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Abstract: Enrichment planting is often suggested as a means of enhancing the productivity of logged
rainforest. However, little is known about the long-term survival and growth of these trees. In this
study, we used historical data from enrichment planting trials ranging from 15 to 32 years old to
examine the survival and growth of 16 tree species across different sites in north Queensland, Australia.
The results complement and extend current knowledge on the potential role of enrichment planting
from a production perspective. A key finding was that the initial level of post-logging overwood did
not appear to affect the immediate survival of enrichment plantings, but in the longer term (up to
30 years) survival decreased as post-logging overwood and regrowth increased. This suggests that
removal of overwood should take place at the time of enrichment planting. A further key finding was
that despite regular tending to remove vegetation adjacent to the plantings, competition from saplings
and trees that were situated outside the tended area emerged as a major source of competition in some
plots. By implication, the success of enrichment planting may depend on removal of competition
from the entire logged area, not just adjacent to enrichment plantings. Results between individual
species and trials varied widely. The best development of Flindersia brayleyana resulted in a mean
tree diameter of 32.5 cm at age 22 for the 100 tallest trees per hectare. Although Eucalyptus grandis,
Eucalyptus microcorys, and Eucalyptus pilularis all failed—as expected, because they do not normally
grow in rainforest—Corymbia torelliana, Cardwellia sublimis, Araucaria bidwillii, Khaya senegalensis,
Flindersia amboinensis, and Swietenia macrophylla also failed although they grow naturally in similar
sites. In other trials, tree height and basal area growth were often poor. For example, Khaya ivorensis
grew to a basal area of only 1.3 m2/ha and a mean height of 7.7 m at age 10, and Flindersia ifflaiana
only grew to a basal area of 0.7 m2/ha and a height of 7.9 m, also at age 10. Overall, these results
emphasise the necessity of site–species matching before enrichment planting begins and the necessity
of post-planting monitoring and remedial tending.

Keywords: enrichment planting; underplanting; Flindersia brayleyana; silviculture; tropical rainforest;
forest restoration; assisted natural regeneration

1. Introduction

Tropical rainforests are important both as highly diverse ecosystems [1,2] and as an economic
resource for rural communities in developing countries [3]. However, these forests are under intense
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pressure from the effects of uncontrolled harvesting and subsequent conversion of the land to
agriculture. Between 1990 and 2015, the worldwide area of tropical forest declined by approximately
195 million ha [4]. Logging creates canopy gaps that may be invaded by vines and pioneer species.
From a production perspective, the proportion of non-commercial tree species may be increased
to the detriment of high-value species [5–10]. This provides an economic rationale for converting
unproductive forest to agriculture.

In forest where there is a lack of natural regeneration, enrichment planting may improve the
stocking of desired species without further disturbing the floristic structure of the forest [2,11–13].
Silvicultural techniques such as “tending”, that is, cutting down competing saplings or removing
lianas, may maximise the growth and survival of enrichment plantings or natural regeneration in
logged rainforest [14,15]. The ecological principle is to take advantage of increased light and soil
moisture when canopies have been opened up—either naturally or by logging—to allow young trees
to grow [16,17]. However, the success of enrichment planting depends on a detailed knowledge of
how the new seedlings interact with the new environment in which they are planted [18,19].

The success of enrichment planting as a silvicultural technique can be measured by survival and
growth in terms of tree and stand height and basal area. Hence, long-term information is needed to
indicate whether the enrichment plantings are likely to provide a sufficient stocking of merchantable
trees within an expected harvesting cycle, and whether the height and basal area development of these
trees has not been suppressed by competition.

Previous studies that have assessed the efficacy of enrichment planting in tropical forests have
mostly relied on short-term data, such as only 2 years after planting in Indonesia [20], 1 year in
Mexico [21], 4 or 5 years in the Amazon [17,22], 4 years in Vietnam [11], 7 years in Argentina [19],
and 7 years in Laos [23]. Hence, there have been few studies assessing the survival and growth of
enrichment plantings in the longer term.

The discovery of historical records of enrichment planting trials (titled “experiments” or “Expts”
in old records) in north Queensland, Australia, provided an opportunity to assess the efficacy of
rainforest enrichment planting as a silvicultural technique over a long timeframe. The experiments
were undertaken by the (then) Queensland Department of Forestry (QDF) to investigate the possibility
of increasing the commercial viability of enrichment plantings in rainforest.

Early attempts at enrichment planting logged rainforest with Toona australis (F. Muell) Harms
(red cedar) were carried out as early as 1903 [24]. Further enrichment planting experiments in north
Queensland reached a peak between 1952 and 1970. After logging, undergrowth and small trees of
non-commercial species were brushed or felled. Then, 12 commercial native timber species (most
frequenly Flindersia brayleyana) were planted at across different sites in logged rainforest. In addition to
12 native species, the QDF included four exotic species (Khaya ivorensis, Khaya senegalensis, Swietenia
macrophylla, and Flindersia amboinensis) as enrichment plantings. This reflects the attitude of the times,
that is, that any species that could improve the productivity of the rainforest should not be excluded
because it was not native to north Queensland [25]. The experiments were re-measured annually until
1987 when they were abandoned when much of the rainforest previously used for commercial forestry
was handed over to the Wet Tropics Management Authority and Queensland Park and Wildlife Service
for protection in conservation reserves.

The results of the QDF experiments have never been systematically evaluated except as an
unpublished summary [25]. Fortunately, old plot measurement data were recently made available to
the authors by the current custodians (the Queensland Department of Agriculture and Fisheries) as
hard-copy and electronic records. This enabled us to evaluate the suitability of 16 rainforest species
for use as enrichment plantings in logged rainforest. In particular, the data enabled us to assess the
impact of competition from both existing overwood and regrowth that had never been removed in
tending operations. As the first of three papers that use this data to assess the usefulness of enrichment
planting as a silvicultural tool, in the following sections of this paper, we describe where the enrichment
planting experiments were located and how they were established. We then present the results of the
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experiments in terms of enrichment planting survival, height, and basal area development. We also
describe the silviculture that was used to manage the growth of the overwood and how this overwood
competed with the enrichment plantings over time. Finally, we discuss the implications of our results
for the usefulness of enrichment planting for rainforest management.

2. Materials and Methods

2.1. Background to the Establishment of the Experiments

The experiments described in this paper were located in a tropical rainforest within the Wet Tropics
region of north Queensland, Australia, near the towns of Kuranda, Eacham, Atherton, Yungaburra,
Ravenshoe, and Mission Beach. The mean annual rainfall of the sites ranges from 1250 mm at Atherton
to 3500 mm at Mission Beach, and the elevation ranges from 6 m above sea level (ASL) at Mission
Beach, to 1220 m asl at Atherton. The slopes of the sites range from flat to 15 degrees. The soil type
is highly variable between sites and is derived from either rhyolite, basalt, granite, or metamorphic
formations. Attributes of the study sites are presented in Appendix A Table A1.

The 29 experiments that were analysed in this paper were established between 1952 and 1970
following commercial logging (see Appendix A Table A2). After the completion of logging, the sites
were “treated” by removing all non-commercial tree species with a DBH (stem diameter over bark
at 1.3 m height) of greater than 5 cm, by ringbarking or herbicide application, and by felling all
non-commercial smaller trees (<5 cm DBH). This treatment was used to reduce overwood basal area
(Tree basal area is a measure of the over bark surface area of stumps at 1.3 m above ground level.
The basal area of a stand is calculated as the sum of the basal area of all the trees, per hectare) to
between 3 and 18 m2/ha. Following treatment, a range of commercially valuable tree species (mostly
Flindersia brayleyana, Table 1) were planted, either randomly or in rows across the site. QDF practice
was to plant seedlings in the wet season (variable but typically November to March), when the soil
had become thoroughly wet.

At the time of planting, the stocking of the enrichment plantings ranged from 200 to 960 trees per
hectare. Seedlings in most experiments were planted in rows. The distance between planted lines and
among planted seedlings were different between experiments (Appendix A Table A1), but with the
proviso that no seedlings were planted closer than 3 m to a retained tree and not closer than 0.5 m to a
ringbarked tree.

After planting, all seedlings were tagged, mapped, and measured for height. When the seedlings
became overtopped, all competing vegetation (i.e., lianas, vines, and non-commercial tree species)
within 1.5 m around each planted seedling (1.5 m radial tending) and along planting lines to a width of
1.5 m (line tending) were removed. Overtopping woody regrowth and non-commercial trees were
also removed by ringbarking or herbicide application to enhance light conditions for the enrichment
planting. All enrichment plantings were measured for height until 5 years of age, and then for DBH
and predominant height (Predominant height (PDH) is the mean height of the 50 tallest trees per
hectare) after that age. The silvicultural treatments applied in each enrichment planting experiment
are described in Appendix A Table A2.
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Table 1. Some characteristics of the tree species used in enrichment planting experiments in
north Queensland.

