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Abstract: Forest ecosystem restoration involves establishing mixes of tree species representing various
successional stages of the reference forest. When selecting species, conceptualizing successional
status as a gradient of guilds is more appropriate than the conventional binary classification of
pioneer and climax species. Therefore, we tested the hypothesis that functional traits can be used to
distinguish successional guilds among tree species, planted to test the framework species method of
restoration. Values of 13 non-intercorrelated traits of 28 species, derived from field measurements
and databases, were analyzed by cluster analysis and rank scoring. Cluster analysis grouped species
into six guilds. For rank scoring, negative (from 0 to −2) and positive scores (from 0 to +2) were
assigned to each trait, according to their association with early or late succession, respectively. Seven
guilds were distinguished from the total scores. This novel technique placed species evenly along
a gradient, with 13 and 15 species attaining negative and positive total scores, respectively. Cross-
validation between the two techniques was high, signifying the robustness of using functional traits to
distinguish successional guilds. Functional traits, therefore, provide a powerful tool to inform species
selection when planning forest restoration. However, their wider use depends on greater availability
of functional trait data for more tree species.

Keywords: climax species; ecological succession; forest restoration; framework species method;
pioneer species

1. Introduction

All over the world, millions of people are planting billions of trees to fulfill the potential
of forests to (i) conserve biodiversity, (ii) improve rural livelihoods and (iii) mitigate global
climate change (GCC) through carbon sequestration. The role of tropical forest restoration
for biodiversity conservation is immense, since such forests are home to an estimated
two thirds of Earth’s plant species [1]. Such biodiversity generates diversity of economic
opportunities, which buffer rural communities against fluctuations in crop prices and
climate change-induced reductions in agricultural productivity [2]. In particular, restoration
of tropical forest ecosystems, is the most efficient land use-based GCC mitigation measure,
since it sequesters carbon 40 times more efficiently than conventional tree plantations and
6 times more efficiently than agroforestry systems [3].

Although large-scale tree-planting projects have been enthusiastically embraced by
policymakers, governments, corporations and civil society worldwide, such projects do not
always fulfil the above-stated ideals [2]. For example, Lewis et al. [3] estimated that only
about one third of tree-planting schemes, pledged under the Bonn Challenge (restoration of
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350 Mha of forest cover globally by 2030; www.bonnchallenge.org, accessed on 2 February
2023), aim to restore natural forest ecosystems; the rest are monoculture plantations or
agroforestry systems, low in both biodiversity and the diversity of products and services
that support rural economies, including carbon storage.

One of the reasons why monoculture plantations are favored is that their establishment
and management require knowledge of only one or a few tree species. In contrast, practi-
tioners of tropical forest ecosystem restoration must understand complex natural processes
of ecological succession and possess expert knowledge about many tree species, representa-
tive of the reference ecosystem [4]. Such knowledge is traditionally acquired through field
trials, during which the relative performance of different tree species is monitored. Such
trials may take several years before they yield the data required to refine species-selection
decisions. One way to circumvent this may be to use functional traits—“species-specific
characteristics that influence performance or fitness of species” [5]—to predict the perfor-
mance of species and their suitability for inclusion in species mixtures for restoration. Such
an approach could make the restoration of diverse tropical forest ecosystems both more
practicable and more successful.

One of the most successful methods of restoring tropical forests is the framework
trees species method (FSM): “densely planting open sites, close to natural forest, with a
group of woody species, characteristic of the reference ecosystem and selected for their
ability to accelerate ecological succession” [6]. It is suitable for stage-3 degradation (sensu
Elliott et al. [7]), where natural regeneration is insufficient to close canopy within 3 years
but where seed dispersal from forest remnants remains active. The method involves com-
plementing natural regeneration [8] with the planting of 20–30 tree species, representative
of the reference forest ecosystem, and mixing light-loving “pioneer” tree species with
shade tolerant “climax” ones (sensu Whitmore [9]) to shade out competitive herbaceous
weeds and attract seed-dispersing animals [1], resulting in rapid biomass accumulation
and recovery of forest structural complexity, biodiversity and ecological functioning.

