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Abstract

Restoration of forest ecosystems is a global imperative, yet there are relatively few
studies assessing the success of old forest restoration efforts in the tropics. We
assessed the vegetation structure, species diversity and composition of a 25-year-old
wildlife corridor restoration site linking two patches of mature rainforest in the uplands
of the Wet Tropics of Australia. Our results show that the vegetation structure of the
restored rainforest was similar to that of mature reference rainforest in profile, in the
overall stem size class distribution, in plot level means of stem basal areas and in the
number of individuals. Reference mature rainforest had significantly higher plot-level
mean biomass than was found in restored rainforest. Species richness and diversity
indices of the two forest types also showed differences, and these were significant in
terms of species composition, with the mature rainforest having a higher percentage
of wind or mechanically dispersed species, and restored rainforest having more
animal dispersed species. Although the restored rainforest is not compositionally
similar fo mature rainforest, the habitat it provides for wildlife and the presence of
many mature rainforest species recruiting in the restored rainforest are positive
restoration outcomes. Future monitoring and comparisons with other revegetated
sites or naturally regenerating forest will provide deeper insights into the processes of
recovery in restored forests.
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Introduction

Tropical rainforest restoration is of paramount
importance for potentially ameliorating the
negative impacts of land clearing and buffering the
effects of anthropogenically induced climate
change and forest fragmentation (Haddad et al.
2015). Recognizing the urgency for restoring
natural habitats, various conventions have set
ambitious restoration agendas at the global scale
such as the Aichi Biodiversity Targets, which
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propose to restore 15% of the land area worldwide
(Convention on Biological Diversity 2020), and the
Bonn Challenge, which aims to restore tree cover
on 350 million hectares of land by 2030 (Verdone
& Seidl 2017). The goals of these efforts include
biodiversity conservation, carbon sequestration to
combat climate change, improvements to the
quality of ecosystem services such as water quality
and supply, and improved human livelihoods that
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go hand in hand with healthy restored forest
ecosystems (Chazdon et al. 2017).

Forest fragmentation is one of the leading causes
of biodiversity decline and local extinctions in
tropical rainforests; it disrupts the dispersal of
plants and animals, subjects forest biota to edge
effects, and facilitates invasion by pests and exotic
species (Murcia 1995; Fahrig 2003; Goosem 2012).
The effectiveness of restored habitat in buffering
the negative impacts of landscape fragmentation
and preventing further extinctions will likely
depend on how similar the restored habitat is to
the original rainforest (Rocha et al. 2018). Forest
restoration is underpinned by ecological succession
and community reassembly theory (e.g. Howe
2016). In an ecosystem restoration context,
studying the recovery of restored forest provides a
framework to monitor the development of eco-
system processes and function (Hobbs & Norton
1996).

Restoration success can be measured by examining
vegetation structure, diversity and species
composition, all widely-used indicators of recovery
trajectory and self-maintenance of restored
ecosystems (Ruiz-Jaen & Aide 2005; Wortley et al.
2013; Prach et al. 2019). For instance, the develop-
ment of forest vegetation structure can reflect the
recovery of various ecosystem attributes and
ecological processes, such as microclimate (Milling
et al. 2018), protection against soil erosion (Zhou
et al. 2008) and sequestration of carbon (Wang et
al. 2011; Chazdon et al. 2016). Restored vegetation
structure can pave the way for the recovery of the
composition and abundance of plant species
(Suganuma & Durigan 2015), microorganisms
(Banning et al. 2011), faunal groups (Whitehead et
al. 2014; Lawes et al. 2017; Zachar et al. 2017;
Derhé et al. 2018), and soil biology and chemistry
(Rachmat et al. 2021), thus fulfilling several
ecological restoration objectives (Palmer et al.
1997). Another assessment method commonly
used is to estimate the number or abundance of
new native species that have recruited in the
restoration sites (Reid 2015; Catterall et al. 2004).
This indicates natural regeneration or recruitment,
and the extent to which ecological processes and
self-organized sustainability or resilience of the
ecosystem have been re-established (Prach et al.
2019). Finally, plant species composition is an
indicator of fundamental ecosystem properties,
and is regarded by some restoration ecologists to
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be ‘the principal obligation of restorationists’
(Clewell & Aronson 2013; Rydgren et al. 2020).
Although floristic composition of restored sites
may not return to that of mature rainforest, it is
useful to understand how closely the species
composition of restoration sites approximates that
of reference habitats (Crouzeilles et al. 2017; Meli
et al. 2017; Prach et al. 2019).