Scientific Name Common Name Light Requirement Distribution

Flindersia brayleyana
F. Muell Queensland maple Light-demanding Endemic to north-eastern Queensland

Flindersia ifflaiana
F. Muell Hickory ash Light-demanding North-eastern Queensland, also New Guinea

Flindersia bourjotiana
F. Muell

Queensland silver
ash Shade-tolerant Endemic to north-eastern Queensland

Agathis robusta
(C. Moore ex F. Muell.)

F.M. Bailey
Kauri pine Shade-tolerant Papua New Guinea and Queensland, Australia

Araucaria
cunninghamii Aiton

ex D. Don
Hoop pine Shade-tolerant North-eastern QLD to north-eastern NSW, also

New Guinea

Araucaria bidwillii
Hook Bunya pine Light-demanding Endemic to north-eastern and south-eastern

Queensland

Cardwellia sublimis
F. Muell Northern silky oak Shade-tolerant Endemic to north-eastern Queensland between

Mossman and Townsville

Eucalyptus grandis
W. Hill ex Maiden Rose gum Light-demanding Distributed in north-eastern Queensland and

southwards to coastal central New South Wales.

Eucalyptus microcorys
F. Muell Tallowwood Light-demanding Southern Queensland

Corymbia torelliana
F. Muell Cadaga Light-demanding Endemic to north-eastern Queensland

Eucalyptus pilularis
Smith Blackbutt Light-demanding Found in New South Wales and south-eastern

Queensland

Khaya ivorensis
A. chev

Ivory Coast
mahogany Light-demanding Found mostly in West Africa and southern

Nigeria

Khaya senegalensis
(Desr.) A. Juss

Dry zone
mahogany

Moderately
shade-tolerant

West tropical Africa from the Guinea Coast to
Cameroon and extending eastward through the
Congo Basin to Uganda and parts of Sudan.

Swietenia macrophylla
King

American
mahogany Light-demanding Distributed throughout the American tropics

Flindersia schottiana
F. Muell Northern silver ash Shade-tolerant North-eastern Queensland to north-eastern

New South Wales, and in Papua New Guinea

Flindersia amboinensis
Poir New Guinea ash Unknown Ceram and Tanimbar Islands in the Moluccas

eastward throughout New Guinea

2.2. Data Analysis

We calculated the survival and growth of the 16 enrichment planting species for the 29 experiments.
In addition, eight plots from experiments 245, 246, and 322, in which the underplants had not died
(e.g., from disease or grazing), were selected to follow the growth of the overwood (i.e., the original
remnant overstory and regrowth saplings) throughout the duration of the experiment. The stocking
and basal area development of the overwood in these eight plots were calculated. The original remnant
trees in each plot were classified as cohort 1. At the time of each re-measurement, the recruitment of
new saplings that had grown to a height of 6 m were tallied as a new cohort of overwood. By the time
of the last measurement, this typically resulted in an original cohort of overwood plus 4–6 further
cohorts of successively younger recruits.

We calculated an annualised mortality rate for the experiments for the different time periods
between field measurements, using the formula provided by Sheil and May (1996) of mortality over

any time period as: M = 1−
(

Nt
N

)1/t
, where M is mortality rate of enrichment plantings, N and Nt are

population counts at the beginning and end of the measurement interval, t [26].
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To identify the effect of overwood growth on the survival of enrichment plantings, linear regression
was used to identify the relationship between the dependent variables (i.e., survival of enrichment
plantings) and independent variables (i.e., overwood basal area).

For experiment 373, a one-way analysis of variance (ANOVA) was used to compare significant
differences in growth of Flindersia brayleyana between silvicultural treatments. Where significant
differences were determined, a Tukey’s test was used to compare treatments. All data were tested for
normality using the Shapiro–Wilk normality test and homogeneity of variance using Levene’s test.

3. Results

3.1. Survival

The long-term survival of enrichment plantings varied greatly between species and sites. (Figure 1;
Figure 2). For example, the survival of F. brayleyana ranged between 32.2% and 84.5%, and the survival
of Flindersia bourjotiana ranged between 14.3% and 77.3%. The survival of Araucaria cunninghamii
ranged between 53.3% and 96.8%, except at experiment 350 where there was 100% mortality by the
time of the last measurement (age 18). The survival of Flindersia ifflaiana was 43% and the survival of
Cardwellia sublimis ranged between 13% and 39.6%. Both Khaya senegalensis and Swietenia macrophylla
had an extremely low survival rate of 7.6% and 2%, respectively, at 10 years of age. Despite being
replanted, all eucalypt species (i.e., Eucalyptus grandis, Eucalyptus microcorys, Eucalyptus pilularis, and
Corymbia torelliana) completely failed (i.e., 100% mortality).
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Figure 2. The survival of Agathis robusta (a); Araucaria cunninghamii (b); Cardwellia sublimis,
Araucaria bidwillii, Swietenia macrophylla, Flindersia bourjotiana, Flindersia schottiana, Flindersia
ifflaiana, and Flindersia amboinensis (c); Khaya ivorensis, Khaya senegalensis, Eucalyptus grandis,
Eucalyptus microcorys, Corymbia torelliana, and Eucalyptus pilularis (d) in enrichment planting
experiments in north Queensland. Plot 1 of experiment 250 was planted with the southern provenance
of Agathis robusta.

3.2. The Annualised Mortality Rate of Enrichment Plantings

The annualised mortality rate of 16 species over different periods between measurements (see
Appendix A Table A3) showed high variation according to species and age. In the case of Flindersia
brayleyana in experiment 282, annualised mortality fell to a very low level of 0.3% in the measurement
period of 14–22 years. Other trends were less clear, for example, the high level of mortality of Cardwellia
sublimis (approximately 10%) between 10 and 14 years of age. Some species showed a high level of
continuing mortality, such as Khaya senegalensis in experiment 166, in which 15.4% of trees died 10 years
after planting. Similarly, eucalyptus and corymbia species suffered 100% mortality soon after planting.

3.3. The Survival of Enrichment Plantings with Increasing Post-Logging Overwood

There is a significant relationship between the survival of enrichment plantings with overwood
growth (computed as overwood basal area per hectare). The survival of enrichment plantings declined
with increasing overwood basal area over time (Figure 3). However, the initial level of post-logging
overwood (also computed as basal area per hectare) appeared to have little relationship with the initial
survival of enrichment plantings (Table 2).



Forests 2020, 11, 386 7 of 28Forests 2020, 10, x FOR PEER REVIEW  7 of 28 

 

 
Figure 3. The effect of growth of overwood basal area (OBA) over time on the survival of enrichment 
plantings (experiments 322 and 245 had a p-value < 0.05, all other experiments had a p-value < 0.01). 

Table 2. Initial overwood basal area and the survival of enrichment plantings at the age of their first 
measurement. 

Expt Species Initial Basal Area of 
Overwood (m2/ha) 

Initial Survival (%) at Age of 
Measurement (years) 

137 Flindersia brayleyana 13.8 99 (2.3) 
245 Flindersia brayleyana 11.2 87 (1.2)  
282 Flindersia brayleyana 9.0 99 (1.7) 
310 Flindersia brayleyana 6.4 83 (1.4) 
311 Flindersia brayleyana 14.8 98 (1.6) 
321 Flindersia brayleyana 9.3 84 (1.7) 
322 Flindersia brayleyana 9.64 86 (1.6) 
329 Flindersia brayleyana 13.7 96 (1.8) 
331 Flindersia brayleyana 7.9 88 (1.5) 
332 Flindersia brayleyana 15.3 93 (1.8) 
347 Flindersia brayleyana 14.3 80 (1.5) 

3.4. Height Development of the Enrichment Plantings 

The height growth of enrichment plantings in all experiments was slow and showed substantial 
differences between species and sites (Figures 4 and 5). Any comparison of the results was 
complicated by the varying ages at which measurements ceased and the limited dataset for some 
species. If the Flindersia brayleyana experiments are considered as a whole, the height growth 
trajectory of approximately 10 m at age 10 is clearly superior to all other species (Figure 4). By 
comparison, a lower height of approximately 6 m was recorded for Araucaria cunninghamii at the same 
age (Figure 5a). The southern provenance of Agathis robusta performed poorly in comparison to the 
northern provenance of this species (Figure 5b). Very poor height growth, that is, less than 3 m at 10 
years of age, was recorded for Araucaria bidwillii, Flindersia amboinensis, Khaya senegalensis, and 
Swietenia macrophylla (Figure 5c,d). The early death of Eucalyptus grandis and Eucalyptus microcorys 
reduced the usefulness of the data (Figure 5d). 

