dynamics Plot, Thailand. WD, wood density; LDMC,
leaf dry matter content; LPC, leaf phosphorus concentration; LNC, leaf total nitrogen concentration.
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Figure 8. Kernel density estimate of post-fire community-weighted mean (CWM) of functional traits
and fire intensity in Huai Kha Khaeng Forest Dynamics Plot, Thailand. Chlo, Chlorophyll content;
LT, leaf thickness; LA, leaf area; SLA, specific leaf area; LDMC, leaf dry matter content; WD, wood
density; LCC, leaf total carbon concentration; LNC, leaf total nitrogen concentration; and LPC, leaf

total phosphorus concentration.
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Figure 9. Percent of species-specific contribution of recruits to community-weighted mean trait of
leaf phosphorus concentration (LPC) in Huai Kha Khaeng Forest Dynamics Plot, Thailand. Bar
charts represent the top four species that their LPC contributed most to the community and all
others. Alphabets on the x-axis are the species code (sp) (see Table S1) such as Croton roxburghii;
CROTRO, Orophea polycarpa; OROPPO, Senna timoriensis; SENNTI, and OTHERS are other species
excluding the top four species. Unburnt, Low, and High are unburnt area, low-intensity burn area,
and high-intensity burn area, respectively.

4. Discussion
4.1. Effect of Fire Intensity on Recruitment Patterns

At the community-level, recruitment was negatively associated with fire intensity. In
quadrats where the fire was most intense, recruitment was lower; in quadrats where there
was no fire or low-intensity fire, recruitment was higher. We found that a one unit increase
in fire intensity caused the number of recruits per quadrat to decrease by ~1 individual
unit (Appendix A). One reason why most recruits responded negatively may be because
most species in the HKK FDP are evergreen, particularly those tree species that are limited
to the understorey and midstorey. These species require longer periods to reach a size
that gives them a reasonable chance of surviving fire [21]. Short fire-return intervals may
also prevent them from reaching fire-safe sizes. In addition, fire intensity may interact
with other environmental factors to shape spatial patterns of recruitment success across
the forest [21]. Most unburnt areas or low-fire intensities are in the central part of the
HKK plot. These areas usually have high soil moisture and relatively dense ground cover
(e.g., Zingibereaceae). As a consequence, evergreen trees dominate these areas. In contrast,
high-fire intensities areas were in the southern part of the plot which is dominated by
fast-growing species like C. roxburghii and deciduous species.

At the species level, fire intensity also influenced recruitment success. However, there
was considerable variability in how different species responded to fire intensity. Recruit-
ment was negatively affected (48.3%) or not affected (48.3%) by fire intensity (Figure 6 and
Table S2). Only 3.4% of species exhibited a positive response to fire intensity. Most of the
dominant canopy and mid-storey tree species in the HKK FDP showed a negative response.
Many of these species reproduce irregularly and depend on seedlings persisting in the
forest understorey to take advantage of canopy gaps [29]. While quadrats with higher
fire intensity create gaps and increase light availability at the forest floor, they would also
potentially kill all the pre-fire seedlings. Post-fire recruitment would then depend on a
fruiting event or vigorous resprouting within a year or two of the fire to be recorded in the
next census.

Only three species (Croton roxburghii, Sapindus rarak, and Senna timoriensis) had a
positive recruitment response to fire intensity (Table S2). Sapindus rarak is a species which
has a physical seed dormancy (i.e., hard seed coat and water-impermeable covering). The
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germination of S. rarak require suitable conditions to break physical seed dormancy, i.e.,
soften seeded by hot water [37]. This may indicate that heat and water would enhances
the germination of this species. Although there are lack studies on the effect of surface
fires on seed germination of this species, it is possible that surface fires might stimulate
germination by breaking seed dormancy in this species as fire-prone forests often have
species that require fires to stimulate seed germination [38]. Senna timoriensis is a fast-
growing, short-lived species that benefits from the high-light environments created by
fire-induced canopy gap formation. In contrast, Croton roxburghii is a mid-storey species
that persists in relatively low to moderate light conditions. However, it is an extremely
vigorous resprouting species and is able to increase its density very quickly after fire due to
5-15 sprouts emerging from the base of most fire-killed adults.