Whilst restoration ecology has grown significantly
over the last few decades, there are still
comparatively few studies documenting success of
restoration efforts on a decadal-scale. In part, this
could be due to the paucity of old restoration sites
(> 15 years old) established with a view for long-
term monitoring (Kanowski et al. 2008; Wortley et
al. 2013). For instance, most investigators evaluate
restoration success 6-10 years after implementa-
tion (Freebody 2007; Gatica-Saavedra et al. 2017).
A lack of funding (DelLuca et al. 2010) or good
record keeping (McDonald 2006) can also hamper
monitoring efforts.

The presence of a relatively well-documented and
well-established rainforest restoration project in
the Wet Tropics of Australia provides an opportu-
nity to examine restoration success. Fortuitously,
the rainforest species in the region are relatively
well-known and expertise in plant identification is
available. In this study, we compare the structure,
species diversity and species composition of forest
plots in a restoration site (>20 years old) to forest
plots in a nearby patch of intact reference forest
(henceforth mature rainforest). Our research
revolves around answering the following question:
How similar is the (1) vegetation structure, (2)
species diversity, and (3) species composition of
this 25-year-old restoration planting in comparison
to intact mature rainforest?

Methods

Study area and vegetation sampling

The study was conducted near the eastern edge of
the Atherton Tablelands, northeast Queensland,
Australia, within the Australian Wet Tropics
Bioregion. Historically, the upland rainforests of
the Atherton Tablelands and the lowland
floodplains have been extensively cleared for
agriculture and dairy farming (Winter et al. 1987,
Collins 1994; Goosem et al. 1999). Our reference
plots of mature rainforest were situated in the
forest vegetation surrounding Lake Barrine (145°
38' E, 17° 15’ S), a volcanic maar at an altitude of
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c. 760 m a.s.l.,, and contained within a ¢. 500 ha
section of the Crater Lakes National Park (NP), and
our restoration plots in a revegetated forest
(Donaghy’s Corridor, see later) just southeast of
the lake (Fig. 1). There is no long-term rainfall
gauge data available in the vicinity; however mean
annual rainfall is believed to be about 2.5 m; mean
annual temperatures vary from 25°C in January to
15.5°Cin July (Tracey 1982).

The Lake Barrine section of the Crater Lakes NP is
comprised primarily of mature tropical rainforest
known as complex mesophyll vine forest (Tracey
1982) and as Regional Ecosystem 7.8.2 (Goosem et
al. 1999). This rainforest type grows over basaltic
soils, and is characterized by well-developed
canopy stratification, the conspicuous presence of
trees with plank roots, numerous robust woody
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lianas, and a high diversity of lifeforms (Tracey
1982). At a broader landscape scale, Lake Barrine is
a forest fragment which in precolonial times was
continuous with a larger block of rainforest in
Gadgarra NP, due southeast (Fig. 1). However, in
the 1930s, the forest growing over basaltic soils
was mostly cleared to make way for agricultural
expansion, leading to the Lake Barrine rainforest
being reduced to its current extent and previously
isolated from the larger block of forest at Gadgarra
NP (totalling 80,000 ha when including Wooroonoran
NP; Harrison et al. 2003). However, the hydrolog-
ical system of the two forest blocks remained
connected by Toohey Creek, which issues from
Lake Barrine and flows across farmland into the
Gadgarra NP (Fig. 1).