Figure 3. The effect of growth of overwood basal area (OBA) over time on the survival of enrichment
plantings (experiments 322 and 245 had a p-value < 0.05, all other experiments had a p-value < 0.01).

Table 2. Initial overwood basal area and the survival of enrichment plantings at the age of their
first measurement.

Expt Species Initial Basal Area of
Overwood (m2/ha)

Initial Survival (%) at Age of
Measurement (years)

137 Flindersia brayleyana 13.8 99 (2.3)
245 Flindersia brayleyana 11.2 87 (1.2)
282 Flindersia brayleyana 9.0 99 (1.7)
310 Flindersia brayleyana 6.4 83 (1.4)
311 Flindersia brayleyana 14.8 98 (1.6)
321 Flindersia brayleyana 9.3 84 (1.7)
322 Flindersia brayleyana 9.64 86 (1.6)
329 Flindersia brayleyana 13.7 96 (1.8)
331 Flindersia brayleyana 7.9 88 (1.5)
332 Flindersia brayleyana 15.3 93 (1.8)
347 Flindersia brayleyana 14.3 80 (1.5)

3.4. Height Development of the Enrichment Plantings

The height growth of enrichment plantings in all experiments was slow and showed substantial
differences between species and sites (Figures 4 and 5). Any comparison of the results was complicated by
the varying ages at which measurements ceased and the limited dataset for some species. If the Flindersia
brayleyana experiments are considered as a whole, the height growth trajectory of approximately 10 m at
age 10 is clearly superior to all other species (Figure 4). By comparison, a lower height of approximately
6 m was recorded for Araucaria cunninghamii at the same age (Figure 5a). The southern provenance of
Agathis robusta performed poorly in comparison to the northern provenance of this species (Figure 5b).
Very poor height growth, that is, less than 3 m at 10 years of age, was recorded for Araucaria bidwillii,
Flindersia amboinensis, Khaya senegalensis, and Swietenia macrophylla (Figure 5c,d). The early death of
Eucalyptus grandis and Eucalyptus microcorys reduced the usefulness of the data (Figure 5d).
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Figure 5. The height growth of Araucaria cunninghamii (a); Agathis robusta (b); Cardwellia sublimis,
Araucaria bidwillii, Swietenia macrophylla, Flindersia bourjotiana, Flindersia schottiana, Flindersia
ifflaiana, and Flindersia amboinensis (c); Khaya ivorensis, Khaya senegalensis, Eucalyptus grandis,
and Eucalyptus microcorys (d) in enrichment planting experiments in north Queensland. Plot 1 of
experiment 250 was planted with the southern provenance of Agathis robusta.

3.5. Basal Area Development of the Enrichment Plantings

Comparisons between the basal area growth of enrichment plantings (Figure 6) were complicated
by the age at which specific measurements ceased for different species and sites. However, except for
one experiment of Flindersia brayleyana, Flindersia schottiana, and Agathis cunninghamii, at experiments
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282, 183, and 286, respectively, the basal area growth of all species at all sites was poor. The basal area
growth of Flindersia brayleyana varied greatly between experiments (Figure 6a). In experiments 282, 311,
137, and 310, the basal area of Flindersia brayleyana was less than 4 m2 ha−1 at ages between 20 and 25.
Individual results for Agathis robusta (Figure 6b) and Araucaria cunninghamii (Figure 6c) showed high
variation between experiments and the very poor performance of A. robusta in particular. The limited
data (one experiment each) available for Flindersia bourjotiana, Khaya ivorensis, and Flindersia ifflaiana
showed basal areas of less than 2 m2 ha−1 at the last measurement at 10 years of age. The basal areas
of Khaya senegalensis, Swietenia macrophylla, Flindersia amboinensis, Araucaria bidwillii, and Cardwellia
sublimis were not calculated because the diameters of the stems were too small. 

3 

 

Figure 6 
Figure 6. The growth of basal area of Flindersia brayleyana (a); Agathis robusta (b); Araucaria
cunninghamii (c); Flindersia ifflaiana, Flindersia schottiana, Flindersia bourjotiana, and Khaya ivorensis
(d) in enrichment planting experiments in north Queensland.

3.6. The Height Growth of Three Commercially Desirable Species in the Enrichment Planting Experiments in
Which They Grew Best

At 10 years of age, the PDH of three commercially desirable species in the experiments in which
they grew best was highest (14 m) for Flindersia brayleyana, whereas the PDH of both Agathis robusta
and Araucaria cunninghamii was less than 10 m. The greatest basal area was also achieved by Flindersia
brayleyana at 22 years of age, followed by Araucaria cunninghamii (12.5 m2/ha) and Agathis robusta (6.0 m2/ha)
at ages 22 and 20, respectively. The mean DBHs of the dominant trees (i.e., the tallest 100 trees/ha) for
Flindersia brayleyana, Agathis robusta, and Araucaria cunninghamii were 32.5, 24.8, and 17.5 cm, respectively.
The height and DBH growth of all these three species was less than those recorded by Bristow et al. (2005)
at age 8 in plantations [27] in similar locations in north Queensland (Table 3).
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Table 3. A comparison of the early-age growth of three commercially desirable species in the enrichment
planting experiments in which they grew best, with their expected growth rates in plantations.

Species

Enrichment Plantings at Age 10 Plantation-Grown Trees at Age 8 [27]

Expt PHD at Age
10 (m)

Mean DBH
(cm)

Mean Height
(m) Mean DBH (cm) Mean Height

(m)

Flindersia brayleyana 282 14 14.1 Not measured 14.7 12.1
Agathis robusta 246 9.6 7.1 6.0 9.2 6.6
Araucaria cunninghamii 282 9.4 7.6 6.5 12.5 8.3

3.7. The Growth Response of Flindersia brayleyana to Different Tending Regimes

The growth of Flindersia brayleyana under different tending regimes (as described in Table 4) in
experiment 373 showed a clear response to increased light. The best growth was recorded for treatments
2 (no shade, complete herbicide application of overstory) and 4 (no shade, overstory ring-barked), with
a DBH and basal area of 8.5 cm and 3.4 m2/ha, respectively, in treatment 2, and 8.1 cm and 3.2 m2/ha,
respectively, in treatment 4. The lowest growth was found in treatment 1 (high shade), which resulted
in a mean DBH of only 5.5 cm and a basal area of 1.8 m2/ha at age 14.

Table 4. The diameter at breast height (DBH) (and standard errors) and the basal area of Flindersia
brayleyana at age 14 under different tending regimes in experiment 373. The mean DBH of all four
treatments were significantly different (p < 0.001).

Treatment Treatment Characteristics Mean DBH (cm) and
Standard Error BA (m2/ha)

Treatment 1

High shade: all understory brushed and
trees ranging from 4.9 to 14.6 cm DBH
retained, with the remainder
ringbarked or herbicided.

5.5 (0.14) 1.8

Treatment 2 No shade: all understory brushed, and
all trees ringbarked and herbicided. 8.5 (0.24) 3.4

Treatment 3

Low shade: all trees over 4.9 cm
ringbarked and treated with herbicide,
all vines brushed but no other treatment
except along planting lines.

7.8 (0.22) 2.9

Treatment 4

No shade: all understory brushed, and
all trees ringbarked but herbicide was
not applied, so that the overstory trees
died slowly.

8.1 (0.23) 3.2

Experiment “completion reports” after which the experiments were abandoned (see Appendix A
Table A4) also provided qualitative information concerning the success (or otherwise) of individual
experiments. Overall, the comments revealed a repeated message that the growth of enrichment
plantings depended on an initial overwood basal area no greater than 15 m2/ha. In addition, in many
experiments, competition from vines or overwood restricted growth of the enrichment plantings,
particularly when the basal area of the overwood exceeded 30 m2/ha.

