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Studies in low-diversity temperate forests clearly establish that thinning leads to increased growth of remaining
trees. However, few studies have investigated the long-term impacts of thinning regimes on the growth responses
of tropical timber species. In this study, we analysed data collected over a period of 46 years to assess the longterm growth responses and growth patterns of remnant trees of three key commercial species (Flindersia brayleyana F. Muell., Flindersia bourjotiana F. Muell. and Flindersia pimenteliana F. Muell.). We also examined how
initial tree size, crown size and crown position within canopy, and neighbourhood competition affected growth
rates of the three Flindersia species. Within these species, we assessed growth responses of trees above 10 cm
diameter at breast height (DBH) in an Australian tropical rainforest, to different intensities of thinning i.e.
logging only as a control and low-, medium- and high-intensity thinning (L, LT, MT and HT, respectively).
Medium and high intensity treatments facilitated recruitment of all three Flindersia species into the > 10 cm
DBH class while medium intensity thinning resulted in the greatest average annual basal area increments (BAIs).
The lower individual BAI of Flindersia species in HT was due to fewer large Flindersia trees remaining after
thinning, combined with large numbers of recruits and slow growth of small remnant trees. BAI in HT increased
initially, with a peak during 1981–1989 and then decreased. BAI was constant and varied little over time within
the other treatments. High intensity thinning had prolonged impacts on the growth patterns of Flindersia trees
over 46 years. Tree initial DBH, crown size and crown position within canopy explained most variation in
individual BAIs of Flindersia trees. Both thinning intensity and measurement periods explained variation in
individual BAIs of Flindersia trees. Larger remnant Flindersia trees with broad and dominant crowns tended to
grow faster. BAIs of individual trees were negatively correlated with neighbourhood competition. If the goal of
tropical native forest management is to improve productivity of target species, the results indicate that thinning
should be sufficiently intense to reduce neighbourhood competition while maintaining large diameter commercially desirable trees with large and dominant crowns, which may consequently facilitate the timber volume
and above-ground biomass recovery after selective logging.

1. Introduction
Almost half of the world’s primary tropical forests, up to 400 million
ha, are managed for timber production (Blaser et al., 2011; FAO, 2010).
Stocking and growth of high-value timber trees in these forests are
obviously important for timber production, but commercial timber
volumes often recover slowly after logging (e.g., Fredericksen and
Mostacedo, 2000; Macpherson et al., 2010; Peña-Claros et al., 2008;
Piponiot et al., 2019). Slow recovery of commercial timber volumes
after selective logging is probably due to inadequate regeneration or
slow growth rates of remnant trees and recruits (Keller et al., 2007; Sist

⁎

and Ferreira, 2007; van Gardingen et al., 2006). To improve sustained
timber yields, silvicultural techniques including enrichment planting
(Minh Quang et al., 2020) or liberation thinning (i.e., removal of noncommercial trees) are often prescribed (de Avila et al., 2015, 2017;
Fredericksen and Putz, 2003; Hu et al., 2018; Petrokofsky et al., 2015;
Putz, 2015; Villegas et al., 2009). However, few long-term data are
available to evaluate the growth responses of rainforest timber trees
and stands to liberation thinning after selective logging in native tropical rainforests. Moreover, logging bans in many tropical forests have
led to deficiencies in timber supply to meet the market demand and an
increasing reliance on timber plantations (Foli et al., 2003; Glencross
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in a tropical forest over 46 years? (2) What are the main factors (crown
position within canopy, crown size, initial tree size and neighbourhood
competition) which affected the individual long-term growth rates? (3)
How do growth patterns of individual trees change over time in relation
to thinning intensity?

