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Abstract: Long-term forest dynamics plots in the tropics tend to be situated on stable terrain. This study investigated
forest dynamics on the north coast of New Guinea where active subduction zones are uplifting lowland basins and
exposing relatively young sediments to rapid weathering. We examined forest dynamics in relation to disturbance
history, topography and soil nutrients based on partial re-census of the 50-ha Wanang Forest Dynamics Plot in Papua
New Guinea. The plot is relatively high in cations and phosphorus but low in nitrogen. Soil nutrients and topography
accounted for 29% of variation in species composition but only 4% of variation in basal area. There were few areas
of high biomass and most of the forest was comprised of small-diameter stems. Approximately 18% of the forest was
less than 30 y old and the annual tree mortality rate of nearly 4% was higher than in other tropical forests in South-
East Asia and the neotropics. These results support the reputation of New Guinea’s forests as highly dynamic, with
frequent natural disturbance. Empirical documentation of this hypothesis expands our understanding of tropical forest
dynamics and suggests that geomorphology might be incorporated in models of global carbon storage especially in
regions of unstable terrain.
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INTRODUCTION

Although there is strong evidence to suggest that large-
scale environmental factors determine species distribu-
tions and community composition in tropical forests
(Baldeck et al. 2013, Condit et al. 2013, Harms et al. 2001,
John et al. 2007), our knowledge of how the environment
influences biomass at fine scales is limited. Landscape-
scale studies in the tropics (Clark & Clark 2000, Laurance
et al. 1999) have focused on coarse variation in soil
type and topography with conflicting results (Unger et al.
2012). The extent to which small-scale variation in
soil nutrients and forest dynamics (Brienen et al. 2015)
affect biomass in tropical forests is an open question.
However, it is vital to know this for understanding carbon
source/sink dynamics (Phillips et al. 1998, Wright 2005)
and estimating global carbon reservoirs (Dixon et al.
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1994, Schimel 1995). At the same time, it is important
to consider that the notion of an untouched, monolithic
primeval rain forest is being reconsidered (Clark 1996,
Whitmore 1990, 1991) as the long and varied history of
natural and anthropogenic disturbance across the tropics
continues to be documented (Chazdon 2003, 2014).
These variations are often correlated with species’ life-
history strategies (Wright et al. 2010), global patterns
of productivity (Stephenson & Mantgem 2005), carbon
storage (Doughty et al. 2015) and the maintenance of
species diversity (Connell 1978, Molino & Sabatier 2001).

Previous studies of forest regeneration (Brown &
Lugo 1990, Chazdon 2014, Lebrija-Trejos et al. 2008,
Letcher 2010) in forest plots at least 0.1 ha in size
have documented changes in species richness, trait
diversity, phylogenetic diversity and basal area in a variety
of tropical forests. Few such studies have accounted
for small-scale species interactions in mature forests,
although remote-sensing (Chambers et al. 2013) and
natural history approaches (Martinez-Ramos et al. 1988)
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have been used to date small canopy gaps and forest
disturbance rates.

One region that still contains an almost continuous
landscape of lowland rain forest (Mittermeier et al. 1998)
but remains understudied (Whitfeld et al. 2012, 2014)
is the island of New Guinea. What makes this area
noteworthy is a geological legacy of more than 3 million
y of unusually high tectonic surface uplift following
collision of the Finisterre Volcanic arc terrane and the
Australian continental margin (Abbott et al. 1997). As
a result, the soils are geologically young, unstable and
nutrient-rich (Loffler 1977). It has been suggested that
forests on the island are unusually dynamic and less
productive than other lowland rain forests (Garwood et al.
1979, Johns 1986, Vincent et al. 2015) but there is
limited quantitative documentation of this prediction.
Here we used partial re-census data from a long-term
forest dynamics plot in New Guinea to investigate small-
scale (20 × 20 m) forest dynamics (tree recruitment,
growth and mortality), disturbance, forest age and
the influence of the abiotic environment on species
composition and basal area. In addition, we incorporated
topography, soil nutrients and a dated chronosequence
to identify possible ecological processes affecting lowland
New Guinea rain forests. If New Guinea’s forests are,
indeed, highly dynamic we hypothesize: no association of
soil nutrients and fine-scale topographic variation with
(1) basal area distributions and (2) species composition,
(3) no spatial structure in age-class distributions and
(4) higher mortality and an overall younger forest
compared with other tropical regions. Where possible,
we present parallel analyses from a neotropical plot on
Barro Colorado Island (BCI), Panama and also compar-
isons with other tropical forests to contextualize our
study.

STUDY SITE

The 50-ha Wanang forest dynamics plot (FDP), part
of the Center for Tropical Forest Science Global Earth
Observatory (CTFS-ForestGEO) global network of forest
plots (Anderson-Teixeira et al. 2015), is located in mature
lowland rain forest in Madang province in northern
Papua New Guinea (Vincent et al. 2015). The FDP is
situated in a nearly contiguous block of forest comprising
18.5 million ha (Shearman et al. 2009). Soils at Wanang
are a heterogeneous mixture of Entisols, Inceptisols and
Alfisols, depending on the timing of disturbance and
exposure of parent material (Turner et al. unpubl. data).
Rainfall averages 4000 mm annually, with no month
receiving <125 mm. There is significant topographical
relief in the plot, with riparian areas (∼90 m asl) flanking
both short ends of the rectangular FDP (500 × 1000
m) and a large, steep-sided main ridge bisecting the plot

north to south (∼190 m asl) (Figure 1). This landscape of
Pliocene and Pleistocene mudstone is typical for lowland
forest areas in northern New Guinea.

METHODS

Plot census

The Wanang FDP was established in 2009 following
protocols developed by CTFS-ForestGEO (Condit 1995,
1997). The plot was gridded to 10 cm accuracy into 1250
quadrats, each 20 m by 20 m. An intensive topographical
survey was conducted during plot establishment and
elevation readings were taken at the corner of each quad-
rat. From these values, indices of mean elevation (average
elevation of the four corners of each quadrat), slope
(average slope of four planes created by connecting three
corners of each quadrat at a time), and convexity (mean
elevation of the focal quadrat minus the average elevation
of all directly adjacent quadrats) were determined per
quadrat (Harms et al. 2001).

During plot enumeration, every stem ≥1 cm in
diameter at breast height was tagged, measured, mapped
(±10 cm), and identified to species or morphospecies,
often based on sterile individuals and comparison of
voucher specimens to already identified herbarium col-
lections. Collection of voucher specimens for all taxa is
ongoing. These specimens are deposited in the Papua
New Guinea Forest Research Institute Herbarium (LAE)
and the Bell Museum Herbarium at the University of
Minnesota (MIN). The first census recorded a total of
290,012 stems belonging to 267,951 individual trees
comprising 580 taxa, including 528 species and 52
morphospecies in 259 genera and 84 families.