Figure 1. The study site at Donaghy’s Corridor and Lake Barrine National Park,
Atherton Tablelands, Australia. The inset on the top right shows state of
deforestation at the Donaghy’s Corridor area in the 1940s, and the outline of
Toohey Creek is highlighted in black for emphasis. Location of the study plots are
indicated in yellow dots denoting restored rainforest plots (n = 6) and green dots
denoting mature rainforest reference plots (n = 6).
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Between 1995 and 1998, a reforestation planting
project was undertaken to establish Donaghy’s
Habitat Linkage (hereafter Donaghy's Corridor).
Donaghy's Corridor is a 1.2 km x 100 m planting of
rainforest species along both flanks of Toohey
Creek on basalt soils (Fig. 1; Tucker & Simmons
2009), and represents one of the earliest large-
scale efforts to reinstate rainforest on cleared land
in the Australian Wet Tropics (Catterall & Harrison
2006). The objective of the planting was to create a
habitat linkage between the forests of Lake Barrine
and Gadgarra NP and to provide habitat for forest
fauna species potentially affected by fragmenta-
tion (Tucker & Simmons 2009). A baseline survey
recorded all vascular plants on the site before
treatment, including vegetation along the creek,
isolated paddock trees and other vegetation within
100 m of re-planted areas (but excluding forests at
either end of Donaghy’s Corridor). The forest
restoration at Donaghy’s Corridor employed a
diverse planting model approach (Tucker & Simmons
2009), which in this case involved planting around
16,800 selected seedlings from 100 native tree
species within the c. 16 ha area (c. 3000 stems ha™).
Motorised augurs were used to drill holes into sites
where weeds had been sprayed out prior to
planting. Plants were spaced 1.7 m apart. Following
the planting, weeds were treated with herbicide
until canopy closure at c. 18 months. The species
planted consisted of trees that would have been
present on basaltic soil that occurs in the area
(Goosem & Tucker 2013; see also Supplementary
Table S1). By 2006, a vegetation strip with a closed
forest canopy had formed, linking Lake Barrine and
Gadgarra NP (Tucker & Simmons 2009). A number
of studies has also since been carried out to
monitor wildlife use of the habitat corridor (Tucker
2000; Paetkau et al. 2009).

Our overarching objective was to assess restora-
tion success by comparing the current vegetation
in restored rainforest in Donaghy’s Corridor
(restoration treatment) with that of mature
rainforest in Lake Barrine NP (control treatment).
To accomplish this, we sampled six 50m x 3m
plots in each area between August and December
2021 (Fig. 1). Spacing between plots was at least
150 m. We did not sample plots in the Gadgarra NP
area to the southeast of Donaghy’s Corridor, as this
reserve is situated on granitic substrates, and its
rainforest has a simpler structure (simple notophyll
vine forest; Tracey 1982) than the complex
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rainforest that would have historically vegetated
Donaghy’s Corridor. Consequently, the two areas
could not be expected to have similar vegetation
structure, species diversity or species composition.

In each plot, we established a 50 m long transect
and identified all tree, shrub and vine stems > 1 cm
diameter at breast height (1.3 m; DBH) within
1.5 m either side of the centre line. Stem diameters
were measured with a DBH tape, and stem heights
were estimated using a Nikon Laser Rangefinder.
We deviated from other studies that measured
only stems >10cm DBH because we wanted to
account for the diversity and basal area of plants in
smaller stem size classes (1-10 cm DBH), which can
be important for more comprehensive biomass
accounting (Preece et al. 2012). Within the sampled
transects, we also distinguished between species
that were part of the original planting, and those
that had naturally recruited, possible because
records of the species planted in each year had
been maintained.

To obtain a measure of the density of small plants
(<1 cm DBH), we marked out a 5 m x 3 m subplot
(15 m?) at the midpoint of each plot, and used
callipers to measure the basal diameter of all
herbs, grasses, shrubs and tree seedling and
sapling stems within this subplot. We made an
inventory of all additional species occurring within
each plot. We also opportunistically noted any
additional species in both the corridor and in the
reference forests in the rainforests surrounding
Lake Barrine and include them in the species list in
the Supporting Information (Table S1). Within each
plot, we estimated leaf litter cover and canopy
cover. Leaf litter was visually estimated in five 1 m
X 1 m subplots at points 5m, 15m, 25m, 35 m,
45 m along the transect centre line using a
modified Braun-Blanquet scale (van der Maarel
1979), as follows: 1 — <5%; 2 — 5 to 25%; 3 — 25 to
50%; 4 — 50 to 75%; 5 - >75% cover. Percent
canopy cover was also estimated at the same
points along the transect from photographs taken
1.3 m above the ground using the CanopyCapture
app (Patel 2018) installed in a Samsung S9 mobile
phone. The CanopyCapture app estimates the
vertical tree crown projection per unit area of the
ground surface (Winsen & Hamilton 2023).

A representative plot was selected from each of
the restored and mature rainforest plots for the
purpose of creating a profile diagram. To do this,
we collected extra information from each tree
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stem 21 cm DBH. The location of each stem was
recorded using the measuring tape as a Y-axis
(between 0— 50 m), and another measuring tape
to record the X-axis (between -1.5— 1.5m). For
each stem, we also recorded height to first branch,
an estimate of crown width, and basal stem
diameter parallel to or intercepting the Y-axis.