et al., 2011; Keenan et al., 1999).
The Queensland Department of Forestry (QDF) established various
experimental trials as part of efforts to develop a sustainable timber
industry (Henry, 1960; Vanclay, 1990). These included trials to grow
key high-value native species in plantations and to apply silvicultural
treatments (thinning and enrichment planting) to rainforests to increase
productivity. Trials focused particularly on Flindersia species that produced high-value furniture timbers. In this study, we report the results
of a long-term study on the growth response of three Flindersia species
to three levels of thinning intensity in the tropical forest in which they
are naturally growing. Flindersia brayleyana F. Muell., Flindersia bourjotiana F. Muell. and Flindersia pimenteliana F. Muell. (Rutaceae) are
three tropical rainforest species endemic to the wet tropics region of
north Queensland and Papua New Guinea (Boland et al., 1984). These
high-value species were harvested in large numbers from north
Queensland rainforests from the late 19th century up until logging
ceased with World Heritage Listing of the forests in 1988. As the longterm responses of tropical rainforest timber species to thinning is not
well known, the long-term nature of the data presented here makes this
study unique for tropical forests.
Previous research has found that the growth of individual species is
affected by initial tree size, crown size, crown position within canopy
and neighbourhood competition (Brown et al., 2004; Vanclay et al.,
2013; Weaver and Pool, 1979; Wyckoff and Clark, 2005). Crown
characteristics, tree size and neighbourhood competition largely determine the amount of light that trees can capture in tropical rainforests
and this drives tree growth rates. Finegan et al. (1999) found that fastgrowing trees in a silviculturally-treated Costa Rican rainforest usually
have larger crowns and stem diameters. While these traits are commonly used in modelling individual tree growth, few studies have integrated crown characteristics, tree size and neighbourhood competition to explain the growth of tropical forest species (see Foli et al.,
1997; Brown et al., 2004). Brown et al. (2004) found that tree initial
size, crown diameter and mean distance to nearest neighbours following thinning were not good predictors of the growth rates of Flindersia brayleyana in plantations.
In our study, the three Flindersia species were the focus of QDF
thinning practices to increase the recovery of timber stock.
Recruitment, mortality and diameter growth rates of trees ≥10 cm
diameter at breast height (DBH) were collected over a span of 48 years,
from before logging (1967), after logging (1969), and after thinning
(1969, 1975, 1981, 1989, 1997, and 2015). We examined how initial
tree size, crown size and crown position within canopy, and neighbourhood competition affected growth rates of the three Flindersia
species. Specifically, we addressed three research questions: (1) What
are the long-term recruitment and growth rate responses of the three
Flindersia species following logging and different intensities of thinning

2. Methods
2.1. Study site
The study was conducted in wet tropical rainforest in the Baldy
Mountain Forest Reserve on the Atherton Tablelands in tropical north
Queensland, Australia (17° 17′ S, 145° 24′ E) (Hu et al., 2018). Elevation is approximately 1150 m and the annual rainfall is approximately
1424 mm. The mean maximum annual temperature of the Atherton
Tablelands is 25.6 °C and the mean minimum annual temperature is
15.3 °C. The study site is rocky and slopes of 10 to 20°. Information
contained in the original experiment commencement report prepared
by the QDF staff when the experiment was established indicated that
the study area was virgin forest. The most common species are three
Flindersia species (F. pimenteliana, F. brayleyana, F. bourjotiana; Rutaceae), Ceratopetalum succirubrum C.T. White (Cunoniaceae) and Franciscodendron laurifolium F. Muell. (Malvaceae). There are few lianas, but
climbing palms (Calamus muelleri), which do not overtop canopy tree
crowns, are abundant. In the 2015 inventory of trees (≥10 cm DBH),
Flindersia species composed an average of 17.6% of all trees.
2.2. Experiment design
The experiment was designed as nested plots within four blocks
measuring 200 m long and 200 m wide (i.e. 4 ha each, see Fig. A.1 in
Supplementary data). Ten 0.04 ha (20 m long and 20 m wide) permanent sample plots were established in each of the four blocks prior to
logging (1.6 ha in total), and data from these plots provide the prelogging baseline of the species composition and basal areas. All of the
blocks were selectively logged from July 1968 to May 1969. The logs
were extracted using a bulldozer fitted with a blade and a winch. One
block (control) was subject to selective logging but no subsequent
thinning (L). Three months after logging, low-intensity thinning (LT),
medium-intensity thinning (MT) and high-intensity thinning (HT) were
applied in the other three blocks in 1969 (as stand basal area reductions
of 12.4, 17.2 and 19.3 m2 ha−1, respectively). Details on the liberation
thinning of each treatment are presented in Table 1. The treatments
represent a gradient in disturbance in terms of the reduction in stand
basal area (Table A.1).
Trees of the three Flindersia species above 10 cm diameter at breast
height (DBH) were inventoried at the plot level in August 1967 (before

Table 1
Details of the silvicultural techniques applied in each thinning treatment (Hu et al., 2018). L: logging only; LT: logging with low-intensity thinning; MT: logging with
medium-intensity thinning; HT: logging with high-intensity thinning.
Treatment