The system works well on moderately degraded areas that retain some natural regen-
eration and are within seed-dispersal distance of intact forest remnants ([10]). Experience
from early field trials established that the optimal percentage of pioneers to include in the
mix was about 15%–25% of the total number of trees planted [6]. However, a limitation to
the method’s wider application is the difficulty in deciding on ideal species mixtures [6].

According to Turner [1], pioneer species have small seeds, persisting abundantly in
the soil seed bank; high seedling mortality and rapid growth; pale-colored, low-density
wood; and short-lived, thin leaves with low mass per unit area and with high rates of
photosynthesis and respiration and high light-compensation points. Climax trees have
the opposite traits. In early FSM trials, some of the tree species tested could be clearly
classified as “pioneer” or “climax” species (sensu Whitmore [9] and Turner [1]), but most of
them combined characteristics of both. For example, several so-called “climax” tree species
exhibited rapid growth in the exposed conditions of deforested sites [11], being shade-
tolerant but not shade-dependent.

Ashton et al. [12] proposed a more refined classification system for tree species’ suc-
cessional status in the context of ecosystem restoration. They identified six “regeneration
guilds”, based on when species dominate successional stages (pioneers of initiation or stem
exclusion and late successional species) and their crown positions in the forest canopy
(dominant, non-dominant, subcanopy, understory). The system was based on qualitative
“life-history traits” [12] but without a procedure to quantify them.

Although studies on the use of plant functional traits in relation to forest regeneration
have proliferated since then, most have been subjective and based on qualitative data (see
Chazdon’s review [13], Chapter 4). Only rarely have researchers applied more quantitative
analytical techniques [14,15]. Furthermore, all these studies were carried out in natural
forest succession. We know of none that explored how to apply the use functional traits
as indicators of successional status of planted trees during forest ecosystem restoration
projects in the tropics.

www.bonnchallenge.org
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Therefore, this study tested the hypothesis that functional traits can be used to dis-
tinguish successional guilds among tree species, planted to test the framework species
method of restoration. The aim was to develop a tool to assist with tree-species selection
for restoration trials, based on the positioning of species along a successional gradient, as a
more precise alternative to the conventional binary division of pioneer and climax species.
Such a tool may help to make true, science-based forest-ecosystem restoration (such as
the frameworks species method) more practicable and successful in meeting the goals of
climate change mitigation and biodiversity conservation [6].

2. Materials and Methods
2.1. Study Site

Restoration trial plots were situated in the upper Mae Sa Valley, Chiang Mai Province,
Northern Thailand (at 18◦51′46.62′′ N, 98◦50′58.81′′ E, 1200–1325 m above sea level) in
Doi Suthep-Pui National Park (Figure 1). The average annual temperature was 22–23 ◦C.
Average annual rainfall was 1736 mm (recorded at the Kog-Ma Watershed Research Station
nearest to the study site at a similar altitude [16]). The wet season lasts from May to October.
The dry season (mean monthly rainfall < 100 mm) is subdivided into the cool-dry season
(November–January) and the hot-dry season (February–April). Annual fires in the dry
season are a major hinderance to forest restoration in this landscape.
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ture (cabbages, litchi, carrots, cut flowers, etc.) and subsequently abandoned and burnt 
repeatedly. The condition of the area was stage-3 degradation (sensu Elliott et al. 2013 [7]), 
with natural regenerants (saplings taller than 50 cm, live tree stumps and remnant trees) 
at densities lower than that needed to close canopy within two years (<3100 stems/ha), 
mostly suppressed by dominant grasses and herbaceous weeds [7]. Remnant patches of 
intact forest remained within 3 km of the planted plots as potential seed sources. Frugiv-
orous birds and civets remained as potential dispersers of seeds from forest remnants into 

Figure 1. Study location maps. Three replicate framework species trial plots were planted in
1998 (red line, labelled 98.1, 98.2 and 98.3). Control plots “C” indicated by yellow lines. The plot
system is located in the upper Mae Sa Valley in northern Thailand. The grey area is Doi Suthep-Pui
National Park. Further plot details are available online at restor.eco—https://cmu.to/fSONO (98.1),
https://cmu.to/aWMsh (98.2) and https://cmu.to/J04nr (98.3) (all accessed on 10 May 2023).