3.8. The Development of “Cohorts” of Overwood over Time

The development of ‘cohorts’ of overwood (see Appendix A Table A5) showed a general trend
of strongly increasing overwood stocking and basal area in each experiment, but particularly in
experiment 245. For example, in plot 2 of this experiment at age 13, the stocking of the original cohort
of overwood was 150 trees per hectare, whereas recruited saplings numbered 2120 trees per hectare
or 93% of the final overwood stocking. In other experiments, the number of recruited saplings was
less. For example, in experiment 246 plot 2, the number of recruited saplings was only 60% of the
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final overwood stocking. The basal area of the recruits (not cohort 1) constituted 14.5 m2/ha or 51%
of the total overwood basal area in experiment 245, plot 2, but only 2.4 m2/ha or 12% of the total
overwood basal area in experiment 246, plot 2. Hence, in some experiments, recruitment of saplings to
the overwood (in number and basal area) was high, whereas in other plots it was not. In each cohort, a
constant feature of the cohorts of recruits over time was that stocking declined with increasing age.
Both large DBH trees (cohort 1) and recruited saplings died or were ringbarked or herbicided in the
intervals between measurements. For example, in experiment 245, plot 2, the stocking of cohort 2
declined by 52% (from 362 to 188 trees per hectare) between 1966 and 1969. However, cohorts 3, 4, and
5 grew to constitute 12.57 m2/ha or 44% of the total overwood before the plot was abandoned at age
13. Similarly, in experiment 245, plot 1, cohorts 3, 4, and 5 grew to constitute 55% or 11.3 m2/ha of
final overwood at age 13. This was largely due to the emergence of a fast-growing secondary species
(Acacia aulacocarpa A. Cunn. ex Benth) starting at 7 years of age, after the cessation of periodic tending.

3.9. Qualitative Evidence from Old QDF Office Memos and Summary Reports

Old QDF memos and summary reports indicate that, by 1976, enthusiasm for enrichment planting
was waning (see Appendix A Table A4). In correspondence from the Atherton District office, research
foresters commented that enrichment planting “just isn’t economically feasible” and that “efforts could
be diverted to more fulfilling directions”. Similar memos indicated a growing realisation that weeds
and competing undergrowth require regular tending, perhaps annually. At one experiment, “the long
delay between establishment and first tending (6 months) resulted in severe damage”. Finally, in 1982,
a report on the viability of enrichment planting noted that commercial timber yield would require “a
ten-fold increase in timber value to become financially attractive” [25].

4. Discussion

4.1. Implications of These Results for Production Forestry

From a production perspective, the key message from this study is that collectively, the poor
survival, height growth, and basal area of the enrichment plantings are indicative of trees under stress.
Tree growth is affected by many factors, such as silvicultural treatment, competition from neighbouring
trees, and microclimate [28]. Separating the effect of these factors can be difficult. The literature records
many examples of enrichment plantings dying through insect attack [19] or drought [29,30], but the
QDF records provided little information beyond isolated examples of thrips and coccids in Agathis
robusta or browsing by herbivores. Hence, the major cause of mortality in these experiments appears to
have come from competition from residual and regrowth overwood.

Data presented in Section 3.7 particularly demonstrate the influence of the overwood in suppressing
the long-term growth of Flindersia brayleyana. This result cannot be directly applied to other species
in this study, although the results of experiment 373 are corroborated by other research [16,17,31].
In office memos, QDF researchers also commented that, as a generality, the growth of enrichment
plantings declines with overwood growth and a consequent lack of available light and water.

From a forest management perspective, despite silvicultural interventions being required to
control excessively increased overwood growth, reducing this overwood by ringbarking or with
chemicals causes further problems during harvesting, particularly after dead trees become rotten
and are liable to fall at any time. Fortunately for Flindersia brayleyana at least, the lack of any clear
relationship between the early-age survival of enrichment plantings and initial overwood basal area
indicates that the initial level of overwood is not critical. Hence, an opportunity exists to reduce it to a
low level at the time when enrichment planting is undertaken.

Except for the catastrophic effect of a lack of tending (e.g., as described in Section 3.1 for Araucaria
cunninghamii in experiment 350), the very high variation in survival, basal area, and height across
experiments and species provides little direction for the frequency and intensity of tending regimes.
The historical records presented in Appendix A Table A2 show that almost all experiments were
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regularly tended. Part of the answer may lie in the recruitment of cohorts of fast-growing saplings,
which can become a major component of the competing overwood. In experiment 245, for example,
ceasing tending operations at age 7 allowed Acacia aulacocarpa to become a dominant part of the
overstory. The general implication for enrichment planting is the need for continual monitoring and
the funds to carry out remedial treatment. Extending tending beyond tending lines or circles could
become very expensive.

4.2. Interpreting the Results of This Study for Individual Tree Species

For Flindersia brayleyana particularly, the continuing decrease in survival over time—across all
experiments—indicates a fundamental inadequacy in growing conditions. This study showed that,
compared to the other species, Flindersia brayleyana has adapted best to the enrichment planting
environment. Although this species is described as a late secondary successional species [32], in
rainforest, it can persist for many decades in the deep shade as suppressed seedlings [33]. Its growth
is consequently slow until a suitable light gap occurs, after which it develops quickly [34]. The low
annualised mortality (Appendix A Table A3) of the best performing experiment of this species
(experiment 282) supports this finding. Where these conditions do not apply, mortality may become
severe, even at later ages (e.g., Cardwellia sublimis in experiment 226).

The highly variable survival and growth of Araucaria cunninghamii was unexpected. This species
is shade-tolerant [35], and able to tolerate a wide range of environmental conditions including
drought [27]. Despite its failure as an enrichment planting, this species has proved very successful
in plantations in southern and north Queensland. The complete failure of the Eucalypt and Corymbia
species support the classifications of these species as shade-intolerant species [36]. A similar result
was observed for Eucalyptus grandis when established under the canopy of Pinus elliottii in south-east
Queensland [37]. The historical records do not provide any reason for failure of Khaya senegalensis and
Swietenia macrophylla, despite the tending of these experiments being more intense than any of the other
experiments. The extremely poor survival rate of Swietenia macrophylla was similar to that observed by
previous studies [38–40]. At 5 years of age, for example, a study in Mexico reported a mortality of 95%
for Swietenia macrophylla when planted under a forest canopy [40]. The cause of failure—as found by
other researchers for both these species [16,17,30]—is likely to be a lack of light and water, which is
dependent on the amount of retained overwood.

The stagnant growth combined with the relative high survival of Araucaria bidwillii suggests that
this species can persist for a long time under limited available light without growing. In contrast, the
poor survival of Flindersia bourjotiana and Cardwellia sublimis contrasts with their classifications as a
shade-tolerant species [41,42]. However, the low survival of both these two species when grown under
low light is consistent with the findings of other researchers [37,42]. Our results do not explain why
Khaya ivorensis, as a light-demanding species [43], still survived much better than in similar studies [44].

4.3. Reflections on the Historical Records and Broader Impacts of the Research

Despite the substantial expenditure of resources to establish and maintain the many experiments,
the key conclusion from QDF records is that enrichment planting is not an appropriate silvicultural
technique to improve the economic value of logged rainforest in north Queensland. Even the best of the
enrichment planting experiments has not been able to replicate the growth of plantation grown trees at
a similar age and on similar sites. Furthermore, a repeated theme in the old QDF office memos—that
enrichment planting growth slows once overstory basal area reaches 30–35 m2 ha−1—may be accurate
as far as the enrichment plantings are concerned, but it neglects the timber volume and value of the
overwood. The need for continued, intensive (and hence expensive) tending to remove competing
overwood also neglects the biodiversity value of the overwood. These considerations provide an
alternative perspective to the uncertain survival and growth of enrichment plantings.
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4.4. The Implication of These Results for Enrichment Planting as Part of Assisted Natural Regeneration

Our results provide little encouragement for the potential success of assisted natural regeneration
(ANR) as a forest restoration technique. On degraded sites, the basic principle of ANR is to protect
and facilitate the growth of parent trees and regeneration [45]. In Australia, controlling non-native
weeds and eliminating grazing has proved successful in regenerating highly disturbed rainforest [46].
Protecting roots and suckers also proved successful in rehabilitating slash-and-burn agricultural sites in
the Democratic Republic of the Congo [47]. In southern Africa, it is reported that regeneration could be
achieved by seed covered with soil, although planted seedlings were heavily predated by rodents [48].
In this study, although Flindersia brayleyana (in particular) showed that enrichment planting can be
successful, the poor survival and growth of most of the other species tested in the experiments casts
doubt on the efficacy of achieving ANR of rainforest through enrichment planting, without careful
consideration of the species being planted.

5. Conclusions

This study has shown that enrichment planting can boost the productivity of tropical forests.
However, it was also found that for the wide range of species investigated, neither the survival,
height nor basal area growth of enrichment plantings is likely to be satisfactory unless extended
tending regimes are employed that reduce competition from overwood. Although the initial level
of post-logging overwood did not appear to affect the immediate survival of enrichment plantings,
survival decreased in the longer term as post-logging overwood and regrowth increased. This suggests
that overwood is best removed at the time of enrichment planting. We also found that saplings
and trees that were situated outside tended areas may also emerge as a major source of competition.
We conclude that unless competition from overwood is adequately managed, the best option would be
for low-intensity selective harvesting followed by natural regeneration. In cases where management of
overwood is not financially or practically feasible, timber requirements could also be supplemented by
establishment of plantations on already cleared land.
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Appendix A

Table A1. Some characteristics of the enrichment planting experiments in north Queensland.