Details

L No treatment
LT Liberation thinning of select trees* above 15 m tall: ringbarking competing stems from 16 to 38 cm DBH so that no branches were within 3 m of the crown of the select stem. Stems
other than select well below the crown of the select stems would not be ringbarked.
MT
Liberation thinning of select trees above 6 m in height:
For select trees 6–15 m tall, ringbarking competing stems so that no branches were within 1.8 m of the crown of the select stem.
For select trees above 15 m tall, ringbarking competing stems 16–38 cm DBH so that no branches were within 3 m of the crowns of the select stem. Stems other than
select well below the crown of the select stems would not be ringbarked.
Large trees over 60 cm of low commercial value were poisoned with arsenic.
HT
Liberation thinning of select trees above 1 m in height
For select trees 1–6 m in height, brushing all stems within a 1.8 m radius of the select stem, ringbarking overtopping trees considered as of no commercial value.
For select trees 6–15 m in height and select trees above 15 m in height, the methods were the same as mentioned above in MT.

* Select trees means trees that were considered as commercially desirable and silvicultural practices will be conducted around the select tree to facilitate the
growth of select tree.
2
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logging) and in August 1969 (soon after logging). Due to the large costs
of collecting data in such a large experiment, after thinning in
September 1969, two 0.2 ha rectangular plots were established in each
of the four blocks for future long-term data collection (100 m long and
20 m wide, see Fig. A.1). Data were subsequently collected from these
eight 0.2 ha plots immediately after thinning in September 1969, and
again in 1975, 1981, 1989, 1997 and 2015. At each measurement, all of
the trees above 10 cm DBH were identified to the species level. Tree
mortality and DBH were also recorded. All trees growing into the
≥10 cm DBH category were recorded as recruits. The X and Y coordinates of individual trees ≥10 cm DBH in the permanent plots were
recorded. To calculate the competition between trees in the sample
plots, the DBH and X and Y coordinates of individual trees which were
5 m outside the plot boundaries were also recorded. For trees ≥80 cm
DBH, the DBH and X and Y coordinates were recorded if they were
within 10 m of the boundaries of the sample plots.

competitor. Tree diameter and tree distances were investigated in 2015
in the field. According to Hegyi (1974), only when the competitor tree
is bigger than the focal tree will the competitor tree have competitive
effects on the focal tree. For a competitor tree ≤ 80 cm DBH, the
competition radius of a focal tree is 5 m. For a competitor tree ≥ 80 cm
DBH, the competition radius of a focal tree is 10 m. The competition
indices were computed using the software Simile v6.9 (Vanclay, 2006).
Linear mixed-effect models (hereafter refer to as LMEM) were developed to examine the effects of crown size and crown position within
canopy, neighbourhood competition indices, initial tree size (DBH in
1969) and species on growth rates (BAI) of individual remnant trees of
the three Flindersia species, using the package ‘nlme’ (see Pinheiro et al.,
2011). BAI (the average annual individual growth rates) from 1969 to
2015 were calculated as the average of annual growth rates over different time intervals (1969–1975, 1975–1981, 1981–1989, 1989–1997
and 1997–2015). These relationships were estimated using maximum
likelihood method in R, in which random effects were ‘plot’s within
‘treatments’, as representing our sampling design. In our LMEM, crown
size and crown position within canopy, neighbourhood competition
indices, initial tree size and species were used as explanatory variables
(i.e. fixed factors). In this model, crown size and crown position within
canopy were combined into one variable. BAI was considered as the
response variable. Model selection was undertaken using the MUMIN
software package (see Bartoń, 2011). We considered the best models
had the lowest The Akaike information criterion (AICc) scores (Johnson
and Omland, 2004) and the models within four AICc units to be competing models (Grueber et al., 2011). The relative importance of each
variable in explaining variation was computed with the “importance”
function in the “MUMIN” package. Another LMEM was also developed
to examine the effects of period, thinning intensity and their interaction
on BAI of Flindersia trees, using the package ‘nlme’ and MUMIN (Bartoń,
2011; Pinheiro et al., 2011). For this calculation, the random effect was
‘species’. Mean BAI of all Flindersia trees were compared between different periods (1969–1975, 1975–1981, 1981–1989, 1989–1997 and
1997–2015) in each treatment to indicate the pattern of growth rate
changes of Flindersia trees over 46 years.