Formerly, the area had been “primary evergreen, seasonal forest” (sensu Maxwell et al.,
2001, [17]). Approximately 60 years previously, the forest had been cleared for agricul-
ture (cabbages, litchi, carrots, cut flowers, etc.) and subsequently abandoned and burnt
repeatedly. The condition of the area was stage-3 degradation (sensu Elliott et al. 2013 [7]),
with natural regenerants (saplings taller than 50 cm, live tree stumps and remnant trees) at
densities lower than that needed to close canopy within two years (<3100 stems/ha), mostly
suppressed by dominant grasses and herbaceous weeds [7]. Remnant patches of intact
forest remained within 3 km of the planted plots as potential seed sources. Frugivorous
birds and civets remained as potential dispersers of seeds from forest remnants into the trial
plots [18,19]. For a more detailed description of the study site, see Elliott et al., 2019 [10].

https://cmu.to/fSONO
https://cmu.to/aWMsh
https://cmu.to/J04nr
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2.2. Plot Establishment and Monitoring

Chiang Mai University’s Forest Restoration Research Unit (FORRU-CMU), in col-
laboration with Doi Suthep-Pui National Park authority and villagers of Ban Mae Sa,
established homogeneous triplicate trial plots in the area, to test the framework species
method of forest restoration in 1998, covering 1.44 ha, along with paired control plots. All
28 of the candidate framework tree species, planted on those trial plots, were selected for
the present study (Table S4). A total of 1500 saplings 30–50 cm tall were planted in each
replicate plot. Plot maps are presented in Figure 1. Before planting, weeds were cleared
by slashing and a single application of glyphosate, taking care not to damage pre-existing
natural regeneration. Trees were planted approximately 1.8 m apart. After planting, hand
weeding and fertilizer application were carried out three times during the first rainy season
and three times during the second rainy season, at approximately 6-week intervals. Local
villagers implemented fire prevention measures—fire-break cutting and patrols—every
hot-dry season.

Before planting day, all saplings were labeled with aluminum tags, each bearing a
unique identification number. Trees were monitored for survival and growth at the end of
each season from 1998 to 2006 (up to 8 years old) and resurveyed in May 2017 (19 years old)
and February 2020 (nearly 22 years old). In early surveys, sapling heights were measured
with measuring poles, and root collar diameter (RCD) was measured with Vernier calipers.
Crown widths were measured with a tape measure at the widest point. As the trees
grew larger, diameter at breast height (DBH) was measured with a tape measure (when
DBH > 4.5 cm). In the 2017–2020 surveys, tree heights were measured using a clinometer
and telescopic measuring poles.

2.3. Links between Functional Traits and Successional Status Used in This Study

Table 1 summarizes the functional traits used in this study, along with citations on
current thinking of how they are related to successional status. These associations form the
basis of the analyses used in this study.

Table 1. Association of the final 13 functional traits used in this study with successional status.

Trait High/Big Low/Small References

Ratio of height relative growth rate pre- to
post-canopy closure Pioneer Climax [1,20]

Ratio of mortality rates pre- to post-canopy closure Climax Pioneer [1,20]

Half-life Climax Pioneer [1,20]

Wood density Climax Pioneer [1,20]

Leaf size Pioneer Climax [21,22]

Specific leaf area Pioneer Climax [21,23,24]

Leaf dry matter content Climax Pioneer [22,24]

Leaf nitrogen concentration Pioneer Climax [22,25]

Leaf phosphorus concentration Pioneer Climax [22,25]

Dry seed mass Climax Pioneer [1,20,26]

Median length of dormancy Pioneer Climax [1,20,27]

Seedling type Pioneer, epigeal; climax hypogeal [26,28]