Basal area

Basal area (BA) was calculated from diameter at breast
height measurements, assuming circular stems, summed
per 20 × 20-m quadrat. This process was repeated
using available data from BCI, one of the oldest plots
in the CTFS-ForestGEO network of plots. We tested for
a difference in distributions of basal area per quadrat
between the BCI and Wanang FDPs using a Wilcoxon
rank-sum test, as basal area distributions violated the
assumption of normality even after attempts to transform
the data. Basal area values per quadrat were also used to
create a map of basal area distribution in the Wanang
FDP. We used basal area as a proxy for above-ground
biomass since measurements of trunk height and wood
specific gravity (necessary for estimating biomass) were
not available for all species at our study site.
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Drivers of New Guinea forest dynamics 159

Figure 1. Mean altitude per quadrat in the Wanang forest dynamics plot, Papua New Guinea, is represented by a colour gradient from blue (lowest)
to red (highest). Contour lines show topographical relief in the plot corresponding to variation in altitude represented in the coloured quadrat boxes.

Soil analysis and interpolation

Soils were collected at 296 locations in the Wanang
50-ha plot between April and May 2013 using a sampling
protocol described previously (Baldeck et al. 2013, John
et al. 2007). At each sampling point, five cores were
taken to 10 cm with a 2.54 cm diameter corer and
combined into a single composite sample. Samples were
air dried, sieved <2 mm. Soil pH was determined in
both deionized water and 10 mM CaCl2 in a 1:2 soil
to solution ratio using a glass electrode. Concentrations
of Al, Ca, Fe, K, Mg, Mn and Na were determined by
extraction in 0.1 m BaCl2 (2 h, 1:30 soil to solution ratio),
with detection by inductively coupled plasma optical-
emission spectrometry (ICP–OES) on an Optima 7300
DV (Perkin-Elmer Ltd, Shelton, CT) (Hendershot et al.
2008). Nitrogen mineralization was determined using
in-field ion-exchange resins at the same sites as soil
collection during April and May of 2013. Five grams of
mixed-bed ion-exchange resin (Dowex Marathon Mr-3)
was enclosed within a 6 × 7.5-cm mesh bag (polyester
monofilament, 220 micron mesh opening) sewn with
monofilament thread. Bags were inserted into the upper
mineral soil horizon at a 45° angle by making a cut with
a machete, inserting the bag, and gently tamping the
surface to enclose the bag in the soil. All bags except
three were retrieved after approximately 3 wk in the field.
The bags were rinsed thoroughly in deionized water and
then nutrients were extracted with 75 mL of 0.5 m HCl
for simultaneous determination of ammonium, nitrate
and phosphate in neutralized extracts by automated
colorimetry on a Lachat QuikChem 8500 (Hach Ltd,
Loveland, CO). Ammonium and nitrate concentrations
are a time-integrated measure of nitrogen mineralization
during the study period whereas we interpreted phos-
phate concentrations as reflecting a dynamic equilibrium
between the resin and the soil.

All soil nutrients were block-kriged following John
et al. (2007). We interpolated measured values while

incorporating spatial variation depicted in variogram
models to produce estimates of nutrient concentrations
per quadrat. In the kriging procedure, variogram fits
for Ca and K were manually adjusted to better capture
broad-scale trends in soil nutrient variation by reducing
the effect of unusually high variation at small spatial
scales. Aggregate measures of total exchangeable bases
(TEB), exchangeable cation concentration (ECEC), and
base saturation (BS) were calculated after kriging as
follows: TEB was calculated as the sum of the charge
equivalents of Ca, K, Mg and Na; ECEC was calculated as
the sum of the charge equivalents of Al, Ca, Fe, K, Mg, Mn
and Na; BS was calculated as (TEB ÷ ECEC) × 100.

Plot re-census

Fifty-two randomly selected quadrats (2.08 ha total)
in the Wanang FDP were re-censused. Each tree was
relocated and its diameter at breast height re-measured
if living or marked as dead. An individual tree may have
multiple stems that branch below 1.3 m, herein our
recruitment and mortality results refer to analyses using
measurements of primary stems of individual trees and
RGR refers to all stems. Relative growth rate (RGR) was
estimated for each quadrat (RGRstand) and for all species
(RGRspecies). RGR per quadrat was estimated as:

RGRstand = [ln (BAt) − ln (BA)] /tquadrat

Where BAt and BA, are basal area of all stems at the time
of re-census and initial census respectively, and tquadrat is
the re-census interval in years for the focal quadrat.

RGR was estimated for all species as:

RGRspecies = [ln (BAt) − ln (BA)] /tavg

Where BAt and BA are basal area of all stems at the time
of re-census and initial census respectively, and tavg is the
average census interval for all quadrats. Average census
interval was used in estimation of species-level growth
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rate as stems belonging to each species were distributed
across many quadrats with different re-census intervals.

Recruitment rate (r) was estimated for the entire tree
community as:

r = [ln (R) − ln (R∗)] /tavg

Where R∗ is the number of individuals alive in both
censuses, R is R∗ plus new recruits, and tavg is the average
census interval in years.

Our estimate of annual mortality was calculated using
a common measure of mortality in forests (Clark & Clark
1992, Condit et al. 1995, Phillips et al. 1994):

m = [ln (N0) − ln (Nt)] /tavg

Where N0 is the number of individuals at the time of the
initial census, Nt is the number of individuals surviving
at re-census, and tavg is the average time (y) between
censuses.

We compiled published mortality estimates (only those
including all trees ≥1 cm) from tropical rain forests
worldwide for comparison with New Guinea. Considering
the small size of our re-census dataset (2.08 ha), we were
unable to calculate rates for different size classes (e.g.
≥10 cm diameter) or groups of edaphic specialists (Russo
et al. 2005) or habitat specialists (Chisholm et al. 2014).
We therefore focused our comparison on measures of
overall mortality rate, regardless of species or size class
(Condit et al. 1995, 1999; Shen et al. 2013).