2.3. Data analysis
The density of recruits of each Flindersia species (i.e. trees growing
into the ≥10 cm DBH category) were compared between treatments.
Individual tree growth rates of remnants (remaining trees after thinning
≥10 cm) after thinning were compared between treatments. These
individual growth rates were calculated as mean annual basal area increments (BAI) of individual Flindersia remnants for three species
combined. In this study, the growth rates (BAI) were only calculated for
Flindersia remnant trees. The annual BAI of each measurement period
were calculated as: (BA2-BA1)/t and expressed as m2 y−1. For this
calculation, BA2 is the individual basal area of the most recent measurement, BA1 is the individual basal area of the preceding measurement, and t is the interval between diameter measurements. The
average annual BAI from 1969 to 2015 were calculated as the periodweighted annual BAI of five different periods (1969–1975, 1975–1981,
1981–1989, 1989–1997 and 1997–2015) from 1969 to 2015. In all
calculations, the data from the two 0.2 ha plots in each block were
combined as one 0.4 ha plot per treatment. In this study, because of the
limited number of stems of each species in each treatment, the interspecific variation in growth responses of the three Flindersia species to
thinning were not specifically investigated.
The tree BAIs were compared between canopy groups (crown size
and crown position). The crown size and crown position within canopy
of every stem of the three Flindersia species were estimated and classified in 1975. The crown sizes of trees were classified into three levels:
1 (small), 2 (medium) and 3 (large) by visual observation. The crown
position within canopy of trees were also classified into three levels: D
(dominant), CD (co-dominant) and S (suppressed). The growth rate
distribution of trees – in different groups combined with crown size and
crown position within canopy – were plotted and compared with Tukey
box-and-whiskers plots.
Competition indices quantify the effects of neighbouring trees on
the growth of a target tree in a forest stand. The common competition
indices are distance-independent indices, like stand density index or
basal area index and distance-dependent indices which incorporating a
diameter-distance relationship, height-distance relationship or crowndistance relationship to select competitors. In this study, the Hegyi's
index was selected for estimating tree competition. Hegyi’s index assumes that the relative diameter and distance between the subject and
competitor tree reflects their competitive interaction. The competition
level of a focal tree is calculated by Hegyi’s competition index (Hegyi,
1974):
il
j =l

dj
di

3. Results
3.1. Recruitment and growth rates of the three Flindersia species under
different thinning intensities
The logging only (L) and light-intensity thinning (LT) treatments
had similar levels of recruits of the three Flindersia species (Table 2). In
contrast, the higher intensity thinning treatments (MT and HT) had a
substantially higher density of recruits over 46 years (468 and 553
recruits per ha, respectively). The relative proportions of recruits of
each species varied markedly between treatments, ranging from being
largely equal in the MT to being dominated by F. brayleyana in HT.
After thinning, the remnant stem densities of the three Flindersia species
Table 2
The density of recruits over 46 years following logging and thinning and stem
density of remnants after thinning in each treatment (#/ha). L: selective logging only without thinning; LT: selective logging with low-intensity thinning;
MT: selective logging with medium-intensity thinning; HT: selective logging
with high-intensity thinning.
Species

× f (distij ) , dj > di

F. bourjotiana
F. brayleyana
F. pimenteliana
Total

where d is the diameter at breast height; i is the focal tree, and j is a
competitor. distij is the distance between the focal tree and a
3

Density of recruits (#/ha)

Stem density of remnants after
thinning (#/ha)

L

LT

MT

HT

L

LT

MT

HT

58
58
8
123

50
63
20
133

158
153
158
468

120
263
170
553

20
13
15
48

13
8
33
54

30
18
30
78

40
30
43
113
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Fig. 1. (a) Box plot showing the distribution of
individual BAI over 46 years (1969–2015) of
Flindersia trees that remained after thinning in
each treatment. The average BAI over 46 years is
a period-weighted BAI over fiver periods from
1969 to 2015. Horizontal lines in the box plots
show the median and the interquartile range
from 25% quartile to 75% quartile of the distributions; vertical lines extend a further 1.5
times the interquartile (25–75%) range. n = 19,
21, 31, 45 in each treatment. (b) Average individual basal area increment rates (BAI) of three
different Flindersia species in four treatments.
MSW: Flindersia pimenteliana; QMP: Flindersia
brayleyana; QSA: Flindersia bourjotiana. L: selective logging only without thinning; LT: selective
logging with low-intensity thinning; MT: selective logging with medium-intensity thinning; HT:
selective logging with high-intensity thinning.