Expt Number of
Plots Study Site Species

Date Expt
Commenced
(month/year)

Age
(years)

Planted
Spacing

(m)
Soil Type

Mean
Rainfall

(mm/year)

Slope
(degrees)

Elevation
(m) Aspect

137 1 Atherton F. brayleyana 1–2/1954 23.7 2.7 × 2.4 Granite 1800 Level 1130 Level

138 1 Atherton F. schottiana 2/1954 10.3 Unknown Gritty loam 1778 Unknown 1158 Unknown

159 7 Kuranda F. brayleyana 4/1954 9.3 2.4 × 3.7 Basalt 1400 Unknown 750 Unknown

166 5 Kuranda F. brayleyana 5/1956 18.5 3.7 × 4.6 Basalt 1780–2030 5–10 790 W

166 1 Ravenshoe K. ivorensis 5/1956 10.3 3.7 × 4.6 Basalt 1780–2030 5–10 790 W

166 2 Ravenshoe K. senegalensis 5/1956 10.3 3.7 × 4.6 Basalt 1780–2030 5–10 790 W

166 1 Ravenshoe S. macrophylla 5/1956 10.3 3.7 × 4.6 Basalt 1780–2030 5–10 790 W

166 2 Ravenshoe F. bourjotiana 5/1956 10.3 3.7 × 4.6 Basalt 1780–2030 5–10 790 W

166 2 Ravenshoe A. cunninghamii 5/1956 18.5 3.7 × 4.6 Basalt 1780–2030 5–10 790 W

226 1 Eacham C. sublimis 3/1958 16.8 3.7 × 3 Basalts 1800 2–3 670 N/N/E

227 1 Atherton C. sublimis 8/1958 3.0 3. 6 × 3 Granite 1778 10–15 1036 S/W

243 1 Atherton A. cunninghamii 3/1959 15.2 2.4 × 3.7 Granite 1778 5–10 914 W

245 1 Kuranda F. brayleyana 4/1959 25.8 4.6 × 3.7 Metamorphic 2040 Level 440 Unknown

245 1 Kuranda A. robusta 4/1959 25.8 4.6 × 3.7 Metamorphic 2040 Level 440 Unknown

245 1 Kuranda F. ifflaiana 4/1959 16.3 4.6 × 3.7 Metamorphic 2040 Level 440 Unknown

245 1 Kuranda A. bidwillii 4/1959 13.5 4.6 x 3.7 Metamorphic 2040 Level 440 Unknown

245 1 Kuranda F. bourjotiana 4/1959 13.4 4.6 x 3.7 Metamorphic 2040 Level 440 Unknown

246 2 Kuranda A. cunninghamii 2–3/1959 20.2 Unknown Metamorphic 1850 0–10 450 W

246 2 Kuranda A. robusta 2–3/1959 20.2 N/A Metamorphic 1850 0–10 450 W

250 2 Kuranda
A. robusta (SP) 1/1960 15.8 N/A Metamorphic 2030 <5 430 E/S/E

A. robusta 1/1960 21.8 N/A Metamorphic 2030 <5 430 N

263 1 Kuranda F. brayleyana 5/1954 22.0 2.7 × 2.7 Granite 1800 5 1100 N/W
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Table A1. Cont.

Expt Number of
Plots Study Site Species

Date Expt
Commenced
(month/year)

Age
(years)

Planted
Spacing

(m)
Soil Type

Mean
Rainfall

(mm/year)

Slope
(degrees)

Elevation
(m) Aspect

282 1 Atherton F. brayleyana 12/1960 21.7 3.7 × 2.7 Rhyolite 2050 15 1220 W

282 1 Atherton A. robusta 12/1960 13.6 3.7 × 2.7 Rhyolite 2050 15 1220 W

282 1 Atherton A. cunninghamii 12/1960 21.7 3.7 × 2.7 Rhyolite 2050 15 1220 W

283 1 Atherton F. brayleyana 12/1960 13.4 Unknown Granite 2050 Unknown 1040 Unknown

286 1 Atherton F. brayleyana 1/1961 14.2 3.7 × 2.4 Metamorphic 1400 <5 610 N

286 1 Atherton A. cunninghamii 1/1961 14.2 3.7 × 2.4 Metamorphic 1400 <5 610 N

286 1 Atherton A. robusta 1/1961 14.2 3.7 × 2.4 Metamorphic 1400 <5 610 N

310 1 Atherton F. brayleyana 6/1955–11/1956 31.7 3 × 3 Basalt 2090 5 670 W

311 1 Atherton F. brayleyana 11/1960–1/1961 26.6 3 × 3 Rhyolite 1750 8–13 1040 S/W

317 1 Atherton F. brayleyana 2/1952 23.7 3 × 2.7 Metamorphic 1400 Level 730 Level

321 1 Atherton F. brayleyana 11/1960–1/1961 13.6 3 × 3 Metamorphic 1400 10 730 N/E

322 1 Kuranda F. brayleyana 11/1960–1/1961 18.7 3 × 3 Metamorphic 2080 0–15 488 W/N/W

324 1 Atherton F. amboinensis 2/1963 10.9 4.3 × 3 Metamorphic 2100 2 460 E
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Table A1. Cont.

Expt Number of
Plots Study Site Species

Date Expt
Commenced
(month/year)

Age
(years)

Planted
Spacing

(m)
Soil Type

Mean
Rainfall

(mm/year)

Slope
(degrees)

Elevation
(m) Aspect

329 (R1) 1 Mission Beach F. brayleyana 2–8/1963 19.2 4.3 × 3 Metamorphic 3500 0 6 N

329 (R2) 1 Mission Beach F. brayleyana 2–8/1963 19.2 4.3 × 3 Metamorphic 3500 5–15 6 S/W

331 1 Atherton F. brayleyana 11/1961–1/1962 11.7 3 × 3 Metamorphic 1250 7–15 730 S/E

333 1 Yungaburra F. brayleyana 1961 16.8 3 × 3 Metamorphic 2090 5–10 670 S/W

347 1 Eacham F. brayleyana 11/1958–6/1959 15.4 Unknown Basalt 2000 2–5 670 W/N/W

350 1 Atherton F. brayleyana 1963 18.4 Unknown Granite 2150 0–5 580 S/W

350 2 Atherton A. cunninghamii 1963 18.4 Unknown Granite 2150 0–5 580 S/W

373 (R1) 4 Kuranda F. brayleyana 12/1966 14.0 Unknown Granite 2032 Unknown 457 Unknown

373 (R2) 4 Kuranda F. brayleyana 12/1966 14.0 Unknown Metamorphic 2032 Unknown 457 Unknown
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Table A1. Cont.

Expt Number of
Plots Study Site Species

Date Expt
Commenced
(month/year)

Age
(years)

Planted
Spacing

(m)
Soil Type

Mean
Rainfall

(mm/year)

Slope
(degrees)

Elevation
(m) Aspect

423 1 Atherton F. brayleyana 4/1968 5.5 4.6 × 6.1 Basalt 2800 <10 825 N/E

423 1 Atherton A. robusta 4/1968 5.5 4.6 × 6.1 Basalt 2800 <10 825 N/E

450 1 Eacham F. brayleyana 1–6/1970 13.9 6.1 × 4.6 Basalt 2000 0–5 730 N/W

450 1 Eacham F. brayleyana 1–6/1970 13.9 6.1 × 4.6 Basalt 2000 0–5 730 N/W

450 1 Eacham A. cunninghamii 1–6/1970 4.7 6.1 × 4.6 Basalt 2000 0–5 730 N/W

450 1 Eacham C. sublimis 1–6/1970 4.7 6.1 × 4.6 Basalt 2000 0–5 730 N/W

450 1 Eacham E. grandis 1–6/1970 3.4 6.1 × 4.6 Basalt 2000 0–5 730 N/W

450 1 Eacham E. microcorys 1–6/1970 2.6 6.1 × 4.6 Basalt 2000 0–5 730 N/W

450 1 Eacham E. pilularis 1–6/1970 1.3 6.1 × 4.6 Basalt 2000 0–5 730 N/W

450 1 Eacham C. torelliana 1–6/1970 1.3 6.1 × 4.6 Basalt 2000 0–5 730 N/W

456 1 Kuranda F. brayleyana 2/1955 17.4 3.7 × 2.4 Granite 1800 n/a 1160 N/W

(SP): A. robusta is a southern provenance. R1: replication 1, R2: replication 2, N/A: not applicable.
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Table A2. Post-planting silvicultural treatments carried out in the enrichment planting experiments in north Queensland.