Statistical analyses

Spatial variation in species composition was visualized
following Baldeck et al. (2013). A community matrix of
individuals per species by quadrat was created for the
Wanang FDP. This matrix was converted into a Bray–
Curtis dissimilarity matrix (Bray & Curtis 1957), a pop-
ular quantitative dissimilarity measure, which was used
in a three-dimensional non-metric multidimensional
scaling (NMDS) ordination using the function ‘metaMDS’
from the vegan package for R. The position of each quad-
rat in three-dimensional ordination space reflects their
similarity in species composition. These positions were
scaled between zero and 1 using maximum and minimum
values in each direction and then translated into RGB
colours by assigning each quadrat’s position on the first
three ordination axes to intensities of red, green and blue
(Thessler et al. 2005). The translation of colour intensity
was applied to all axes simultaneously such that colour
variation reflects variation explained by the respective
axes. RGB components of each quadrat were combined
to create composite colour values that were subsequently
mapped for each quadrat (Baldeck et al. 2013) to produce
a coloured visualization of local variation in community
composition (Anderson et al. 2010).

Variance partitioning (Borcard et al. 1992) by redund-
ancy analysis (RDA) in the case of multivariate data for
community composition and partial regression for basal
area per quadrat was performed to evaluate associations
of topography, soil nutrients and spatial proximity with
species composition and basal area distributions. Func-
tion ‘varpart’ from the vegan package in R was used with
the response variables being either a community matrix
of quadrats by species or basal area per quadrat and
explanatory matrices being topographic variables and
soil nutrients. Principal coordinates of neighbourhoods
matrix (PCNM) (Borcard & Legendre 2002, Dray et al.
2006) was used to account for the possible influence
of spatial autocorrelation (Legendre et al. 2005, 2009),
using the function ‘pcnm’ from the vegan package in
R. The method uses a truncated Euclidean distance
matrix of neighbouring quadrats defined as those directly
adjacent, including diagonals (i.e. Queen’s criterion), for a
maximum of eight neighbours per quadrat. The distance
of all neighbouring quadrats is maintained and all non-
neighbour distances are then set to four times the distance
between points following Borcard & Legendre (2002). All
positive eigenvalues of a principal coordinates analysis
(PCoA) on the truncated distance matrix are maintained
for inclusion in ordination or regression analyses to
account for the effect of spatial proximity of samples in
the variance-partitioning procedure. Adjusted r2 values
are derived for each testable fraction of explanatory
factors following Peres-Neto et al. (2006), providing a
robust estimate of variation explained while adjusting for
the number of explanatory variables. Similar partitioning
procedures have been used to investigate the influence
of spatial structure and abiotic variables on species
composition of tropical and subtropical forests (Baldeck
et al. 2013, Legendre et al. 2009). A schematic Venn-
diagram showing variance partitioning components and
labelling conventions is included (Figure 2).

Regeneration phase

Stem size class ratios have been used in the past to account
for regenerative character or gap-phase (GP) dynamics
(Feeley et al. 2007) in analyses of forest inventory data.
We calculated an index of forest regeneration phase
following Feeley et al. (2007) to explore whether the
signature of forest regeneration based on the log ratio of
basal area held in large to small stems is similar in the New
Guinea forest compared with other lowland rain forests
for which we were able to obtain data. This gap phase (GP)
statistic was calculated as:

GP = ln (BA30 + 1) − ln (BA10 + 1)

Where BA30 is the basal area in the focal quadrat held
in stems 30 cm or larger and BA10 (m2 ha−1) is basal

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0266467418000123
Downloaded from https://www.cambridge.org/core. University of Minnesota Libraries, on 29 Oct 2018 at 15:46:15, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0266467418000123
https://www.cambridge.org/core


Drivers of New Guinea forest dynamics 161

Figure 2. Components of variance-partitioning analysis for species
composition and basal area per quadrat in the Wanang forest dynamics
plot, Papua New Guinea depicted as a Venn diagram. Letter labels cor-
respond to elements of each tested component of variation as presented
in Table 1. Each circle in the Venn diagram represents a different set of
explanatory variables, overlapping areas represent components shared
between explanatory variables. ‘Topography’ represents variance ex-
plained by topographical indices of mean elevation, slope and convexity
per quadrat. ‘Soils’ represents variation explained by a matrix of soil
nutrient variables per quadrat. ‘Spatial’ represents variation explained
by positive eigenvectors from the PCNM analysis, indicative of spatial
structure in the response data. ‘Residuals’ represents the portion of
variance not accounted for in the variance partitioning among our three
explanatory matrices.

area held in stems less than 10 cm diameter at breast
height. This measure is contingent on the assumption
that the predominant fraction of basal area in forests
proceeding through succession will shift from small
stems to large stems, an established process in forest
regeneration (Chazdon 2008, Franklin et al. 2002). This
transition will yield gap phase statistics differentiating
more recently disturbed quadrats dominated by small
stems (low GP) from older quadrats with an increased
presence of large trees (high GP). This calculation was
carried out for both Wanang and BCI and plotted as
histograms and cumulative density curves of GP value
per quadrat, coloured by plot. As in our comparison
of basal area between BCI and Wanang, we tested for
a difference in distributions of GP per quadrat using a
Wilcoxon rank-sum test.

Chronosequence dating

Previous work close to the Wanang FDP established a set
of 19 0.25-ha satellite plots (4.75-ha total) ranging from
3 to >50 y since disturbance to examine forest succession

(Whitfeld et al. 2012, 2014). Forest age estimates in these
plots combined evidence from forest-cover maps based on
aerial photography and local community knowledge. In
the present study, we used mean and standard deviation
basal area measurements for each class of younger
secondary (3–9 y old), older secondary (10–30 y old),
intermediate mature (31–50 y old) and mature forest
plots (>50 y old) (Whitfeld et al. 2014) to divide quadrats
in the Wanang FDP plot to corresponding age class bins.
We tested for correlation between age class distributions
of the entire plot and the subset of re-censused quadrats.

The Indicspecies R package and function ‘multipatt’
(De Cáceres et al. 2010) was used to investigate similarity
in species occurrence between quadrats of the 50-ha plot
dated by basal area and the 0.25-ha satellite plots used for
forest age dating. Indicator species were prioritized based
on indicator value (Dufrêne & Legendre 1997), an index
of fidelity and abundance in habitat types, and tested
for statistical significance with 999 permutations of the
community matrix. Only indicator species for a single age
class were considered since we were attempting to match
established age class categories rather than investigate
species-habitat associations. Significant indicator species
for different successional stages were compared with
published results and analyses reproduced following
Whitfeld et al. (2014) to validate our plot dating method.
Results of a detrended correspondence analysis (DCA) as
well as importance values (IV) and dominance measures
of chronosequence species were used for validation. Al-
though there was a difference in species richness between
the more extensively sampled 50-ha forest inventory
plot and the chronosequence plots (581 total species
versus 260 total species) the co-occurrence of species
shown to indicate different successional stages suggests
that portions of the 50-ha plot were in concurrent
stages of forest regeneration with the dated satellite
chronosequence plots.