varied between species, with fewer F. brayleyana stems retained compared to F. bourjotiana and F. pimentiana in each treatment (Table 2).
The median values of individual BAI of remnants in L (0.0025 m2 y−1),
LT (0.0040 m2 y−1) and MT (0.0034 m2 y−1) were higher than in HT
(0.0016 m2 y−1) (Fig. 1a). Furthermore, the ranges of tree BAI for
Flindersia trees that remained after thinning were greater in LT and MT
than L and HT (Fig. 1a). From Fig. 1b, we can see that there are no
significant differences in BAI between the three Flindersia species in
four treatments.
The percentage of Flindersia trees in the 10–30 cm size class was
higher in HT, compared to L, LT and MT (Fig. 2), whereas HT had lower
percentages of Flindersia trees in the 30–50 and 50–70 cm size class.
Flindersia trees in LT and MT had a larger percentage of small crown
trees and fewer big crown trees, compared to treatment L and HT
(Fig. 2).

3.2. Factors affecting individual growth rates of remaining Flindersia trees
after thinning
Across crown size groups, the average growth rates of dominant
trees were highest, followed by co-dominant trees, with supressed trees
the lowest (Fig. 3). Similarly, comparing the growth rates within each
crown position within canopy group, the average growth rates of trees
increased with the crown size. Among the different crown size groups,
D2 and D3 (0.0039 and 0.0049 m2 y−1, respectively) had higher
average growth rates than other groups, with a broad distribution of
growth rates, while S1 and CD1 (0.001 and 0.0005 m2 y−1 for both)
had the lowest growth rates, with a narrower range of growth rates
across trees.
Remnant trees with a larger initial size (after thinning) grew more
rapidly (p < 0.001; R2 = 0.21; Fig. 4). However, Fig. 4 shows that

Fig. 2. (a) The percentage of Flindersia trees that remained after thinning in each size class: 10–30 cm, 30–50 cm, 50–70 cm. (b) the percentage of Flindersia trees that
remained after thinning in each group of crown size and crown position within canopy: C1 - Small, C2 - Medium and C3 - Large.
4
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Fig. 3. A Tukey box-and-whiskers plot showing the distribution of individual
BAI of the three Flindersia species in different crown sizes and crown position
within canopy. S, CD, and D indicates the crown position within canopy. S,
suppressed; CD, co-dominant; D, dominant. Numbers 1, 2 and 3 indicate the
crown size, from small to large. Three different crown position within canopy
groups are depicted with three different colours (white, grey and dark grey).
Horizontal lines in the box plots show the median and the interquartile range
from 25% quartile to 75% quartile of the distributions; vertical lines extend a
further 1.5 times the interquartile (25–75%) range.

Fig. 5. Relationship between neighbour competition (indicated by Hegyi’s
index) and the rates of individual basal area annual increment (BAI) over
46 years for Flindersia trees that remained after thinning ≥10 cm of three
Flindersia species in all treatments.

crown position within canopy and tree initial size is the simplest model
and adding other factors would not help explaining any more variation
in individual BAI. Crown size and class and tree initial size explained
the greatest variation in BAI of Flindersia trees over 46 years. The importance of tree initial size and crown size and crown position within
canopy are 0.66 and 0.89, respectively, while the importance of competition and species in explaining the variation of BAI of Flindersia trees
is 0.20 and 0.17, respectively (Table A.2).
Individual growth rates of remnant Flindersia trees following thinning were measured in five periods over a span of 46 years (i.e.
1969–1975, 1975–1981, 1981–1989, 1989–1997, and 1997–2015). The
mean individual annual basal area increment (BAI) of all Flindersia trees
varied significantly over five different periods following thinning in HT
(p < 0.001) but not in L, LT, and MT (p > 0.05, Fig. 6). In HT, from
1969 to 1975, the mean individual BAI of Flindersia trees was 0.23 10−2
m2/y, then increased to 0.33 10−2 m2/y during the period 1981–1989,
followed by dec reasing to 0.17 10−2 m2/y the during period
1997–2015. In contrast, there was no significant change (p > 0.05) in
BAI of Flindersia trees in L, LT and MT, over 46 years following thinning. The best mixed effect model indicated that both thinning intensity
and period following thinning affected BAI variation of Flindersia trees,
especially thinning intensity (Table 4).