Expt Last Logged
(year)

Date Expt
Commenced
(month/year)

Treatment after Enrichment Planting
(month/year)

Ringbarking and Herbicide Application Brushing Line Tending 1.5m Radial Tending Stinger Tending Vine Tending

137 1953 1–2/1954 1/1957, 8/1957 1/1956, 7/1957

138 Unknown 2/1954 8/1958 10/1963

159 * 1954 4/1954

166 1942–1944 5/1956 10/1957, 9/1962, 1/1964 10/1957, 5/1958,
9/1962, 1/1964

10/1958, 8/1959,
6/1961

10/1957, 10/1958, 8/1959, 6/1961,
9/1962, 1/1964, 8/1964 10/1956 1/1964

226 1957 3/1958 10/1962; 11/1963 4/1974 6/1959; 10/1964

227 * 1958 8/1958

243 1954–1956 3/1959 11/1961 7/1961 9/1960, 10/1964

245 1958–1959 4/1959 6/1959 11/1963; 4/1964;1/1965 7/1962; 11/1963, 4/1964

246 Before 1958 2–3/1959 6/1974 12/1960; 1/1963; 12/1965

250 Unknown 1/1960 12/1970 12/1970 7/1962 1/1965 11/1963

263 Unknown 5/1954 1965

282 1960 12/1960 10/1961 12/1962; 11/1963; 4/1964, 10/1964 5/1964

283 1957 12/1960 12/1961 12/1962, 4/1964 12/1961, 11/1963 10/1964

286 1930 1/1961 5/1975 4/1964 4/1968 2/1966

310 Unknown 6/1955–11/1956 2/1965 10/1964 7/1957; 3/1961 7/1957; 3/1961

311 1960 11/1960–1/1961 9/1962 10/1964 11/1963

317 1951 2/1952 12/1964 12/1963

321 1945 11/1960–1/1961 12/1961 12/1961 1/1964; 2/1966

322 1956 11/1960–1/1961 9/1975 11/1963

324 1948 2/1963 1/1974 1/1974 11/1965 7/1964, 1/1965 4/1964

329 1960 2/–8/1963 12/1965 7/1964; 7/1965/7/1966 7/1965

331 1958 11/1961–1/1962 11/1963; 2/1966 11/1963

333 1961 1961 1963

350 350 1963 5/1964 1964, 1965

347 1955 11/1958–6/1959 1961 9/1959; 10/1964 1958/1959 7/1961, 10/1964

373 * 1964–1957 12/1966

423 1960 4/1968 10/1968, 10/1973 8/1974

450 1970 1–6/1970 3/1973 3/1973 9/1972; 8/1974

456 1954 2/1955 8/1959, 4/1964 8/1955

Ringbarking: non-commercial residual trees are girdled. Herbicide application: non-commercial residual trees were poisoned using 10% arsenic pentoxide and/or 1% to 5% 2,4,5T. Brushing
(cutting): removing all shrubs and other competing ground vegetation near the planted seedlings. Line tending: clearing all vegetation along the planting line to a width from 1 to 1.5
m. 1.5 m radial tending: clearing all vegetation within 1.5 m around each planted seedling. Stinger tending: removing stinger trees (Dendrocide moroides) by spraying with a selective
weedicide. Vine tending: cutting out vines. * Periodic tendings were not undertaken in the experiment.
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Table A3. Annualised mortality rate of enrichment plantings over different periods between
measurements (years).

Expt/Species Annualised Mortality Rate (%) for Time Period Intervals (years)

Expt 310/Flindersia brayleyana 0–4.4 years 4.5–6.3 years 6.4–10.1 years 10.2–15.7 years 15.8–19.1 years 19.2–31.7 years

7.0% 0.9% 1.0% 1.4% 3.1% 3.2%

Expt 311/Flindersia brayleyana 0–2.7 years 2.8–5.5 years 5.6–10.8 years 10. 9–13.4 years 13.5–21.2 years 21.3–26.6 years

0.9% 0.8% 0.5% 1.5% 0.2% 0.8%

Expt 245/Flindersia brayleyana 0–3.2 years 3.3–7.3 years 7.4–10.1 years 10.2–13.4 years 13.5–16.3 years 16.3–25.8 years

5.1% 3.5% 0% 0.4% 0.5% 1%

Expt 137/Flindersia brayleyana 0–4.3 years 4.4–7.4 years 7.5–10.2 years 10.3–15.4 years 15.5–18.6 years 18.7–23.7 years

1% 3.5% 0.5% 1.8% 0.9% 0.3%

Expt 347/Flindersia brayleyana 0–2.4 years 2.5–4.3 years 4.4–6.2 years 6.3–10.3 years 10.4–11.4 years

11.9% 7.0% 4.0% 5.9% 3.2%

Expt 322/Flindersia brayleyana 0–2.8 years 2.9–5.6 years 5.7–9.7 years 9.8–13.8 years 13.9–18.7 years

6.9% 4.2% 1.8% 0% 0%

Expt 333/Flindersia brayleyana 0–3.5 years 3.6–5.5 years 5.6–8.8 years 8.9–10.8 years 10.9–16.8 years

2.7% 2.4% 3.2% 9.4% 2.5%

Expt 321/Flindersia brayleyana 0 - 2.6 years 2.7 - 5.6 years 5.7 - 8.9 years 9 - 10.3 years 10.4 - 13.6 years

3.2% 2.1% 5.6% 24.6% 1.8%

Expt 329/Flindersia brayleyana 0 - 2.9 years 3 - 4.1 years 4.2 - 7.1 years 7.2 - 12.2 years 12.3 - 19.2 years

3.3% 2.5% 2.1% 1.2% 1.5%

Expt 263/Flindersia brayleyana 0–6.2 years 6.3 - 9.3 years 9.4 - 11 years 11.1 - 15 years 15.1 - 17.8 years

3% 0.4% 0% 0% 2.4%

Expt 282/Flindersia brayleyana 0-3.4 years 3.5–6.5 years 6.6–9.8 years 9.9–13.6 years 13.7–21.7 years

1.5% 1.1% 1.0% 0.6% 0.3%

Expt 332/Flindersia brayleyana 0–3.5 years 3.6–5.8 years 5.9–12.4 years 12.5–17.9 years

3.3% 3.4% 1.1% 0.8%

Expt 286/Flindersia brayleyana 0–5.5 years 5.6–7.2 years 7.3–10.3 years 10.4–14.2 years

2.8% 2.8% 0.3% 6.9%

Expt 166/Flindersia brayleyana 0–3.3 years 3.4–7.3 years 7.4–10.3 years 10.3–18.5 years

3.3% 3.9% 5.3% 6.5%

Expt 456/Flindersia brayleyana 0–3.5 years 3.6–5.6 years 5.7–14.8 years 14.9–17.4 years

8.6% 0.7% 8.2% 0.8%

Expt 283/Flindersia brayleyana 0–3.4 years 3.5–6.5 years 6.6–9.8 years 9.9–13.4 years

16.4% 0.7% 0.6% 1.8%

Expt 373/Flindersia brayleyana 0–1.2 years 1.3–7 years 7–14 years

2.2% 1.3% 2.2%

Expt 450/Flindersia brayleyana 0–4.7 years 4.8–7.7 years 7.8–13.9 years

4.9% 2.3% 1.0%

Expt 423/Flindersia brayleyana 0–1.3 years 1.4–5.5 years

23.8% 5.3%

Expt 245/Agathis robusta 0–3.2 years 3.3–7.3 years 7.4–10.1 years 10.2–13.4 years 13.5–16.3 years 16.4–25.8 years

4.1% 2.3% 3.7% 1.9% 1.5% 0%

Expt 246/Agathis robusta 0–5.3 year 5.4–7.5 years 7.6–10.3 years 10.4–14.8 years 14.9–20.2 years

1.4% 0.0% 1.1% 0.8% 0.1%

Expt 250/Agathis robusta 0–3.7 years 3.8–7.4 years 7.5–10.7 years 10.8–15.8 years 15.9–21.8 years

0.3% 1.7% 0.6% 1% 1.3%

Expt 282/Agathis robusta 0–3.4 years 3.5–6.5 years 6.6–9.8 years 9.9–13.6 years

1.5% 3.9% 1.9% 1%

Expt 286/Agathis robusta 0–7.2 years 7.3–10.3
years 10.3–14.2 years

0.2% 0.4% 0.3%

Expt 423/Agathis robusta 0–1.3 years 1.3–5.3 years

8.4% 5.8%



Forests 2020, 11, 386 20 of 28

Table A3. Cont.