Germination response to light and shade Pioneer, requires full sunlight; climax, can
germinate in shade [26,29]
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Pioneers tend to have traits that enable them to disperse into recently disturbed sites,
the occurrence of which is unpredictable in time and space. Therefore, they tend to produce
copious quantities of small seeds that are widely dispersed by bats, birds and wind [1].
Such seeds persist in the soil seed bank until a disturbance event increases light levels and
stimulates photosynthesis of the germinating seedlings. High specific leaf area, leaf dry
matter content, leaf-nitrogen and leaf phosphorus allow pioneers to take advantage of such
conditions [30], achieving high rates of photosynthesis and growth, but at the expense of
low wood density and survival [31].

In contrast, late successional, shade-tolerant tree species consolidate their long-term
position in ecosystems by carefully budgeting their limited resources, increasing their
resilience and persistence and lowering mortality, but at the expense of growth. They
survive on accumulated reserves, efficient light usage and by investing in physical and
chemical defenses, enabling them to persist in shaded understories [22,32,33].

2.4. Functional Traits Data Collection

A total of 27 tree functional traits were recorded during plot monitoring or derived
from secondary sources for each of the 28 planted tree species, following Cornelissen et al.’s
protocol [21]. The secondary data sources included Shannon and Tiansawat [34], FORRU’s
databank [35], CMU herbarium specimens and database and other online databases, such
as the Global Wood Density Database [36]. Data sources for each of the 27 traits are detailed
in Table S3.

2.4.1. Growth and Survival Traits from Field Measurements

Relative growth rate (RGR) was used to compare growth among species (since it
removes the effects of tree size on growth, providing a more species-specific expression of
growth potential). It is expressed as a percentage annual increase in a size measurement,
relative to the average tree size from the first to the second measurement. In this study, RGRs
of height measurements of trees that survived over the census intervals were calculated as:

%RGR =
ln[Hi]− ln[Hi−1]

No.days between measurements
× 365× 100

where Hi is current height, and Hi−1 is height at previous monitoring.
As succession progresses, tree growth slows, as tree crowns expand and start to com-

pete with each other for light. Pioneer tree species are dependent on high light levels. They
grow rapidly in full sunlight and are inhibited by shade, following canopy closure. The
situation with later successional species is less clear. Although most are shade-tolerant,
they are not necessarily shade-dependent. Many exhibit phenotypic plasticity, growing
fast when exposed to full sunlight and out-performing pioneer species after canopy clo-
sure [37]. Consequently, the use of RGR to indicate successional status depends on when it
is calculated—pre- or post-canopy closure. To overcome this effect, RGR was calculated
separately both pre- and post-canopy closure. The ratio of these two RGR values was
used in the analyses. In the study plots, canopy closure occurred 3.5 years after planting.
The average RGR of each species before canopy closure was divided by the average RGR
after canopy closure. A high ratio indicated a strongly pioneer species, whilst a lower one
indicated a strongly climax one.

RGR ratio =
average RGR before canopy closure
average RGR after canopy closure

The numbers of surviving trees of each species in each census were recorded and
compared with the previous census (or the number originally planted) to derive mortality
(%). The mortality rate of pioneers was expected to be relatively low at first, increasing as
canopy closure progressed, whilst the reverse was expected of climax species. Therefore,
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the ratio of mortality pre- to post-canopy closure could be used to distinguish pioneer and
climax species, a low ratio indicating pioneers and a higher one indicating climax species:

Mortality ratio =
Mortality(%) before canopy closure

Mortality(%) after canopy close

Pioneer trees species tend to have shorter lifespans than climax species. However,
recording tree life span directly is difficult. Consequently, derived half-life was used as
the life span trait—the extrapolated time (in years) at which 50% of the trees originally
planted died. Pioneer tree species exhibit short half-life, whereas climax species exhibit
longer half-life.

2.4.2. Wood Density (WD)

Wood density data for most species were obtained from other research projects, con-
ducted either in the same plot system [38] or the same region [39]. For remaining species,
data were extracted from the South-East Asia tropical region database of the Global Wood
Density Database [36]. When species-level data were unavailable, genus WD values were
used, since WD is a phylogenetically conserved feature [40].