RESULTS

Soil pH was relatively high (range 5.5–7.1 measured
in water, mean 6.3±0.3) and soils contained abundant
base cations (total exchangeable bases 20.4–69.9 cmolc
kg−1, mean 37.3±6.6) and a wide range of available
phosphate concentrations (0.8 to 35.8 mg P kg−1,
mean 6.0±5.6). However, nitrate mineralization was
relatively low compared with other sites in South-East
Asia (mean nitrate 7.8 µg N per bag per day), presumably
reflecting the relatively low rates of nitrogen emissions
and atmospheric nitrogen deposition in the region (Hietz
et al. 2011).

Combined soil, topographical and spatial variables
were statistically associated with 29% of variation in
community composition in the Wanang plot (Table 1,
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Table 1. Variance partitioning results for species composition and basal area per quadrat in the Wanang
forest dynamics plot, Papua New Guinea. Following Baldeck et al. (2013) lettered variance components
are labelled with reference to Figure 2: total – overall proportion of variation explained by all variables
combined (a + b + c + d + e + f + g), spatial – variation explained by spatial variables (a+d+f+g),
environment – variation explained by soils and topography (b+c+d+e+f+g), spatial|environment – variation
explained by spatial variables while controlling for soils and topographical variables (a), spatial & environment
– spatially structured variation in topographical soil variables (d+f+g), environment|spatial –variation
explained by topography and soils while controlling for spatial structure (b+c+e), soils – proportion of
variation explained by soil nutrients (b+d+e+g), topography –variation explained by topographical variables
(c+e+f+g), soils|topography – variation explained by soil variables while controlling for topographical
variables (c+d), soils & topography –variation explained by topographically structured variation in soil
nutrients (e+g), topography|soils – variation explained by topography after controlling for soil variables (c+f).
Values are adjusted r2 values, a robust estimator of variance explained that adjusts for the number of variables
in the model.

Explanatory portion Species composition Basal area Components

Total 0.29 0.04 a+b+c+d+e+f+g
Spatial 0.29 0.04 a+d+f+g
Environment 0.11 0.04 b+c+d+e+f+g
Spatial|Environment 0.18 0 a
Spatial & environment 0.08 0.04 d+f+g
Environment|Space 0.01 0 b+c+e
Soils 0.06 0.02 b+d+e+g
Topography 0.08 0.04 c+e+f+g
Soils|Topography 0.04 0.01 c+d
Soils & topography 0.02 0 e+g
Topography|Soils 0.06 0.03 c+f

Table 2. Mortality rates of stems greater than or equal to 1 cm diameter at breast height in the present study
and previously published literature. All studies referenced used the same equation to calculate estimates of
mortality based on all individuals in respective plots. The four values for BCI, from Condit et al. (1995, 1999)
and Shen et al. (2013) were averaged and reported with SD.

Location Annual mortality rate (%) Citation

Dinghushan, China 5.85 Shen et al. 2013
Wanang, PNG 3.95 Present study
Pasoh, Malaysia 2.55 Shen et al. 2013
Changbaishan, China 2.31 Shen et al. 2013
BCI, Panama 2.24 ± 0.54 Condit et al. 1995, 1999, Shen et al. 2013
Pasoh, Malaysia 1.46 Condit et al. 1999

Figure 2). Individual fractions had much less explanatory
power, soil alone explaining 6% of variation and topo-
graphy 8%. The variation in species composition across
the FDP can be visualized in the map of local variation
in community composition produced by translating
coordinates from three-dimensional NMDS into RGB
colours (Figure 3a).

Soil, topography and spatial variables, whether con-
sidered solely or in aggregate, explained little variation in
basal area (4%) (Table 1). No patterns corresponding to
coarse topography (e.g. mean elevation, Figure 1) were
apparent, nor does basal area appear to be spatially
structured in other ways (Figure 3b).

Average basal area per quadrat in Wanang was
32.0±13.7 m2 ha−1, ranging from 2.73 to 104 m2

ha−1 (Figures 3b, 4). Basal area in the BCI FDP averaged
31.5±18.0 m2 ha−1 with a range of 8.18–167 m2

ha−1 (Figure 4). Results from a Wilcoxon rank-sum test

suggested distributions of basal area per quadrat at the
two sites were significantly different (P <0.001), likely
based on a difference in shape primarily due to the
presence of a long tail of high basal area quadrats at BCI.

Re-measurement of 52 quadrats (2.08 ha) resulted in
data collection on 11 139 individual trees with a total
of 12 153 stems belonging to 351 species. The interval
between initial and second measurement ranged from
725 to 1313 d, with a mean and SD of 943±179 d
(2.58±0.49 y). Annual mortality rate was estimated to
be 3.95% (Table 2) and recruitment rate was estimated as
2.77% annually.

RGR was calculated on all stems showing diameter
growth >0 cm, which corresponded to 9994 total stems.
Plot-level RGR averaged 0.055±0.032 and ranged from
0.019 to 0.170. Values for the 12 species with 100 or
more stems included in the re-census are presented in
Table 3. Estimates of species-level growth rates (expressed
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Figure 3. Spatial distribution of tree species composition and basal area in the Wanang forest dynamics plot, Papua New Guinea. Each individual
square corresponds to a 20 × 20-m quadrat. Quadrats are coloured as determined by locations in a three-dimensional non-metric multidimensional
scaling space, based on species composition (a) and basal area values per quadrat (b).

Table 3. Relative growth rates (RGR) for 12 species for which 100 or
more stems were re-measured in the Wanang FDP, Papua New Guinea.
Species are listed in order of decreasing number of stems measured.
Estimates for RGRspecies were calculated using average census interval
for all re-measured quadrats and expressed as percentage increases.

Species Stems measured RGR (%)

Ficus hahliana Diels 207 15
Gnetum gnemon L. 170 4.5
Celtis latifola Planch. 159 6.5
Gymnacranthera paniculata Warb. 147 4.2
Mastixiodendron pachycladon

(K.Schum.) Melch.
143 2.8

Harpullia longipetala Leenh. 124 4.4
Pimelodendron amboinicum

Hassk.
117 3.6

Aphanamixis polystachya (Wall.)
R.Parker

104 07.0

Versteegia cauliflora (K.Schum. &
Lauterb.) Valeton

104 4.8

Ficus badiopurpurea Diels 101 8.4

as a percentage) averaged 6.1%, ranging from 2.1% in
Aglaia lepiorrhachis to 15% in Ficus hahliana.