although a great number of small trees in the LT, MT and HT had low
BAI rates, many small trees in LT, MT and HT also had high mean
annual BAI. Our results show that thinning facilitated growth rates of
some small trees. The level of neighbourhood competition (i.e. Hegyi’s
competition index) had negative effects on the BAI of the three Flindersia species (p < 0.05, R2 = 0.95; Fig. 5). However, only trees that
were already in the sample plots before 1975 were included in Fig. 5.
The multiple candidates LMEM models explained the effects of
different indices on individual BAI of Flindersia trees over 46 years
following thinning (Table 3). Each of these models are within 4 ΔAIC
points, which means the models are equivalent in explaining variation
in individual BAI. Models that included crown size, crown position
within canopy and tree initial size (DBH in 1969) explained as much
variation as other more complex models that included interactions
between the fixed factors. The effects of species on BAI was not as big as
crown size and crown position within canopy, tree initial size. According to the principles of parsimony, the model with crown size and

4. Discussion
4.1. Responses of recruitment and growth rates of the three Flindersia
species to thinning
These results show that moderate and high intensity thinning
treatments after logging facilitated greater recruitment into 10 cm DBH
of the three Flindersia species (Table 2) over 46 years compared to the
logging only and low intensity thinning treatments. This result is
probably because the moderate and high intensity thinning treatments
decreased neighbour competition from smaller Flindersia trees and
consequently facilitated the growth of small trees or saplings of Flindersia species into the 10 cm DBH class over 46 years. According to the
description of silvicultural techniques in Table 1, MT involved with
liberation thinning of select Flindersia trees above 6 m in height and HT
selected Flindersia trees above 1 m in height for liberation thinning,
while LT only selected Flindersia trees above 15 m in height for liberation thinning. Thus, the results indicate that liberation thinning of
selected smaller Flindersia trees is necessary to facilitate the recruitment
of Flindersia trees into 10 cm DBH class. From Table 2, we can see that
the remaining Flindersia trees in MT and HT are much higher than those

Fig. 4. Relationship between the initial size of trees following thinning and
their individual average tree growth rates (calculated as BAI) of remnant trees
over 46 years following thinning. L: selective logging only without thinning; LT:
selective logging with low-intensity thinning; MT: selective logging with
medium-intensity thinning; HT: selective logging with high-intensity thinning.
5
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Table 3
Summary of mixed effect models within ΔAICc = 4 for explaining the variation in Basel Area Increment (BAI), for Flindersia trees. The fixed factors are competition
index (competition), crown size and crown position within canopy (crown), species (species) and initial tree size in 1969 after thinning (X1969DBH).
Model No.

11
3
12
9
7
15
4
10
13
8
16
14

Fixed factors
Competition

Crown

+

+
+
+

+
+
+
+
+

+
+
+
+
+

Species

+
+
+
+

logLik

AICc

delta

weight

13.00
12.00
14.00
5.00
14.00
15.00
13.00
6.00
7.00
15.00
16.00
8.00

424.38
422.40
424.41
412.39
424.02
425.49
422.43
412.46
413.39
424.02
425.49
413.51

−817.49
−816.35
−814.64
−814.00
−813.86
−813.81
−813.59
−811.81
−811.29
−810.88
−810.73
−809.08

0.00
1.14
2.85
3.49
3.63
3.68
3.90
5.68
6.20
6.61
6.76
8.41

0.38
0.21
0.09
0.07
0.06
0.06
0.05
0.02
0.02
0.01
0.01
0.01

X1969DBH
+

+
+

df

+
+
+
+
+
+
+

Notes: df- degree of freedom, AICc - Akaike information criterion corrected for small sample size.

between treatments before logging (Hu et al., 2020) or the small size of
the plots. In 1969 before logging, the percentage of Flindersia trees in
10–30 cm DBH class in HT was much higher than that in L, LT and MT
and there were no Flindersia trees in 50–70 cm DBH class in HT (Fig.
A.2). Since trees which were initially larger in size grew more quickly
(Fig. 4), growth of individual trees in HT consequently was on average
lower than in MT. The results indicate that the initial size class distribution differences among treatments have great impacts on average
annual Flindersia individual tree growth rates. The distribution of individual mean annual BAI among the trees (Fig. 1a), reveals that most
trees in L and HT grew slowly, while trees in LT and MT had a wider
range of individual BAI. Compared to the LT and MT treatments, there
was a greater proportion of slow-growing trees in L, which may be
because many small trees in L grew slowly due to higher neighbour
competition (Fig. 4).