We defined successional species as those that are
associated with disturbance or regrowth and are
typically shade intolerant, and mature forest
species as those that are not found in early
successional environments, and have seedlings or
mature adults that are shade tolerant (e.g.
Whitmore 1990; Van Breugel et al. 2007). We
based this classification on local knowledge of
species ecologies (Goosem & Tucker 2013; Zich et
al. 2020). We also considered a number of
epiphytes (e.g. ferns and herbs) to be mature
forest species as they are not typically associated
with successional environments (Table S1). We classi-
fied species as wind-, animal- or mechanically dis-
persed based on Tucker & Murphy (1997), Cooper
& Cooper (2004), and Seale & Nakayama (2020).

Data management and analysis

We compared vegetation structure between the
two forest types qualitatively and quantitatively.
We produced profile diagrams (visual tools for
examining and comparing forest stand stratification
and development; Richards 1996; Larsen & Nielsen
2007) to compare forest structure. Plot-level stem
density was compared using a t-test. We calculated
stem basal areas (m?) for each plot using the
measured DBH values for each stem and the mt rule,
and compared treatment means using a t-test. In
cases where individuals had multiple stems, we
calculated the basal area of each stem and then
summed the basal areas of all the stems to obtain
the basal area of the individual plant. Tree above-
ground biomass of each stem was calculated for
each plot using an allometric equation developed
by Chave et al. (2014), and treatment means were
compared using a t-test. Data on wood density
were obtained from a national wood density data-
base (llic et al. 2000). Species-level wood density
values were lacking for some species, and in these
cases, we used genus-level average values. The
mean stem size class distributions of restored and
mature rainforest plots were visualized with a
histogram, and the treatment means within each
respective size class were compared using t-tests.
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Species richness and Shannon and Pielou’s
evenness indices for the measured stems 21 cm
DBH in each plot were computed for each study
area, and compared using student t-tests.
Treatment medians of leaf litter cover were
compared using a Mann Whitney test. To visualize
and compare species richness between the two
treatments, we also plotted rarefied species
abundance curves.

Overall species composition in the two treatments
was compared by creating a species list for each
forest type based on presence-absence, including
all additional species in the sampling plots that
were undetected during stem measurements. We
then plotted Venn diagrams to visualize differences
between treatments in the number of shared and
unique species, and the overall species composition
of small plants. We also report the number of new
species found in Donaghy’s Corridor that were not
previously planted.

To examine plant community structure and plot-
level species composition, we performed a non-
metric multidimensional scaling ordination using a
Bray-Curtis similarity distance matrix and trans-
formed (Wisconsin standardization and square root
transformation) abundance data for all tree, shrub
and liana species. After discarding third and fourth
dimensions with little biological information, and a
maximum of 200 random starts, the ordinations
resulted in highly orthogonal principal axes in two
dimensions using a Bray-Curtis similarity distance
matrix. The axes were correlated with the
percentages of species types (successional or mature
forest species) and dispersal syndrome (animal,
wind or mechanically dispersed seeds) using
Bonferroni adjusted P values. We used a PERMANOVA
to test for significant differences in species compo-
sition between treatments. All analyses were per-
formed in R (R Core Team 2022). Ordinations were
performed using the metaMDS function, and
PERMANOVAs were run using the adonis function
in the package ‘vegan’.

Resulis

Vegetation structure

We recorded a total of 912 large stems within the
plots across the two sites, with slightly more stems
in the mature rainforest than in the restored
rainforest (Table 1). We recorded a total of 1,128
small stems within the subplots, with slightly more
plants in the restored rainforest. The number of
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Table 1. Structural and diversity measures of plants in a restored rainforest corridor at Donaghy’s Corridor
and nearby mature rainforest in Lake Barrine National Park. Study plots were 150 m%; subplots were 15 m”.
Error terms are standard errors of means. Comparison of leaf litter cover were made using a Mann Whitney

test; all other comparisons were made using t-tests. ns indicates P >0.05. See Methods and Table S1 for
definitions of successional and mature forest species, and dispersal syndromes.