2.4.3. Seed Traits

Seed-trait data for most species were obtained by measuring seeds collected during
field surveys or from FORRU-CMU’s database [41]. Measurements included seed length
(mm), width (mm), volume (mm3) and mass (g), whereas median length of dormancy
(MLD) (days), germination response to light and shade (GRLS) and seedling type (epigeal,
hypogeal etc.) had been previously determined in nursery experiments, with the data
stored in FORRU-CMU’s database.

2.4.4. Leaf Traits

All leaf-traits data were obtained from Shannon and Tiansawat [34], who collected
2 undamaged leaves from each of 10 mature trees (in total, 20 leaves) of 27 species in the
same plot system as this study. For the remaining species (Melia azedarach), leaves were
collected during field surveys. All leaves were measured following Cornelissen et al.’s
protocol [21]. Fresh leaves were weighed (LFM, gm) and scanned (including petiole) with a
metric reference scale to compute average leaf area (LA, mm2) using ImageJ (version 1.51 k,
Wayne Rasband, National Institutes of Health, USA, http://imagej.nih.gov/ij/ accessed
on 10 May 2023). Subsequently, leaves were dried in an oven at 60 ◦C for 72 h before
determining leaf dry mass (LDM, mg) using an electronic balance. The following leaf traits
were then computed:

Specific leaf area (SLA, mm2/mg) = LA/LDM

Leaf mass per area (LMA, mg/mm2) = LDM/LA

Leaf dry matter content (LDMC, mg/g) = LDM/LFM

Leaf nitrogen (LNC) and leaf phosphorus (LPC) concentrations were determined at
the Soil Science Laboratory, Faculty of Agriculture, Chiang Mai University. Measurement of
leaf thickness and tensile strength testing followed the protocol of Hendry and Grime [42].

http://imagej.nih.gov/ij/
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2.5. Data Analysis

In total, 27 functional trait variables (including growth and mortality rates) were
initially considered for exploring species’ successional status. First, they were subjected to
data normalization, to allow co-analysis of variables having different ranges and units [43].

The standardized variables were then subjected to pair-wise correlation, using Pear-
son’s correlation coefficient [44]. For each pair of closely correlated variables, one was
discarded (following recommendations from the literature [21]), leaving 13 non-correlated
variables for further analyses: RGR ratio, mortality ratio, half-life, wood density (WD), dry
seed mass (DSM), median length of dormancy (MLD), seedling type, germination response
to light and shade (GRLS), leaf area (LA), specific leaf area (SLA), leaf dry matter content
(LDMC), leaf nitrogen and phosphorus concentrations (LNC, LPC).

Two different analytical techniques were then applied to explore how the variables
could be used to indicate successional status: (i) rank scoring and (ii) cluster analysis.
The former places species along a gradient of successional status, whilst the latter groups
together species with similar functional trait values.

For rank-scoring, species were first ranked in descending order of the value of each of
the 13 individual non-correlated, functional trait variables (Figures S1–S11, Tables S1 and S2).
The ranked distributions were then graded by eyes into 5 classes, with the divisions be-
tween classes being drawn where large differences occurred between consecutive values
(much like grading student exams). The grades were pioneer (P), intermediate pioneer (IP),
intermediate (I), intermediate climax (IC) and climax (C). Each grade was then assigned a
score, with those associated with early succession being assigned negative values (−2 to 0)
and those associated with late succession being assigned positive values (0 to +2). For exam-
ple, in the case of seed mass, species with the heaviest seeds (associated with climax species)
scored 2, whilst those with the lightest seeds (associated with pioneer species) scored −2.
In between these extremes, species were assigned intermediate grade scores according to
their relative seed mass. Since there were 13 variables, the maximum total grade score,
attainable by any species for all traits combined, was +26 for a perfectly climax species and
−26 for a perfectly pioneer species. Species, with total grade scores close to zero, were
those with a balanced mix of pioneer and climax traits.