Dating quadrats in the Wanang FDP based on total
basal area suggested that the majority of the FDP (671
quadrats, 55% plot) had not been disturbed in at least

50 y (Table 4). The next largest portion corresponded
to forest aged 30–50 y old (27%). The 10–30- and
<9-y areas accounted for 12% and 6% of the plot,
respectively (Table 4). Mapping the distribution of these
age classes showed no obvious correspondence to major
topographical features (Figure 5). Age class distributions
of the entire plot and re-census quadrats were highly
correlated (r = 0.997).

Results of GP per quadrat for Wanang and BCI show
highly overlapping distributions (Figure 6). Although
distributions are similar for Wanang and BCI (Wilcoxon
rank-sum test, P >0.05), the range of values are offset
such that the Wanang FDP had GP values more negative
GP values than BCI, and BCI had higher values than
Wanang.

Measurements of GP by quadrat coloured by age class
show that age class corresponds roughly to GP (Figure 7)
and mean GP value per age class reflects differences in
age class (Table 4). Younger forest quadrats had lower
GP values than older quadrats, although there was
considerable variation in GP value per age class (Table 4).
For example, quadrats of the 10–30-y age class had an
average (mean ± SD) GP value of 0.13±0.86 whereas
quadrats in the 30–50-y age class averaged 0.65±0.58
(Table 4).
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Table 4. Forest-age classification criteria, age-class composition and average ± SD gap phase (GP) value per age
class in the Wanang 50-ha plot, Papua New Guinea. GP values vary from low to high where plots are dominated
by small or large stems respectively. All 20 × 20-m quadrats (n = 1250) in the plot were assigned to an age
class defined by basal area as calculated from a series of dated 0.25-ha satellite plots.

Age (y) Basal area (m2 ha−1) Number of quadrats Proportion of plot GP (mean ± SD)

3–9 <14.9 72 0.06 − 0.25 ± 0.87
10–30 14.9–20.3 155 0.12 0.13 ± 0.86
31–50 20.3–28.3 352 0.27 0.65 ± 0.58
>50 >28.3 671 0.55 1.43 ± 0.53

Figure 4. Dot plot of basal area (m2 ha−1) per 20 × 20-m quadrat in the Wanang, Papua New Guinea, and Barro Colorado Island (BCI), Panama,
forest dynamic plots. Overlapping data points were randomly jittered to either side of their true value to more clearly represent their density. Violin
plots further illustrate the true cumulative density of data points within a sliding window.

Indicator species analysis of age classes in the Wanang
FDP identified a total of 73 statistically significant indic-
ator species, at least nine for each age class (Appendix 1).
Many indicator species identified from the Wanang FDP
appear in the DCA of chronosequence data (Appendix
2) labelled by priority of abundance (Appendix 3).
In addition, there is correspondence between indicator
species in the plot and our knowledge of life history
variation (i.e. early versus late successional) in Wanang
forest species.

DISCUSSION

Topography and soil nutrients

The variance partitioning analysis of basal area meas-
urements suggested that forest structure was not ex-
plained by fine topographic or edaphic variation in the
lowland rain forest of New Guinea, supporting our first
hypothesis. Clark & Clark (2000) found little influence
of topography and soil type on biomass distributions in
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Figure 5. Spatial distribution of age class categories in the Wanang
forest dynamics plot, Papua New Guinea. Different age classes are
represented on a scale of light to dark green showing younger to older
age classes. Each square corresponds to one 20 × 20-m quadrat. Age
classes were defined in Whitfeld et al. (2014) based on a chronosequence
of dated plots located near the Wanang FDP (Table 3).

600 ha of rain forest in La Selva, Costa Rica. Conversely,
at a landscape scale (plots spanning 1000 km), Laur-
ance et al. (1999) found that soil nutrients and soil
water capacity parameters explained up to one third of

variation in forest biomass in Amazonian terra firme
forest. Both these studies used allometric equations to
estimate biomass so the results from the Wanang forest
in Papua New Guinea are not directly comparable since
we based our analyses on basal area. However, basal area
and biomass are related and comparisons of the general
patterns found in all three studies are informative. A
recent study from the Osa Peninsula, Costa Rica (Balzotti
et al. 2017), found that the density of large-basal-area,
emergent canopy trees was influenced by topography.
Spatial scale and soil characteristics are clearly important
considerations when assessing landscape patterns of tree
biomass and influence the consistency of results (Unger
et al. 2012). Our study offers a fine-scale assessment
of the relationship between overall basal area (as a
proxy for biomass) and soil nutrients and suggests soils
have little or no effect on basal area, at least at the
20 × 20-m scale, in the lowlands of New Guinea. This
is likely caused by the apparent uniformly high soil
fertility and dynamic landscape in New Guinea compared

Figure 6. Values of gap phase (GP) per quadrat for forest dynamics plots in Wanang, Papua New Guinea, and Barro Colorado Island, Panama. Points
were randomly adjusted to minimize over plotting and violin plots included to reflect cumulative density of values. GP values vary from low to high
where plots are dominated by small or large stems respectively.
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Figure 7. Histogram of gap phase (GP) values for the Wanang forest dynamics plot, Papua New Guinea, coloured by age class to show correspondence
between gap phase and estimated time since disturbance.

with the Osa Peninsula and Amazon basin. Our study
incorporates basal area of all trees ≥1 cm but finer-
scale topographical information (Chang et al. 2013) could
influence the results.

Beyond overall basal area, soil nutrients and to-
pography appear to account for smaller amounts of
variation (0.29) in tree community composition in the
study area in northern New Guinea compared with other
tropical regions. For example, total variation explained
ranged from 0.32 to 0.74 in a series of plots in the CTFS-
ForestGEO network, including forests in South-East Asia,
Africa and the neotropics (Baldeck et al. 2013). However,
although the proportion of total variation accounted
for by environmental variables was relatively small in
the Wanang forest, providing partial support for our
second hypothesis, it is apparent from the RGB map of
local variation in community composition (Figure 3a)
that some variation in composition in the Wanang tree
community corresponds to major topographical features
(Figure 1) such as ridges and gullies.