Donaghy’s Corridor
(restored rainforest)

Lake Barrine

(mature rainforest)

Significance
of difference

Whole of site measures

Species richness (species site™) 157 199 -
Leaf litter cover (median Braun-Blanquet class) 4-5 4-5 ns
Canopy cover (%) 85.7 (¥2.17) 83.6 (+0.77) P<0.05
Large plants (2 1 cm DBH)
No. stems (stems measured site™) 446 466 -
No. of plants (plants plot™) 78.3 (£34.9) 86.7 (+21.7) ns
Basal area (m* ha™) 825.3 (+333.6) 1212.1 (+405.8) ns
Biomass (t plot™) 7.81 (£3.91) 16.94 (+6.71) P<0.05
Species richness (species site™) 92 111 -
Species richness (species plot™) 31.8 (+5.6) 34.2 (+7.5) ns
Shannon's Diversity (H') 2.989 (+0.358) 2.986 (+0.237) ns
Pielou's Evenness (J') 0.869 (+0.111) 0.85 (+0.029) ns
Successional species (% plants) 51.8 (£7.9) 48.2 (£7.9) P <0.05
Mature forest species (% plants) 20.7 (+7.2) 79.3 (7.2) P <0.05
Animal-dispersed species (% plants) 75.7 (+4.5) 75.8 (+5.1) ns
Wind-dispersed species (% plants) 19.3 (£5.0) 15.0 (+ 6.7) ns
Mechanically-dispersed species (% plants) 5.0 (£3.4) 9.2 (£3.1) ns
Small plants (<1cm DBH or <1.3m high)
No. stems (stems measured site™) 621 507 -
No. of stems (stems subplot™) 103.5 (+32.9) 84.5 (+25.2) ns
Basal area (cm” subplot™) 29.5 (+15.1) 39.5 (+56.0) ns
Species richness (species site™) 21.7 (£1.5) 18.5 (£3.2) ns
Successional species (% plants) 50.9 (+9.7) 27.7 (+8.8) P <0.05
Mature forest species (% plants) 49.1 (£9.7) 72.3 (+8.8) P <0.05
Animal-dispersed species (% plants) 87.3 (+2.8) 69.9 (+7.3) P <0.05
Wind-dispersed species (% plants) 6.2 (+6.2) 8.6 (+2.7) ns
Mechanically-dispersed species (% plants) 6.5 (£3.9) 21.5(+7.3) P <0.05

large and small stems, large stem basal area, small
plant basal area, and leaf litter cover did not differ
significantly between the treatments. The mature
rainforest plots had twice the biomass as the
restored rainforest plots, and this difference was
signficant. Conversely, the restored rainforest plots
had marginally, but significantly, higher canopy
cover than the mature rainforest had.
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Our forest profile diagrams show the similarity
between the vegetation structure of the two
treatments (Fig. 2). Both profiles show a well-
developed canopy around 30 m high with well-
developed subcanopy and understorey strata.
Other structural elements such as plank buttresses,
lianas and epiphytes were also conspicuous. Both
sites exhibited similar median abundances in each
stem size class and had an overall reverse-J shaped
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Figure 2. Profile diagrams of a representative vegetation transect in A. a 25-year-old restored rainforest in Donaghy’s Corridor, and B. mature rainforest
in Lake Barrine National Park, Atherton Tablelands, Australia. Canopy trees in the revegetated corridor that were originally planted are in shown in blue.
Species abbreviations: Aaci = Acronychia acidula; Aper = Argyrodendron peralatum; Apet = Alphitonia petriei; Asti = Austrosteenisia stipularis; Calp =
Castanospora alphandii; Csub = Cardwellia sublimis; Ctri = Cryptocarya triplinervis; Dmol = Dysoxylum mollissimum; Egra = Elaeocarpus grandis; Erum =

E. ruminatus; Facu = Flindersia acuminata; Fhis = Ficus hispida; Fpim = Flindersia pimenteliana; Fsch = Flindersia schottiana; Glas = Guioa lasioneura; Lfaw =
Litsea fawcettiana; Mell = Melicope elleryana; Msub = Macaranga subdentata; Ndea = Neolitsea dealbata; Opan = Olea paniculata; Pcle = Phaleria
clerodendron; Scry = Syzygium cryptophlebium; Slan = Sloanea langii; Tcil = Toona ciliata; Xwhi = Xanthostemon whitei.
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size class distribution (Fig. 3). The only exception
was the number of stems in the 20-29.9 cm DBH
class, in which the restored rainforest had a
marginally, but significantly, higher number of
stems than the mature rainforest (t = 2.424, P < 0.05;
Fig. 3). Life form distribution was similar between
the two sites, although the mature rainforest had a
slightly higher percentage of epiphytes, and a
lower percentage of trees than the restored
rainforest (Fig. 4A).