in L and LT. Hu et al. (2020) also found that medium- and high-intensity thinning facilitated the recruitment of all species in the tropic
rainforests and the density of all recruits were positively correlated to
the density of all remnant trees after thinning. The higher density of
recruits in MT and HT may also be partly due to a larger number of
seedlings or poles < 10 cm DBH which remained in MT and HT after
thinning, perhaps because of site and initial stocking differences between treatments.
Compared to L, it is surprising that MT facilitated the individual
Flindersia tree growth (average annual BAI of Flindersia trees that remained after thinning), but HT did not. For all trees of the three
Flindersia species, trees in HT had lower individual average annual BAI
than those in L, LT and MT. The lower BAI in HT was unexpected, and
contrasts with the results of previous research over shorter observation
periods which has found that higher intensity thinning accelerates the
growth rates of tropical forest timber species (see de Avila et al., 2017;
De Graaf et al., 1999; Finegan et al., 1999; Villegas et al., 2009). The
lower BAI of the trees in the HT site was consistent over both the earlier
and later measurement periods and so the differences between the HT
site and other studies was not due to differences in the time length of
studies. Though our 48-year study were much longer than other silvicultural studies ranging from four to thirty years (Gourlet-Fleury et al.,
2013; Peña-Claros et al., 2008; Villegas et al., 2009), the growth rates of
Flindersia species in HT were lower than those in LT and MT through the
46 years after thinning, even during the first 28 years (Fig. 6). The
reason that HT did not facilitate higher individual growth (i.e. average
annual BAI of Flindersia trees that remained after thinning) is associated
with the residual stocking distribution of the HT following thinning i.e.
there were more small trees and less big Flindersia trees left in HT than
in L, LT and MT (Fig. 2a). Not a single tree in the 50–70 cm DBH class in
HT remained and > 85% of remnants in HT were in 10–20 cm DBH
class, compared to L, LT and HT which had a higher number of larger
trees following thinning. Hu et al. (2020) found that the biomass recovery rate of all trees (including Flindersia trees) in HT were similar to
that of L, LT and MT though the residue biomass of all trees in HT were
lower than the residue biomass in L, LT and MT. Comparing the results
of our study and Hu et al. (2020), it is likely that other non-Flindersia
trees may have benefited from HT treatment because they were the
larger trees on the site and hence were able to better take advantage of
reduction in competition.
The results of the mixed effects model presented in Table A.3 helps
to disentangle the effect of thinning intensity and tree size on growth,
the mixed effect model in Table A.3 and shows that initial tree size is
the main factor contributing to growth rates variation between treatment. The differences in distribution of trees in different size classes
between treatments might be due to initial site and stocking differences

4.2. Factors affecting individual growth rates of Flindersia trees
In our study, the results from the mixed effect model show that the
growth rates of the three Flindersia species (after thinning) were influenced mainly by initial tree size, crown sizes and crown position within
canopy. Our results show that the growth rates of the three Flindersia
species after thinning were positively related to the crown size and
crown position within canopy. Trees with a dominant crown and larger
crown size tended to have higher growth rates. The higher growth rates
observed could be partly attributed to the higher levels of light available to tree crowns in the higher-intensity thinning than in the loggingonly treatment. Many studies have noted the importance of light
availability to tree crowns in determining growth rates of tropical forest
trees (e.g. Clark and Clark, 1992; Sterck and Bongers, 2001). Furthermore, the initial size of remnant trees following thinning also had a
positive effect on the growth of the three Flindersia species. The results
are in accordance with other research that found tree size was a significant predictor of tree growth rates (Adame et al., 2008; Pokharel
and Dech, 2012). Our results indicate that liberation thinning of large
trees with large and dominant crowns are important for facilitating tree
growth rates and consequently accelerate stand biomass recovery since
Hu et al. (2020) found that growth of big remnants after post-logging
thinning contributed largely to above-ground biomass and timber volume recovery.
The linear relationship between neighbourhood competition and
individual growth rates of remaining Flindersia trees showed that the
higher the neighbourhood competition, the lower the individual growth
rates of the three Flindersia species. These results indicate that thinning,
especially liberation thinning of selected big trees was necessary to
enhance the growth rates of individual Flindersia trees ≥ 10 cm DBH.
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Fig. 6. Individual BAI changes of remnants of Flindersia species of each period over 46 years following thinning. L: selective logging only without thinning; LT:
selective logging with low-intensity thinning; MT: selective logging with medium-intensity thinning; HT: selective logging with high-intensity thinning. df is 15, 19,
24 and 38 respectively in treatment L, LT, MT and HT.