Environmental differences make it challenging to
compare landscape variation in species composition
across sites (Økland 1999) and sampling scale can greatly
influence the detection of ecological patterns in diversity
gradients (Tuomisto et al. 2017). Biotic interactions such
as seed dispersal, insect herbivores and neighbourhood
interactions also likely play a significant role in shaping
species composition in this New Guinea forest as they do
in all tropical forests (Leibold et al. 2017, Maron & Crone
2006, Uriarte et al. 2004). Another possibility is that we
do not have sufficient resolution in our environmental
data to detect trends associated with micro-topography
and small-scale variation in soil nutrients. For example,
our soil data in some cases showed extreme variation at
scales smaller than 20 × 20 m, possibly caused by past
landslips (Loffler 1977) that expose parent material and
decouple the weathering and development of adjacent
soils.

The instability of soils in New Guinea lowland rain
forests may contribute to the relatively low overall basal
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area (Vincent et al. 2015), young age and high annual
mortality rate. In fact, above-ground living biomass in
the Wanang 50-ha plot, estimated at 211 Mg ha−1, is
lower than the global mean estimate for lowland tropical
forests (373 Mg ha−1) as well as the regional averages for
Neotropical forests (288 Mg ha−1), Palaeotropical forests
(393 Mg ha−1), Australian forests (514 Mg ha−1) and
African forests (393 Mg ha−1) (Vincent et al. 2015).

Johns (1986) provided a qualitative description of
the dynamic nature of New Guinea according to the
frequency of major disturbances. These likely include
high rainfall, unstable geology resulting from poorly con-
solidated marine sedimentary rock, and regular seismic
activity from frequent strong earthquakes along the New
Britain Trench. Garwood et al. (1979) contrasted the
amount of land disturbed by earthquake-induced land-
slides in New Guinea and Panama, suggesting that 8–
16% of land surface in New Guinea is disturbed per cen-
tury compared with only 2% in Panama. Furthermore,
erosional landslides in New Guinea disturb land at a rate
of 3% per century, an order of magnitude greater than
average rates measured in other landslide-prone areas
such as the Luquillo mountains of Puerto Rico, which do
suffer frequent hurricane impacts (Garwood et al. 1979).
The high frequency of earthquake-induced landslides
illustrates the geological instability of the young, uplifted
ocean sediments that make up much of the island of
New Guinea. High rates of erosional surface wash can
compound the likelihood of landslides that occur where a
critical mass and height of forest trees has been achieved
(Loffler 1977, Ruxton 1967). The instability of the
northern New Guinea landscape exposes fresh bedrock
and leads to pedogenically young, fertile soils. Our
analyses suggest increased disturbance resulting from
landscape-level instability outweigh potentially positive
effects of soil fertility on overall biomass accumulation.

Age class structure compared with chronosequence data

Previous dating of forest regeneration in the tropics
has been confined to large-scale remote-sensing efforts
(Kellner et al. 2009) and methods relying on specific
natural history, such as dating treefall gaps by palm
morphology and growth rate (Martinez-Ramos et al.
1988). Determining stand age in mixed broad-leaved
forests with remote sensing (e.g. Landsat NDVI) is
problematic (Foody et al. 2003, Sader et al. 1989),
particularly in delineating younger successional stages
(Nelson et al. 2000). We followed a different approach by
corroborating comparisons of basal area in a reference
chronosequence with indicator species analysis at a
20 × 20-m scale. In this way, we found evidence to
support our third hypothesis of significant and frequent
natural disturbance impacting basal area distributions

and age-class structure in the New Guinea lowlands.
Indicator species analyses rely on the assumption that
changes to species composition through succession are
similar across a given area. This assumption may not
necessarily be true (Turner et al. 1997) so rather than
comparing overall composition, we relied on common
indicator species to test correspondence in time since dis-
turbance between mature forest and the chronosequence
plots in nearby contiguous rain forest. We suggest that
this use of chronosequences may provide an effective
addition to remote sensing, particularly in the resolution
of early successional stages. Interestingly, a previous
study focused on forest regeneration following landslides,
Guariguata (1990) observed that basal area and floristic
composition in Puerto Rican forests 50 y after landslides
resembled that of pre-disturbance forest, a similar length
of time to our observations in New Guinea.

Gap-phase dynamics

To further investigate patterns of tree size throughout the
Wanang FDP, we used the gap-phase index (Feeley et al.
2007), to compare characteristics of New Guinea’s low-
land forest to other tropical regions. Generally, patterns
were similar to those found in Panama, Cameroon and
Malaysia (Feeley et al. 2007). However, extremes in gap
phase differ between the BCI and Wanang FDPs. The BCI
gap phase distribution is skewed towards higher GP values
(mature forest plots dominated by large stems) whereas
the Wanang FDP included some extremely low GP values
(young secondary plots dominated by small stems). This
contrast reflects an ecologically meaningful difference
in the ratio of basal area in small and large stems in
portions of the Wanang and BCI forests and provides
support for our fourth hypothesis. It is worth noting that
as calculated here, GP depends on total basal area at
the 20 × 20-m scale in addition to the relative balance
between small and large stems. Thus, observed patterns
of GP may be affected by absolute basal area in each
quadrat. However, previous comparisons (Vincent et al.
2015) suggest a substantial difference in the percentage
of total biomass represented by small trees in the Wanang
and BCI forests (7.21% versus 2.74% respectively).

Our plot dating results provide further support for
the fourth hypothesis and corroborate the GP analysis,
although these measures likely reveal different features of
disturbance and forest recovery. The plot dating method
we used is based on total basal area and is insensitive to
remnant large trees in partly disturbed ‘young’ quadrats.
By contrast, the GP index is a stem class ratio, which
detects the presence of a large remnant tree, even if all
other remaining stems are small. These two measures
are complementary, but may vary with spatial scale and
differ in indicating successional stage of regenerating
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Figure 8. Example of a hillside slump close to the Wanang forest dynamics plot, Papua New Guinea. For scale, see one of the authors (GW) in a
yellow tee-shirt in the upper centre portion of the image (Photo: TW).

forest. It is worth noting that our plot dating analysis
suggested 18% of the Wanang FDP was either young or
middle-aged secondary forest, disturbed in the past 30 y.
This figure may be a conservative estimate since forest
age in the Wanang FDP was based on comparisons with
nearby areas of abandoned swidden agriculture. Natur-
ally disturbed areas of mature rain forest might recover
more rapidly through resprouting, the seed bank, and
opportunistic growth by remnant trees (Guariguata & Os-
tertag 2001, Lawton & Putz 1988, Nepstad et al. 1996).
On the other hand, other studies suggest that although
species composition may proceed on different trajectories
following agricultural disturbance (versus natural regen-
eration), basal area and stem density are comparable
(Boucher et al. 2001). Either way, the relatively large area
of young forest and presence of extremely low GP values
in the New Guinea forest suggest a dynamic community
with relatively high rates of natural disturbance.