Species richness and composition

A total of 257 plant species was recorded across all
plots (Table S1). Species in the mature rainforest
site were nearly evenly divided between those
unique to this site and those shared with the
restored rainforest (Fig. 4B). The restored rain-
forest also had several unique species, although
fewer than the mature rainforest. Of the 137
species found in the Donaghy’s Corridor plots, 69
species (50.4%) were part of the original planting
list, while 68 (49.6%) were species that had not
been planted (Table S1). Many of these new
species were herbs, epiphytes and vines that were
also shared with the reference mature rainforest
(Table S1). At both sites, estimated species richness

of both large and small plants increased with the
number of individuals recorded (Fig. 5). However,
the failure of rarefaction curves to reach a
asymptope suggests that all our measures of
species richness were underestimates. Rate of species
accumulation of both plant size classes (as inter-
preted from the slope) was higher in mature
rainforest than in restored rainforest, suggesting
greater actual richness the mature rainforest site.

No significant differences were found between the
two treatments in any diversity measures of large
plants (Table 1). However, the restored rainforest
had significantly fewer mature forest species and
significantly more sucessional species than than
were found in the mature rainforest site. This
pattern held for both large and small plants.
However, the restored rainforest included five
mature rainforest species that were not present in
the mature rainforest, and had not been part of
the original plantings (Table S1).

Animal-dispersal was the most abundant dispersal
mechanism in both treatments. Among large
plants, wind-dispersed species were the next most
abundant and mechanically-dispersed species the
least, with no differences in their relative abundance
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Figure 3. Mean abundances of trees (21 cm DBH) by diameter class in restored
rainforest plots at Donaghy’s Corridor (n = 6) and mature rainforest plots at Lake
Barrine National Park (n = 6), on the Atherton Tablelands, Australia. Each size class
is annotated with the significance class for t-tests (ns = not significant, * P < 0.05).
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Figure 4. A. Piechart of the relative abundance of lifeforms; and B. Venn diagrams
showing the total shared and unique species of all plants in plots in the restored
rainforest at Donaghy’s Corridor (yellow circles) and mature rainforest at Lake Barrine
National Park (green circles), Atherton Tablelands, Australia.

between treatements. However, among the small
plants, the restored rainforest had a significantly
higher percentage of animal-dispersed species,
(mainly of small seeded species; e.g. Guioa spp.),
with no significant differences in the relative
abundance of wind-dispersed species (notably
Argyrodendron). While large seeded, animal-

dispersed species were more abundant in the
mature rainforest, some were also found in the
restored rainforest (e.g. Beilschmiedia bancroftii),
but only as seedlings or scattered individuals of the
original plantings, and these were too few to allow
statistical comparison with mature forests.

Tng et al.: Restored rainforest 25 years after planting
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Figure 5. Rarefaction curves with 95% confidence intervals of estimated species richness of (A) large
plants (21cm DBH) and (B) small plants in restored rainforest plots at Donaghy’s Corridor (n = 6) and
mature rainforest plots at Lake Barrine National Park (n = 6) , Atherton Tablelands, Australia.

Even though the two treatments shared >36% of
total species, their plot-level species composition
differed markedly, as can be seen in the
segregation of the mature rainforest and restored
rainforest plots in both NMDS ordinations (Fig. 6).
The PERMANOVA analysis indicated that these
species compositional differences were significant
(Large plants: Fyq; =4.181, P =0.005; Small plants:
F111 = 3.072, P = 0.005). In the large-plant ordination,
NMDS axis 1 was negatively correlated with the
percentages of successional forest species, and
positively correlated with the percentage of
mature forest species (Fig. 6A). In the small-plant
ordination, NMDS axis 1 was found to be negatively
correlated with the percentage of animal-dispersed
species, and positively correlated with the
percentage of wind-dispersed species (Fig. 6B).
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Discussion

Our findings demonstrate the results that can be
achieved in the restoration of Australian tropical
rainforests, but that even after a concerted
revegetation program and 25 years restored
rainforests will be different to intact remnant
rainforest. While many aspects of vegetation
structure and species diversity in the restored
rainforest approximated those of the mature
rainforest, the plot-based species composition of
the two forest types remains dissimilar.