The second analytical technique, hierarchical cluster analysis, was performed using
Ward’s method [45] to group together species with similar functional trait combinations
into successional guilds, visualized as a dendrogram [46]. Ward’s method is based on the
principle that, at each clustering stage, variance within clusters is minimized with respect
to the variance among them. Within-cluster variance is defined as the sums of squares
of the distances between species within a cluster and the centroid of that cluster. At each
clustering cycle, the two units fused (individual species or species clusters) are those that
result in minimum variance increase [47]. Guilds of species with similar trait values were
thus derived based on the sizes of differences between successive cluster cycles.

Decentralized standardization, calculation of Pearson’s correlation coefficients and
hierarchical cluster analysis were performed with R 4.1.3 software [48]. Figure 2 presents a
schematic diagram of the workflow.
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3. Results
3.1. Rank Scoring

The sources and mean values of the 13 non-correlated variable data are presented in
Tables S3 and S4, respectively. All species studied shared both pioneer and climax traits to
varying degrees. None achieved the perfect climax total grade score (+26) nor the perfect
pioneer grade score (−26). The grade score divisions are presented in Table 2, whilst the
calculations and summed scores are presented in Table 3. The most extreme scores ranged
from −57.7% of the maximum possible negative pioneer score (Erythrina subumbrans) to
+61.5% of the maximum possible positive climax score (Syzygium albiflorum). The top five
most strongly pioneer species were E. subumbrans, G. arborea, H. dulcis, M. azedarach and
F. altissima. The top five most strongly climax species were S. albiflorum, Q. semiserrata,
Q. kerrii, P. lanceolata and S. arboretum. Rank scoring resulted in a remarkably even distribu-
tion of species along a gradient (Figure 3) with slightly less than half (13 species) attaining
a negative total grade score (indicating early successional status) and slightly more than
half (15 species) attaining a positive total grade score (indicating later successional status).

Table 2. Grade score divisions.

No. The Successional Guilds Percent of Score

1 Super pioneer −100% to −60%

2 Pioneer −59% to −40%

3 Intermediate pioneer −39% to −20%

4 Intermediate −19% to 19%

5 Intermediate climax 20% to 39%

6 Climax 40% to 59%

7 Super climax 60% to 100%

3.2. Hierarchical Clustering

Results of hierarchical cluster analysis are presented in Figure 4. The first clustering
round divided species neatly into two primary clusters: pioneer and climax species. Sub-
sequent rounds produced three sub-clusters within the pioneer cluster and another three
within the climax cluster. E. subumbrans and M. azedarach were the first to be grouped
together within the pioneer cluster (Pioneer 1). The remaining pioneer species were subse-
quently clustered into two groups. The Pioneer 2 sub-cluster comprised G. arborea, H. dulcis,
M. stipulata, N. javanica, P. cerasoides and S. rarak, whilst the Pioneer 3 sub-cluster comprised
C. axillaris, D. glandulosa, F. altissima, H. trijuga and M. gerrettii.

In the climax cluster, three sub-clusters could be distinguished: Climax 1, comprising
E. acuminata, G. mckeaniana, Q. kerrii, Q. semiserrata and S. albiflorum; Climax 2, compris-
ing A. andersonii, C. calathiformis and P. lanceolata; and Climax 3, comprising A. lawii, A.
polystachya, B. javanica, C. iners, H. nilagirica, H. amygdalina and S. arboreum.
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Table 3. Sum of 13 functional trait grade scores of 28 species, ranked from most strongly pioneer to most strongly climax species: RGR = relative growth rate;
WD = wood density; SLA = specific leaf area; LDMC = leaf dry matter content; LNC = leaf nitrogen content; LPC = leaf phosphorus content; MLD = median length
of dormancy; GRLS germination response to light and shade; P = pioneer; IP = intermediate pioneer; I = intermediate; IC = intermediate climax; C = climax.
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4. Discussion
4.1. Comparison between the Score Ranking System and Hierarchical Cluster Analysis

The processes of rank scoring and cluster analysis were mathematically distinct, yet
the successional guilds that emerged from both techniques were strikingly similar. Both ap-
proaches involved a combination of objective quantitative analysis and subjective decisions.