4.2. Effect of Fire in Relation to Functional Traits and the Key Species in Determining
Functional Compositions

Overall, the results of this study indicate that variability in fire intensity plays an
important role in determining spatial patterns of recruitment in these forests and that this
may influence community-level trait distributions. Surface fires can alter the abiotic and
biotic conditions in forests, such as changes in soil pH [39], soil nutrient cycling [40,41],
number of herbivores [42], and relative competitive ability [43,44]. Fire can also have a
filtering effect on recruit establishment. For example, Chai, Yue, Wang, Xu, Liu, Zhang
and Wan [26] found that a community in the early stages of post-disturbance development
was dominated by species with high SLA, LPC, LNC, values and low LDMC and LCC
values—a pattern of functional traits common to shade-intolerant, disturbance-dependent
species. The creation of canopy gaps as large trees collapse from fire-induced wounds
at the base of their stem may allow enough sunlight to reach the forest floor to support
shade-intolerant tree species [16,19]. We found that WD and LDMC were negatively and
LPC and LNC were positively correlated to fire intensity (Figure S4). The quadrats that
experienced higher fire intensity had recruits with lower WD and LDMC, and higher LPC
and LNC than quadrats that experienced lower fire intensity. Our results display clear
shifts in functional trait distributions among areas that experienced different fire intensities
(Figure 8). Specifically, mean WD is lower and mean LNC is higher in areas that burned at
high intensity than in areas that did not burn. In addition, the CWM distributions for these
traits display very narrow distributions peaks in the areas that burned at high intensity
suggesting that these areas are heavily dominated by recruits of tree species with lower WD
and higher LNC. Other functional traits in high-intensity burn areas include higher Chlo,
LA, SLA, and LKC. Observed functional trait patterns are more typically associated with
strategies for rapid resource acquisition rather than resource conservation [25,26,34,45]. In
contrast, traits associated with resource conservation, such as dense wood, low LPC and
LNC, are common in shade-tolerant species [46].

A small group of species were driving community-level mean trait distributions of each
area after the 2009 fire. We found that C. roxburghii had the greatest effect on functional trait
distributions in all areas (with the exception of LDMC in unburnt area; Figure S5). However,
the relative contribution of C. roxburghii was lowest in unburnt areas and highest in areas
that burned at high intensity (Figures 9 and S5). Variability in the relative contributions
of different species is most likely the result of changes in recruit abundances that vary
across burn intensities. The abundance of C. roxburghii greatly increased after the fire which
likely drove increases in LPC particularly in areas that burned at high intensity. Orophea
polycarpa and Senna timoriensis also had disproportionately large contributions to functional
trait distributions (especially LPC) in unburnt and high-intensity burn areas, respectively
(Figure 9). The number of recruits of the extremely shade-tolerant O. polycarpa was highest
in the unburnt area (Figure 6) which contributed to the high LDMC values in the unburned
areas (Figure S5). LDMC is an important trait for new recruits because it reflects the amount
of structural tissue in leaves. It is associated with physical defense mechanisms that deter
herbivores [34]. At the other extreme, S. timoriensis plays an important role in functional
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trait composition in areas that burnt at high intensity. Successful recruits in these areas tend
to have high Chlo (10.7%) and low SLA (9.6%) (Figure S5). Where recruitment of one or a
few species dominate a particular fire intensity, they may have a dominant influence on
local functional trait distributions after the fire.

A recent study of this forest indicated that C. roxburghii needs to grow quickly to reach
a size that makes them relatively immune to fire-induced mortality [21]. However, because
this species is such a vigorous resprouter, many small individuals that died aboveground
in the 2009 fire quickly recovered after the fire, particularly in areas where the fire was high
intensity [16]. Variability in fire intensity, species-specific susceptibility, and resprouting
capacity across the HKK FDP led to differences in the abundance of recruits. The variability
in recruit abundance contributed to observed spatial patterns in community-weighted
mean functional trait distributions across the plot.

4.3. Current Fire Disturbance and Forecasting Its Impact on Species and Functional Compositions

Fire occurrence in HKK FDP is presently decreasing, with no fire reported since 2005.
The length of the dry season around this forest landscape slightly decreases and the annual
total rainfall has little increase over the past 41 years (Figure S6). This indicates that climate
trends are very weakly towards wetter conditions but are variable. In addition, despite
several ENSO events since 1997-1998, there has only one serious fire season. As a conse-
quence, Croton roxburghii has increased its abundance. Taken together with climate trends,
the growing dominance of C. roxburghii is likely to continue. Functional compositions that
are mainly contributed by recruits of this species which largely determine leaf nutrient
concentrations especially in nitrogen and phosphorus also continue driven by this species.