Comparison with other tropical forests

It appears that frequent landslides (Figure 8) and rapid
surface erosion drive the difference in mortality rate
between the Wanang FDP and lowland rain forests

in Panama and Malaysia, the two best-studied forests
in the CTFS-ForestGEO network. The high mortality
reported for the subtropical Dingushan plot might also
be attributed to erosion caused by extreme topography
(260 m of altitudinal change in 20 ha) and also
drought (the Dingushan forest is strongly seasonal) (Li
et al. 2009). Furthermore, it is worth noting that the
Wanang FDP experiences higher mortality than other
forests on similarly rugged topography with comparable
annual rainfall. For example, annual tree mortality in
the Palanan FDP in the north-eastern Philippines was
2.05%, increasing to 2.27% following the Category-four
Typhoon Imbudo in 2003 (Yap et al. 2016). The Lambir
Hills FDP in Sarawak, Malaysian Borneo, experienced
annual mortality rates of 1.3%, 1.75% and 1.66% before,
during and following the 1997/1998 El Niño induced
drought (Itoh et al. 2012). This plot also has higher mean
basal area than the Wanang FDP (42.8 m2 ha−1 versus
32.0 m2 ha−1). Thus, even forests experiencing severe
natural disturbances appear to suffer lower mortality
than background rates recorded at Wanang.

A complete re-census of the Wanang FDP will allow
us to investigate species- and size-class-specific mortality
rates (Condit et al. 2006) that are known to vary greatly
(Coomes & Allen 2007). Of particular interest is the
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mortality rate of large trees (≥10 cm diameter at breast
height), which we were unable to document as a separate
size class in this study due to limited sample size. Previous
studies in the BCI FDP and in Pasoh, Malaysia (King
et al. 2006, Condit et al. 2017), have documented high
mortality rates in large trees during drought. Our slightly
shorter census interval may have inflated the estimate
of annual mortality since community-level mortality
rate might change as a result of differences in intrinsic
mortality rates of individual species (Lewis et al. 2004). In
other words, as short-lived species die, the censused tree
population is increasingly dominated by species with low
mortality rates. However, since the mortality rate of trees
in New Guinea is influenced by catastrophic events such
as landslides that affect all species and size classes equally,
we speculate that inflation of mortality rate would be low.
In fact, a longer census interval would incorporate the
effects of more landslides in addition to mortality events
correlated with tree size and species identity.

In addition to natural disturbance, past human activity
in the area might contribute to present day patterns.
Small-scale shifting subsistence agriculture has been
practiced in the Wanang forest for generations. However,
aerial photographs from the early 1970s do not indicate
gardens in the FDP for at least 50 y, although the effects of
disturbance in the distant past might persist, as observed
in the Amazon Basin (Levis et al. 2017).

CONCLUSION

We present the first detailed measurement of forest
dynamics in New Guinea’s lowland rain forests. The
results support the reputation of New Guinea forests as
dynamic in comparison to other lowland tropical forests.
This characteristic of the New Guinea forest should be
a consideration for global models of carbon storage and
dynamics. As we hypothesized, basal area and age-class
distribution in this New Guinea forest showed little or no
relationship to variation in soil nutrients or topography,
which appears to reflect frequent natural disturbances. In
addition, mortality rates were generally higher and the
forest was, overall, younger compared with other tropical
forests. However, despite the dynamic nature we describe,
species composition in New Guinea rain forests does
reflect topography and soil fertility to a limited extent.
Our results broaden understanding of the tropical forest
biome and help place the dynamic New Guinea forests,
which exist in an area of high tectonic activity, into a
global context.
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Appendix 1. Top 10 indicator species for each age class in the Wanang forest dynamics plot, Papua New Guinea.
Statistically significant indicator species (P < 0.05) as determined by permutation are ranked by their indicator value
statistic, indicating characteristic species that are abundant in a certain age class and present in most sites in that age
class. The statistic being calculated following Dufrêne & Legendre (1997) ranges from 0 to 1, with values closer to 1
indicating species that have higher fidelity and abundance in their associated habitat class. A full list of significant
indicator species per age class is included in Appendix 3.

Species Stat P

3–9 y
Ficus congesta (H.Lév. & Vaniot) H.Lév. 0.47 0.002
Ficus erythrosperma Miq. 0.38 0.013
Ficus rubrivestimenta Weiblen & Whitfeld 0.36 0.028
Macaranga aleuritoides F.Muell. 0.31 0.016
Ficus pungens Reim. ex Blume 0.28 0.006
Ficus variegata Blume 0.28 0.045
Trichospermum pleiostigma (F.Muell) Kosterm. 0.22 0.028
Elaeocarpus sphaericus (Gaertn.) K.Schum. 0.21 0.020
Macaranga quadriglandulosa Warb. 0.21 0.043
Pipturus argenteus (G.Forst.) Wedd. 0.18 0.007

10–30 y
Ficus hahliana Diels 0.51 0.006
Pometia pinnata J.R.Forst. & G.Forst. 0.50 0.042
Ficus adelpha K.Schum & Lauterb. 0.42 0.027
Macaranga fallacina Pax. & K.Hoffm. 0.37 0.038
Allophylus cobbe (L.) Raeusch. 0.33 0.019
Elaeocarpus miegei Weibel 0.31 0.011
Syzygium furfuraceum Merr. & L.M.Perry 0.31 0.036
Dendrocnide longifolia (Hemsl.) Chew 0.29 0.035
Antidesma excavatum Miq. 0.24 0.031
Celtis sp. 1 0.20 0.041

31–50 y
Litsea timoriana Span. 0.53 0.009
Pseuduvaria versteegii 0.51 0.003
Aglaia rimosa (Blanco) Merr. 0.50 0.029
Chisocheton ceramicus C.DC. 0.48 0.040
Planchonella xylocarpa (C.T. White) Swenson & al. 0.44 0.044
Aglaia sp. 1 0.44 0.025
Celtis philippensis Blanco 0.41 0.015
Terminalia complanata K.Schum 0.36 0.047
Dendrocnide cordata (Warb. ex W.Winkl.) Chew 0.14 0.040

>50 y
Gnetum gnemon L. 0.59 0.001
Dysoxylum arborescens (Blume) Miq. 0.57 0.001
Celtis latifolia Planch. 0.56 0.001
Pimelodendron amboinicum Hassk. 0.56 0.001
Mastixiodendron pachyclados Melch. 0.56 0.001
Gymnacranthera paniculata Warb. 0.55 0.001
Harpullia longipetala Leenh. 0.55 0.001
Versteegia cauliflora (K. Schum. & Lauterb.) Valeton 0.54 0.001
Ixora amplexifolia K.Schum & Lauterb. 0.54 0.001
Aglaia lepiorrhachis Harms 0.54 0.001
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Appendix 2. Detrended correspondence analysis of tree species in nineteen 0.25-ha chronosequence plots located
close to the Wanang forest dynamics plot, Papua New Guinea. Both plots (red) and species (black) are included.
Proximity of plots to one another indicates similarity in species composition. Proximity of species to plot labels
indicates fidelity to that particular forest type. Plot ages are denoted by the first letter of the corresponding label (M =
mature, L = late secondary, E = early successional). Species names are plotted such that labels do not overlap, in the
case of overlapping species name labels, preference was given to more abundant species.