The rank scoring system operated on the gross grade scores that were assigned to
each species variable in a partially subjective manner, with the ranking itself being a purely
mathematical procedure. In contrast, cluster analysis was performed on the individual
variable values after centralized standardization. The subjective element came into play at
the end of the process, when the dendrogram was examined for cluster assignment. Overall,
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the ability of both techniques to distinguish similar successional guilds demonstrates the
power of combining quantitative analysis with subjective interpretation.

Most notably, cluster analysis placed all those species with negative rank scores
(13 species) in the pioneer primary cluster and all those with positive rank scores (15 species)
in the climax primary cluster. Examining the sub-clusters, the match between the two
techniques was not so absolute. However, examining the mean rank numbers and scores
of the species within each sub-cluster, it is notable that mean rank numbers increased
in a progression from 2.5 to 7.0 and 8.8 for Pioneer 1, 2 and 3, respectively, whilst mean
grade scores also progressed from −14 to −8.2 and −6.0, respectively. The climax sub-
clusters followed the same pattern. Mean rank numbers for all species in the Climax 1,
2 and 3 sub-clusters declined from 24.0 to 21.3 and 18.7, respectively, whilst mean grade
scores also declined in similar progression from 11.6 to 9.0 and 6.9, respectively. This
demonstrates alignment of the hierarchical cluster analysis with the gradation achieved
by rank scoring (Figure 4), from pioneer to intermediate and from climax to intermediate
(Table 3). Overall, our findings demonstrate the importance of using multiple techniques to
distinguish successional guilds.

4.2. Successional Guilds

Eleven previously published accounts of the successional status of the species exam-
ined in this study are summarized in Table S5. In general, the classification of species at
either end of the succession gradient matched exactly with previously published reports.
For example, the assignment of E. subumbrans, G. arborea, M. azedarach and P. cerasoides
as pioneers and of H. amygdalina, Q. kerrii, Q. semiserrata, S. arboretum and S. albiflorum as
climax species agreed with all studies summarized in Table S5.

However, moving towards the center of the successional gradient, some differences
with published studies emerged. For example, PROSEA et al. [49] and Gardner [50] defined
E. acuminata, and C. axillaris as pioneer species due to their occurrence in open areas. The
difficulty in assigning E. acuminata to a successional guild was also evident in the current
study, since cluster analysis placed it in the Climax 1 sub-cluster, whilst rank scoring
labelled it “intermediate”. It was the most divergent species between the two analytical
methods. Both species exhibited some climax characteristics, such as low mortality; they
lived longer than other pioneer species and had high LDMC (Figures S2, S3 and S9).

The successional status of H. dulcis is also debatable. Waiboonya [51] and Pothong [39]
described it as a climax species because mature trees are found near streams in primary
forest. In contrast, Betts [52] and Shannon and Tiansawat [34] considered it to be a pi-
oneer species because it grows rapidly at the seedling/sapling stage on exposed sites.
Cluster analysis placed H. dulcis in the Pioneer 2 sub-cluster, whilst rank scoring placed it
firmly in the pioneer guild (rank 3, score −50%) mostly due to low survival post-canopy
closure (50% survival over 8 years) and because most of its other traits matched those of
pioneer species.

Moreover, Pakkad (pers. comm. 23 May 2021) and Gardner [50] labeled F. altissima
and N. javanica as climax species because of their longevity and occurrence in primary
forest. In contrast, Betts [52] and Shannon and Tiansawat [34] classified both as pioneers
because they can grow rapidly in open areas. In this study, however, although more
than half of the traits of F. altissima matched those of pioneer species (including low
RGR, high mortality and low wood density), the rest were more typical of climax species.
Consequently, F. altissima was identified as a weakly pioneer species (sub-cluster Pioneer 3,
rank score −35% = intermediate pioneer). The traits of N. javanica variously matched those
of pioneer, intermediate and climax species. So, unsurprisingly, rank scoring classed it as
“intermediate”, and cluster analysis placed it in the Pioneer 2 sub-cluster.
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4.3. Practical Applications