5. Conclusions

We used a functional trait approach to explore the effects of fire intensity on recruitment
dynamics in a species-rich seasonal evergreen forest in western Thailand. We found that
spatial variability in fire intensity influenced species and functional composition across the
study area after a single, low-intensity fire event. Fast-growing species that have functional
traits well-suited to post-fire conditions are favoured over slower growing species, which
will take longer to reach the recruitment threshold. Changing fire intensity or fire frequency
over a long period of time may cause shifts in species and functional compositions. Our
results identify a suit of species that can be used for fire-related rehabilitation based on
their responses to fire. Forest management and biodiversity conservation in fire-prone
forests must consider the potential impacts of changing fire regimes (i.e., fire frequency
and fire intensity) in these ecosystems. There has been little progress in understanding
recruitment dynamics in seasonal tropical forests that are prone to fires, particularly in
continental Southeast Asia. Additional studies on recruitment dynamics and functional
traits in other seasonal tropical forests in the region, and globally, will help to better
understand how fire—and changing fire regimes—will shape these diverse ecosystems in
the coming decades.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/£13010116/s1, Figure S1: histogram of number of recruits in each species per 50 x 50 m
quadrat for 89 tree species in 50-ha Huai Kha Khaeng Forest Dynamics Plot, Thailand., Figure S2:
boxplot of recruit abundances across areas in relation to fire-intensity between pre-fire and post-fire
in Huai Kha Khaeng Forest Dynamics Plot, Thailand., Figure S3: variations in recruit abundances
across 200 50 x 50 m quadrats between pre-fire and post-fire in Huai Kha Khaeng Forest Dynamics
Plot, Thailand., Figure S4: simple linear regression analyses between community-weighted mean
(CWM) of functional traits and fire intensity in Huai Kha Khaeng Forest Dynamics Plot, Thailand.,
Figure S5: species-specific contribution to community-weighted mean (CWM) of functional traits in
Huai Kha Khaeng Forest Dynamics Plot, Thailand., Figure Sé6: time-series of length of dry season and
total annual rainfall from the 41 years (1997-2018)., Table S1: the result of zero-inflated generalize
linear mixed model of number of recruits per 50 x 50 m quadrat and fire intensity from 89 species in
50- Huai Kha Khaeng Forest Dynamics Plot, Thailand., Table S2: the result of Kruskal-Wallis test of
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number of recruits per quadrat across areas that experienced fire conditions from 89 species in 50-ha
Huai Kha Khaeng Forest Dynamics Plot, Thailand.
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Appendix A. Model of Zero-Inflated Generalized Linear Mixed Model

Zero-inflated model

mod = glmmTMB (AbsRec ~ FI + (1+FI|sp), zi= ~ FI, dat, family = poisson)
summary(mod)

## Family: poisson (log)

## Formula: AbsRec ~ FI + (1 + FI|sp)

## Zero inflation: ~FI

## Data: dat

#i#

## AIC BIC logLik deviance df.resid

## 49213.7 49268.2 —24599.8 49199.7 17793

#i#

## Random effects:

Hit

## Conditional model:

## Groups Name Variance Std.Dev. Corr

## sp (Intercept) 3.329 1.825

## F12.539 1.593 —0.33

## Number of obs: 17800, groups: sp, 89

Hit

## Conditional model:

## Estimate Std. Error z value Pr(>1z1)

## (Intercept) —0.4502 0.1972 —2.283 0.0224 *

## FI —1.0034 0.1911 —5.249 1.53 x 1077 ***

#H#H —

## Signif. codes: 0 “*** 0.001 ** 0.01 ** 0.05". 0.1 " "1
Hit

## Zero-inflation model:

## Estimate Std. Error z value Pr(>1z1)

## (Intercept) —0.97615 0.05511 —17.71 <2 x 10716 ***
## F11.17907 0.09983 11.81 <2 x 10716 ***

#H —

## Signif. codes: 0 “*** 0.001 *** 0.01 ** 0.05".” 0.1 "1
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