Appendix 3. Table of all significant indicator species per age class in the Wanang forest dynamics plot, Papua New
Guinea. Indicator value statistics and P-values are provided for each species identified as an indicator of an age class
(∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001).

Species stat P-value

3–9 y
Ficus congesta (H.Lév. & Vaniot) H.Lév. 0.471 0.002∗∗
Ficus erythrosperma Miq. 0.38 0.013∗
Ficus rubrivestimenta Weiblen & Whitfeld 0.362 0.028∗
Macaranga aleuritoides F.Muell. 0.313 0.016∗
Ficus pungens Reim. ex Blume 0.288 0.006∗∗
Ficus variegata Blume 0.283 0.045∗
Trichospermum pleiostigma (F.Muell) Kosterm. 0.221 0.028∗
Elaeocarpus sphaericus (Gaertn.) K.Schum. 0.206 0.02∗
Macaranga quadriglandulosa Warb. 0.205 0.043∗
Pipturus argenteus (G.Forst.) Wedd. 0.185 0.007∗∗
Saurauia purgans B.L. Burtt 0.184 0.044∗
Homalanthus novoguineensis K.Schum. 0.169 0.015∗
Alphitonia incana (Roxb.) Teijsm. & Binn. Ex Kurz 0.167 0.005∗∗
Clymenia sp. 1 0.162 0.014∗
Duabanga moluccana Blume 0.15 0.014∗
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Appendix 3. Continued

Species stat P-value

Trema orientale Blume 0.15 0.012∗
Planchonia papuana R.Kunth 0.147 0.027∗

10–30 y
Ficus hahliana Diels 0.507 0.006∗∗
Pometia pinnata J.R.Forst. & G.Forst. 0.495 0.042∗
Ficus adelpha K.Schum & Lauterb. 0.415 0.027∗
Macaranga fallacina Pax. & K.Hoffm. 0.371 0.038∗
Allophylus cobbe (L.) Raeusch. 0.332 0.019∗
Elaeocarpus miegei Weibel 0.308 0.011∗
Syzygium furfuraceum Merr. & L.M.Perry 0.305 0.036∗
Dendrocnide longifolia (Hemsl.) Chew 0.292 0.035∗
Antidesma excavatum Miq. 0.243 0.031∗
Celtis sp. 1 0.199 0.041∗
Chisocheton montanus P.F.Stevens 0.15 0.010∗∗

31–50 y
Litsea timoriana Span. 0.528 0.009∗∗
Pseuduvaria versteegii 0.505 0.003∗∗
Aglaia rimosa (Blanco) Merr. 0.497 0.029∗
Chisocheton ceramicus C.DC. 0.482 0.040∗
Planchonella xylocarpa (C.T. White) Swenson & al. 0.439 0.044∗
Aglaia sp. 1 0.437 0.025∗
Celtis philippensis Blanco 0.41 0.015∗
Terminalia complanata K.Schum 0.362 0.047∗
Dendrocnide cordata (Warb. ex W.Winkl.) Chew 0.136 0.040∗

>50 y
Gnetum gnemon L. 0.593 0.001∗∗∗
Dysoxylum arborescens (Blume) Miq. 0.565 0.001∗∗∗
Celtis latifolia Planch. 0.563 0.001∗∗∗
Pimelodendron amboinicum Hassk. 0.561 0.001∗∗∗
Mastixiodendron pachyclados Melch. 0.556 0.001∗∗∗
Gymnacranthera paniculata Warb. 0.552 0.001∗∗∗
Harpullia longipetala Leenh. 0.545 0.001∗∗∗
Versteegia cauliflora (K. Schum. & Lauterb.) Valeton 0.541 0.001∗∗∗
Ixora amplexifolia K.Schum & Lauterb. 0.54 0.001∗∗∗
Aglaia lepiorrhachis Harms 0.538 0.001∗∗∗
Dysoxylum macrostachyum C.DC. 0.524 0.001∗∗∗
Aphanamixis polystachya (Wall.) R.Parker 0.52 0.022∗
Ternstroemia cherry (F.M.Bailey) Merr. 0.507 0.002∗∗
Randia schumanniana Merr. & L.M.Perry 0.504 0.002∗∗
Goniothalamus sp. 1 0.491 0.001∗∗∗
Sterculia shillinglawii F.Muell. 0.491 0.001∗∗∗
Calophyllum soulattri Burm. ex. F.Muell. 0.48 0.023∗
Dracaena angustifolia (Medik.) Roxb. 0.472 0.015∗
Haplolobus floribundus (K.Schum.) H.J.Lam 0.461 0.048∗
Myristica globosa Warb. 0.461 0.017∗
Ardisia imperialis K.Schum. 0.456 0.003∗∗
Semecarpus undulates C.T.White 0.455 0.009∗∗
Cryptocarya caloneura (Scheff.) Kosterm. 0.449 0.013∗
Cryptocarya mackinnoniana F.Muell. 0.436 0.046∗
Sterculia ampla Baker f. 0.433 0.018∗
Planchonella myrsinodendron (F.Muell.) Swenson, Bartish & Munzinger 0.433 0.013∗
Polyalthia glauca Boerl. 0.395 0.013∗
Actinodaphne nitida Teschner 0.384 0.023∗
Intsia bijuga Kuntze 0.364 0.002∗∗
Timonius rufescens (Miq.) Boerl. 0.35 0.028∗
Aganope heptaphylla (L.) Polhill 0.334 0.015∗
Dysoxylum setosum Miq. 0.332 0.015∗
Mallotus peltatus Müll. Arg. 0.329 0.013∗
Ganophyllum falcatum Blume 0.307 0.039∗
Diospyros foliosa (Rich. ex. A.Gray) Bakh. 0.292 0.017∗
Dysoxylum archboldianum Merr. & L.M.Perry 0.276 0.019∗
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