Table 4
Best mixed effect model within ΔAICc = 4 for explaining the variation in Basal Area Increment (BAI), for Flindersia trees. The fixed factors are the period following
thinning and thinning intensity. The random factor is species. The second row in the table indicates the importance of factor period and thinning intensity in
explaining variation of BAI. Period means each monitoring period following thinning from 1969 to 2015. Treatment means thinning intensity.
Variables

Period

Treatment

Period: Treatment

Best model
Importance
Anova (p-value)

8
0.92
0.01

8
1
< 0.0001

< 0.01
0.40

7

df

loglik

AICc

delta

weight

10

2274

−4527

0

0.92
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Keenan et al. (1999) found that large F. brayleyana trees usually have an
open crown. Consequently, F. brayleyana trees need a large space to
maintain a high diameter increment. However, in an old, crowded F.
brayleyana plantation, Brown et al. (2004) found that the initial tree
size, crown diameter, and mean distance to the nearest neighbours
following thinning of F. brayleyana trees were not good predictors of
their post-thinning diameter increment.
In our study, the average growth rates of three Flindersia species did
not differ significantly. This is as expected as all three Flindersia species
are light-demanding with similar adult stature and grow in well-developed rainforest on a variety of sites (see Keenan et al., 1999;
Thompson et al., 1988; Zich et al., 2018). Though growth rates did not
differ between the species, we found that the pattern of diameter increments of individual trees in three Flindersia species varied across
individuals, species and thinning intensities. Ruslandi et al. (2017) established an individual-tree-based growth-and-yield model and found
that patterns and rates of tree diameter increment of tropical forest
trees following thinning and logging varied substantially among species
groups and the effects of thinning on growth rates of different species
groups also varied. More detailed research is needed to investigate the
individual-based or species-specific tree growth pattern to provide insights into the mechanism of tree growth rates and patterns.
Growth rates of three Flindersia species following thinning in each
measurement period over 46 years did not change significantly in L, LT
and MT. However, growth rates of Flindersia trees in HT increased first
following thinning, which peaked in year 1981–1989 and then decreased. The strong decrease in competition from high intensity thinning changed the pattern of long-term growth rates of Flindersia trees,
although the average annual growth rates of remnants in Flindersia
species in HT was lower than that in LT. The variation of growth rates of
Flindersia remnants in HT along 46 years supported that both thinning
intensity and measurement period affect the growth rates of remnant
trees in Flindersia species. For monitoring the impacts of thinning on
tree growth rates, long-term study is necessary since the growth rates
after high-intensity thinning will change over time. We observed a
delay in the increase of Flindersia tree growth rates. The highest growth
rates of Flindersia trees occurred after a lag of 12 to 20 years following
thinning. This lag may be due to the slow growth of small diameter
recruits during the first 12 years following thinning. After 20 years
following thinning, the growth rates of Flindersia trees started to decrease, probably because neighbourhood competition between trees
increased with the increased recruitment and growing up of trees.
Silvicultural treatment reduced basal area and competition for the remaining trees, facilitated the growth of remaining trees in the logged
forests and growth rates of remaining trees increased with intensity of
silvicultural treatments (Peña-Claros et al., 2008; Villegas et al., 2009).
The impacts of cyclones on the site may have also affected growth
rates. It was recorded that Cyclone Winifred in 1986, Cyclone Larry in
2006, and Cyclone Yasi in 2011 (which were Category 4 and 5 tropical
cyclones) impacted the Atherton Tablelands to the south side of the
study site (Negrón-Juárez et al., 2014; Turton and Dale, 2007). Metcalfe
et al. (2008) reported that the tropical Cyclone Larry brought community-level damage to the forests in the Wet Tropics region. Thus, the
slightly decreased growth rates from 1989 might partly be attributed to
the cyclone Larry. The cyclone impacts in 1986 might have been delayed to period 1989–1997. The severe cyclones might also have impacts on slower growth rates at the later stage from 1989 to 2015,
especially in HT (Fig. 6). The impacts of cyclones on tree growth rates
need to be further confirmed in the future as an independent study.
Overall, growth rates of Flindersia trees not only changed over periods
following thinning, but also changed with thinning intensity. Thinning
intensity had different impacts on accelerating growth rates of Flindersia trees and growth patterns of Flindersia trees over time following
thinning. and “Moderate or intense thinning with maintaining large
diameter Flindersia trees having large and dominant crowns are

necessary to facilitate the timber volume and above-ground biomass
recovery after selective logging.
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