Expt/Species Annualised Mortality Rate (%) for Time Period Intervals (years)

Expt 282/Araucaria cunninghamii 0–3.4 years 3.5–6.5 years 6.6–9.8 years 9.9–13.6 years 13.7–21.7 years

1.2% 5.2% 2.2% 2.9% 2.1%

Expt 246/Araucaria cunninghamii 0–4.6 years 4.7–7.5 years 7.6–10.3 years 10.4–14.8 years 14.9–20.2 years

0.3% 0.9% 0% 2% 1.9%

Expt 166/Araucaria cunninghamii 0–3.3 years 3.4–5.2 years 5.3–7.3 years 7.3–10.3 years 10.4–18.5 years

3% 2.5% 6.5% 1.5% 3.5%

Expt 243/Araucaria cunninghamii 0–3.4 years 3.5–7.3 years 7.4–10.2 years 10.3–15.2 years

0.6% 1% 2.5% 4.7%

Expt 286/Araucaria cunninghamii 0–10.4 years 10.5–14.2
years

0.2% 0.3%

Expt 450/Araucaria cunninghamii 0–2.7 years 2.8–4.7 years

1.9% 4.6%

Expt 350/Araucaria cunninghamii 0–2.4 years 2.5–18.4
years

0.4% 100%

Expt 245/Flindersia bourjotiana 0–3.2 years 3.3–7.3 years 7.4–10.1 years 10.2–13.4 years

10% 11.7% 0 28.3%

Expt 166/Flindersia bourjotiana 0–4 years 4.1–7.3 years 7.4–10.3 years

2.4% 1.6% 3.6%

Expt 226/Cardwellia sublimis 0–3.4 years 3.5–6.6 years 6.7–10.2 years 10.3–12.5 years

10.8% 3.6% 3.7% 9.9%

Expt 227/Cardwellia sublimis 0–1.7 years 1.8–3 years

33.5% 64.4%

Expt 450/Cardwellia sublimis 0–2.6 years 2.7–4.7 years

34.5% 20.7%

Expt 245/Flindersia ifflaiana 0–3.2 years 3.3–7.3 years 7.4–10.1 years 10.2–13.4 years 13.5–16.3 years

17.8% 2.2% 4.4% 0.0% 0.0%

Expt 245/Araucaria bidwillii 0–3.2 years 3.3–7.3 years 7.4–10.1 years 10.2–13 years

3.8% 0.0% 1.6% 4.9%

Expt 166/Khaya ivorensis 0–3.3 years 3.4–7.3 years 7.4–10.3 years

6.6% 0.0% 1.7%

Expt 138/Flindersia schottiana 0–3.4 years 3.5–6.3 years 6.4–8.5 years 8.6–10.3 years

2.3% 1.1% 1.5% 2.2%

Expt 324/Flindersia amboinensis 0–3.4 years 3.5–7.5 years 7.6–10.9 years

5.81% 1.63% 4.23%

Expt 166/Swietenia macrophylla 0–1.4 years 1.5–5.2 years 5.3–10.3 years

69.5% 26.2% 19.4%

Expt 166/Khaya senegalensis 0–3.3 years 3.4–7.3 years 7.4–10.3 years

34.5% 15.9% 15.4%

Expt 450/Eucalyptus grandis 0–2.6 years 2.7–4.7 years

43.2% 100%

Expt 450/Eucalyptus microcorys 0–2.6 years 2.7–4.7 years

27.7% 100%

Expt 450/Corymbia torelliana 0–1.3 years 1.4–3.4 years

93.3% 100%

Expt 450/Eucalyptus pilularis 0–0.1 years

100%
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Table A4. Summarized qualitative comments extracted from historical records of enrichment planting experiments in north Queensland.

Expt Enrichment Plantings Purpose of the Expt Age of Enrichment
Plantings (year) Comment/Conclusion

137 Flindersia brayleyana To observe the growth of enrichment
plantings in treated rainforest. 23.8 Maple grown successfully, possibly because

overwood basal area was below 15 m2/ha.

138 Flindersia schottiana To observe the growth of planted Flindersia
schottiana in treated rainforest. 10.3 Wallabies and borer attack caused significant

mortality.

159 Flindersia brayleyana To test the suitability of planted Flindersia
brayleyana in treated eucalypt forest.

0.3
Maple was severely damaged by wallabies. A
total of 60% of under-plantings died 3 months
after planting.

1.1 Very poor survival: deaths caused by consistent
browsing by wallabies (almost complete death).

226 Cardwellia sublimis To test the suitability of planted Cardwellia
sublimis in treated rainforest.

16.8 Overwood has not been reduced since 1963.

12.5 Overwood suppressed the enrichment plantings.

227 Cardwellia sublimis To test the suitability of planted Cardwellia
sublimis in treated rainforest. 3 Poor survival was caused by wallaby browsing.

243 Araucaria cunninghamii To test the suitability of planted Araucaria
cunninghamii in treated rainforest. 5.2 Poor growth caused by heavy growth of

overwood.

245

Flindersia brayleyana,
Agathis robusta,
Flindersia ifflaiana,
Flindersia bourjotiana,
Araucaria bidwillii

To study the growth of enrichment
plantings on a wet site in treated rainforest. 16.3

Growth of all species is falling because overwood
basal area is now 27 m2/ha.
Bunya pine had high survival rate, but its growth
was very poor.

246 Araucaria cunninghamii,
Agathis robusta

To test the suitability of enrichment
plantings in treated rainforest. 7.3 The form of both kauri pine and hoop pine was

good but vigour was fair.

250 Agathis robusta
To compare relative growth rate of the
northern and southern provenances of
Agathis robusta planted in treated rainforest.

21.8 At age 16, DBH for the best 100 tree/ha was 7 and
18 cm for plot 1 and plot 2, respectively.

15.8 Northern kauri pine in this experiment was better
than on Expt 245 due to lower basal area.

263 Flindersia brayleyana To test the suitability of planted Flindersia
brayleyana in treated eucalypt forest. 17.8 Enrichment plantings were suppressed by

eucalyptus species.
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Table A4. Cont.

Expt Enrichment Plantings Purpose of the Expt Age of Enrichment
Plantings (year) Comment/Conclusion

263 Flindersia brayleyana To test the suitability of planted Flindersia
brayleyana in treated eucalypt forest. 17.8 Enrichment plantings were suppressed by

eucalyptus species.

283 Flindersia brayleyana To test the suitability of enrichment planting
Flindersia brayleyana in treated rainforest. 13.4

Initial mortality (reason not known) was high, but
growth since then has been satisfactory. The trees
had good form.

286
Flindersia brayleyana,
Araucaria cunninghamii,
Agathis robusta.

To observe growth of rainforest species
when planted under ringbarked wattle. 14.2 Hoop pine performed well, whereas maple and

kauri pine grew poorly due to compacted subsoil.

310 Flindersia brayleyana To follow the development of Flindersia
brayleyana planted in treated rainforest. 16.1

Growth satisfactory. DBH growth peaked at age 8
to 9 when stand overwood was 15 m2/ha.
However, when overwood increased to 29 m2/ha,
growth declined.

311 Flindersia brayleyana To observe the growth of planted Flindersia
brayleyana in treated rainforest.

13.4

Maple grew very well despite a high initial
overwood basal area of 14.7 m2/ha, which
increased to 34.1 m2/ha at age 13. DBH increment
still 0.8 cm/year.

13.4
Form and vigor were satisfactory. Branching was
heavy but shedding is being stimulated by
rainforest growth.

317 Flindersia brayleyana To observe the growth of planted Flindersia
brayleyana in treated rainforest. 18.7

Poor growth because overwood basal area ranged
from 10 to 15 m2/ha when planted but increased.
Overwood was reduced at age 10 and growth of
the maple improved.

321 Flindersia brayleyana To observe the development of planted
Flindersia brayleyana in treated rainforest. 13.6 Competition from regrowth and vine resulted in

poor growth.

322 Flindersia brayleyana To observe the development of maple
planted in treated rainforest. 13.8

Good growth with the best trees having free
access to overhead light and planted away from
retained trees.

324 Flindersia brayleyana To observe growth of Flindersia amboinensis
in treated rainforest. 10.9 Very slow growth due to overwood basal area of

32 m2/ha.
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Table A4. Cont.

Expt Enrichment Plantings Purpose of the Expt Age of Enrichment
Plantings (year) Comment/Conclusion

329 Flindersia brayleyana To observe and record the growth of Flindersia
brayleyana in treated rainforest. 19.2 Growth in both plots is slowing dramatically because of high

overwood measured as 33 m2/ha in 1975.

331 Flindersia brayleyana
To collect increased data for GBH, basal area, and
volume to determine the yield potential of
Flindersia brayleyana planted in silviculturally
treated rainforest.