Ashton’s study [12] demonstrated that during the early forest regeneration on open
sites, all successional guilds may be present due to the randomness of seed-dispersal.
Light-dependent early-successional species grow up first but then decline, as an understory
of slower growing shade-tolerant late-successional species rise to dominance. Therefore,
planting an even mix of trees representing all successional guilds of the reference forest
type, in a single step, closely mimics and truncates natural forest succession. It avoids the
delay inherent in relying upon natural dispersal mechanisms to deliver seeds from the
range of successional guilds to restoration sites.

The benefits of planting both pioneer and climax trees, in a single step, when imple-
menting the framework species method of forest restation was first recognized by Goosem
and Tucker [37]. Experience from their early field trials in Australia established that the
optimal percentage of pioneers to include in the mix was about 15%–25% of the total
number of planted stems [6], with the rest representing later successional stages. For the
specific case of using the framework species method to restore evergreen forest in northern
Thailand, the species guilds, identified by this study, allow fine tuning of species mixes
that could accelerate recovery of forest biomass, structural complexity, biodiversity and
ecological functioning. More generally, where sufficient data are available, the generic
approaches demonstrated above could be used to guide the design of optimal species mixes
to restore other tropical forest ecosystems in other areas.

However, when deciding on the proportion of each successional guild to include in
the original planting mix, the initial level of degradation must be considered. For example,
where pioneer tree species have already colonized a site, the proportion of trees representing
the early pioneer guilds could be reduced, whilst those representing later successional
guilds could be increased. On the other hand, restoration on severely degraded sites would
likely benefit from increased representation of trees from early pioneer guilds.

5. Conclusions

High cross validation between the two analytical techniques demonstrated the robust-
ness of using functional traits to distinguish successional guilds and to inform species-
selection decisions when planning forest restoration projects. The study also demonstrated
the value of a pragmatic approach that combines quantitative and subjective elements
within the analyses performed. Between the two techniques, rank scoring is recommended
because, conceptually, it placed species along a continuous linear gradient mirroring the
continuous linear nature of succession, using quantitative data right from the start of the
calculation process. Furthermore, it is highly intuitive and easy to calculate. In contrast,
cluster analysis is a grouping (rather than a linear grading) process, which is difficult to
grasp conceptually. Furthermore, it involves more complex and less intuitive mathemati-
cal procedures.

The study yielded immediate benefits to practitioners of the framework species
method in the seasonally dry tropical forests of SE Asia as an aid for species selection.
However, wider application of the generic approach of using functional traits to select
candidate framework tree species for restoring other forest ecosystems depends on data
availability. Although databases of several of the functional traits used in this study can
now be accessed online (e.g., the Global Wood Density Database [36], TRY plant trait
database [53] and the Royal Botanic Gardens, Kew Database [54]), data are incomplete
and/or are sometimes difficult to access. In particular, growth and survival data (which
doubtless added to the robustness our results) from restoration field trials are rarely made
available online, except as Supplementary Materials in a few papers [41]. Therefore, man-
agers of forest restoration-trial-plot systems are encouraged to share more monitoring data
online. Ideally, a central repository of such data would be extremely useful to widen use
of trait-based data to inform species-selection decisions when planning forest-restoration
projects [55,56].
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To sum up, our study shows that the use of functional traits could be a powerful tool
to plan ideal mixes of successional guilds when selecting tree species for forest restoration
trials. However, its wider application depends on greater availability of easily accessible
functional trait data of a wide range of indigenous forest tree species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14061075/s1, Figures S1–S11: Ranked individual functional trait
data as indicators of successional status.; Table S1: Seedling types; Table S2: Germination response to
light and shade (GRLS); Table S3: Data sources for the for functional trait variables; Table S4: Data for
27 functional traits of 28 framework tree species; Table S5: Previous reports of the successional status
of the framework tree species.
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