9.2 A total of 30% of underplants were suppressed by overwood.
Growth was poor.

11.7 Too much overwood remained in plot, resulted in very poor
growth of underplants.

332 Flindersia brayleyana To observe the growth of Flindersia brayleyana
planted in treated rainforest. 12.4 Slow growth: caused by the initial basal area of overwood (15

m2/ha), which rose to 33 m2/ha at age 12.

333 Flindersia brayleyana To follow the growth of planted Flindersia
brayleyana in treated rainforest.

16.8 Large retained rainforest trees restricted the growth of
enrichment plantings.

11.3 Most enrichment plantings had free access to overhead light and
side light. Form and log lengths were consequently good.

347 Flindersia brayleyana To assess the potential yield of planted Flindersia
brayleyana in silviculturally treated rainforest. 15.4

Poor growth due to suppressed by overwood. DBH increments
were falling steadily at age 12 to 15 due to overwood basal area
being 30 m2/ha.

350 Flindersia brayleyana,
Araucaria cunninghamii.

To observe the growth rate of enrichment
plantings in logged rainforest. 18.4 Hoop pine failed due to lack of tending. Maple showed that it

can grow successfully with minimum follow-up treatment.

373 Flindersia brayleyana To observe growth under different tending
regimes in treated rainforest. 8.8 The plots that had received no tending grew poorly.

423 Flindersia brayleyana,
A. robusta

To test the suitability of enrichment plantings in
treated rainforest. 5.5

Growth of enrichment plantings was good, but the survival was
poor from the start due to heavy vine growth. The long delay
between establishment and first tending resulted in severe
damage.

450

Flindersia brayleyana,
Araucaria cunninghamii,
Cardwellia bidwillii,
Eucalyptus grandis,
Eucalyptus microcorys,
Corymbia torelliana,
Eucalyptus pilularis

To calculate the cost of enrichment planting and
to assess growth and development of the
enrichment plantings.

7.7 The eucalyptus species planted failed, despite replanting.
This is the best maple plot in north Queensland.

7.7
The form of maple was reasonable and improving; some maples
were damaged from rung overwood; some suffered a setback to
form and vigour due to rampant vines growth.

4.7
Form of the hoop pine and bull oak was below average due to
vine damage and suppression by weeds. Eucalyptus species
failed completely.
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Table A5. The development of cohorts of overwood over time in enrichment planting experiments in north Queensland.

Expt/Plot Planted
Species

Surveyed
Date

(month/year)

Age of
Enrichment

Plantings (year)

Overwood Basal Area (m2/ha) and Stocking (stems/ha) of Each Cohort Stocking of
Enrichment

Plantings (stems/ha)

BA of Enrichment
Plantings (m2/ha)Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 Total BA and

Stocking

322/1
Flindersia
brayleyana

3/1961 0.3 11.5 (198) 11.5 (198) 721

7/1963 2.8 12.5 (198) 0.2 (69) 12.7 (267) 623

5/1966 5.6 14.4 (188) 0.3 (69) 1.5 (475) 16.2 (732) 553 2.2

7/1970 9.7 16.8 (178) 0.4 (59) 3.4 (475) 1.5 (554) 22.1 (126) 514 4.8

7/1974 13.8 18.9 (178) 0.4 (50) 4.5 (436) 2.6 (535) 0.17 (119) 26.5 (1318) 514 6.5

6/1979 18.7 15.3 (89) 0.4 (40) 2.2 (248) 2.0 (406) 0.21 (99) 0.01 (10) 20.1 (892) 514 8.4

245/2
Flindersia
brayleyana

8/1959 0.2 11.2 (179) 11.2 (179) 385

6/1961 2.2 11.7 (179) 11.7 (179) 326

7/1963 4.4 12.0 (169) 2.3 (362) 14.3 (531) 322

7/1966 7.3 13.3 (169) 3.0 (362) 2.7 (556) 18.9 (1087) 282 0.8

4/1969 10.1 13.8 (164) 2.4 (188) 4.8 (556) 2.5 (874) 23.4 (1738) 282 1.3

7/1972 13.4 14.2 (150) 1.9 (130) 6.8 (478) 4.1 (784) 1.67 (628) 28.7 (2170) 278 2.0

245/1 Agathis
robusta

8/1959 0.2 6.1 (58) 6.1 (58) 495

6/1961 2.2 6.3 (58) 0.01 (4) 6.3 (62) 438

7/1963 4.4 6.8 (58) 0.01 (4) 1.5 (261) 8.3 (323) 420

7/1966 7.3 7.7 (53) 0.0 (0) 2.5 (261) 3.0 (606) 13.2 (920) 393

4/1969 10.1 7.9 (53) 0.0 (0) 2.1 (164) 5.3(602) 1.28 (518) 16.5 (1337) 354 1.1

7/1972 13.4 8.5 (53) 0.0 (0) 1.3 (102) 8.0 (540) 1.99 (522) 0.65 (270) 20.5 (1487) 332 2.0

246/2 Agathis
robusta

5/1959 0.4 15.0 (233) 15.0 (233) 424

3/1961 2.2 15.6 (233) 15.6 (233) 401

7/1963 4.6 16.6 (233) 16.6 (233) 401

7/1966 7.5 18.2 (233) 2.9 (555) 21.0 (788) 401

4/1969 10.3 15.8 (214) 3.76 (517) 1.45 (476) 21.0 (1207) 382 0.32

1/1974 14.8 17.1 (210) 5.13 (471) 2.11 (448) 0.16 (5) 24.5 (1134) 364 1.67

4/1979 20.2 17.6 (177) 1.6 (131) 0.7 (117) 0.0 (0) 0.1 (14) 20.0 (439) 359 3.97
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Table A5. Cont.

Expt/Plot Planted
Species

Surveyed
Date

(month/year)

Age of
Enrichment

Plantings (year)

Overwood Basal Area (m2/ha) and Stocking (stems/ha) of Each Cohort Stocking of
Enrichment

Plantings (stems/ha)

BA of Enrichment
Plantings (m2/ha)Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6 Total BA and

Stocking

246/4 Agathis
robusta

5/1959 0.4 23.3 (158) 23.3 (158) 485

3/1961 2.2 23.9 (158) 23.9 (158) 480

7/1963 4.6 23.8 (153) 23.8 (153) 480

7/1966 7.5 25.2 (153) 1.5 (403) 26.6 (556) 475

4/1969 10.3 26.1 (148) 2.06 (357) 0.31 (153) 28.4 (658) 470 2

1/1974 14.8 28.1 (148) 2.94 (332) 0.52 (153) 31.6 (633) 459 4.5

4/1979 20.2 26.3 (128) 1.8 (153) 0.2 (51) 0.1 (15) 28.4 (347) 459 8.1

246/1
Araucaria
cunninghamii

5/1959 0.4 11.0 (213) 11.0 (213) 383

3/1961 2.2 11.5 (213) 11.5 (213) 376

7/1963 4.6 12.5 (213) 12.5 (213) 376

7/1966 7.5 16.7 (213) 2.7 (616) 19.4 (829) 356

4/1969 10.3 14.1 (201) 3.9 (585) 1.1 (457) 19.2 (1243) 356 0.4

1/1974 14.8 14.8 (190) 5.8 (542) 1.7 (426) 22.1 (1158) 321 1.7

4/1979 20.2 14.9 (151) 2.7 (217) 1.4 (159) 19.0 (527) 321 4.1

246/3
Araucaria
cunninghamii

5/1959 0.4 17.2 (178) 17.2 (178) 403

3/1961 2.2 17.5 (178) 17.5 (178) 403

7/1963 4.6 18.0 (178) 18.0 (178) 403

7/1966 7.5 18.7 (173) 1.7 (503) 20.4 (676) 403

4/1969 10.3 19.1 (160) 2.4 (472) 1.0 (455) 22.6 (1087) 403 1.0

1/1974 14.8 20.6 (156) 3.5 (468) 1.8 (442) 26.2 (1066) 373 2.1

4/1979 20.2 20.8 (134) 1.5 (147) 0.7 (91) 0.1 (13) 23.1 (385) 303 3.8

245/3
Flindersia
ifflaiana

8/1959 0.2 11.4 (118) 11.4 (118) 535

6/1961 2.2 11.8 (118) 11.8 (118) 292

7/1963 4.4 10.9 (106) 4.1 (516) 15.0 (621) 286

7/1966 7.3 11.8 (99) 5.9 (516) 3.4 (752) 21.1 (1366) 261

4/1969 10.1 12.2 (99) 5.5 (373) 5.2 (752) 2.4 (839) 25.3 (2062) 230

7/1972 13.4 12.6 (99) 5.3 (311) 7.4 (689) 3.8 (832) 1.5 (634) 30.5 (2565) 230
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