It is not surprising that the structure of the
restored rainforest approximated that of the
mature rainforest, while the floristics did not. This
phenomon also occurs in naturally regenerating
secondary forests, which exhibit structural
similarities to mature rainforest but lag in floristic
recovery (Yeo & Fensham 2014; Goosem et al.
2016; Mullin et al. 2020). Kanowski et al. (2003)
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found that rainforest structure recovered within
5-22 years of planting. However, there is scant
information on the recovery of aboveground
biomass. We demonstrated that 25-year-old
restored rainforest still had substantially and
significantly lower above-ground biomass than was
found in the nearby mature rainforest. This

Tng et al.: Restored rainforest 25 years after planting

difference is likely due to the presence of a few
very large and old trees in the largest size class in
mature rainforest plots, including Agathis microstachya,
Aleurites  rockinghamensis, Argyrodendron spp.,
Cardwellia sublimis and Elaeocarpus ruminatus
(e.g. Fig. 2 and Table S1). These species are particu-
larly important for carbon sequestration because
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of their dense wood, large size, and great longevity
(Bello et al. 2015; Peres et al. 2016). The low
density of such trees meant that this biomass
difference was obscured in the size class
comparison between sites.

Restored forest may also take decades or centuries
before its species composition approaches that of
intact forest, and may never do so. Lack of
convergence in floristic composition has even been
found in naturally regenerated secondary
rainforest after 60 years (Goosem et al. 2016). In
our study, lack of convergence in species
composition was particularly marked in the canopy
and subcanopy trees, with successional species
being more important restored rainforest and
mature rainforest species in the mature rainforest.
However, relative abundance of species within
each of the dispersal classes only differed signifi-
cantly among plants in the smallest size class.
Presence of only low numbers of large-seeded,
animal-dispersed in the restored rainforest has also
been found in other studies, reflecting their limited
dispersal capacity (Silva & Tabarelli 2000; Reid et
al. 2015). However, Tucker et al. (unpublished
data) did find evidence of large-fruited Lauraceae
being dispersed internally and from forests outside
the corridor.

The lack of plot-level similarity in species composition
between the 25-year old restored rainforest and
mature-phase reference forest should not be
interpreted as a failure to achieve positive
restoration outcomes. In the first instance, there is
not information about the preclearing vegetation
composition, and some spatial variation between
sites is likely. Secondly, establishment of vegetation
structure can pave the way for later natural
regeneration through dispersal from surrounding
intact rainforests. Strategic placement of restoration
sites, along with the use of carefully selected
species mixtures can facilitate dispersal across
landscapes, and the presence of small plants of
mature rainforest species that had not initially
been planted in the restored corridor is evidence of
this. Re-establishing habitat connectivity between
fragments can enhance the likelihood of maintaining
dispersal at the landscape scale by providing
‘stepping stones’ for large frugivores to travel
between remnants. Wildlife use of Donaghy’s
Corridor since the initial planting includes species
likely to disperse the seeds of rainforest plants
(Paetkau et al. 2009; Tucker & Simmons 2009;
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Tucker & Ford 2023); and instances of seed caching
have been observed (authors’ unpublished data).
Maintaining frugivore populations —and the dispersal
services they provide — appears to be essential for
the restoration of species diversity and ecological
functioning that typify mature tropical forests
(Moran et al. 2009). Rainforest species recorded in
the restoration site that had not been planted
must have arrived through seed dispersal from the
surrounding intact rainforest. This was particularly
the case for animal-dispersed species. A heteroge-
neous and ecologically-connected landscape is
likely to favour the persistence of large frugivores
and increase the probability that dispersal, and
hence continue to aid natural development of
functionality and resilience in restored areas.

Our finding that almost half the species found in
the restored rainforest were not part of the list of
initial plantings was a positive result for restoration,
and confirms the developing conservation value of
Donaghy’s Corridor and its ecological function.
Although the majority of these new species were
vines, epiphytes and herbs, there were also
promising numbers of large-fruited mature
rainforest species (e.g. Beilschmiedia bancroftii).
Tucker and Murphy (1997) similarly found high levels
of recruitment of rainforest species in restoration
sites close to mature rainforest. In contrast,
plantings at a greater distance from mature
rainforests may have slower recruitment of mature
rainforest species (Pohlman et al. 2021).

Despite this evidence of dispersal, representation
of mature forest species in our restoration site was
still lower than that in the mature rainforest.
Engert et al. (2020) made similar findings, and
discussed them in terms of functional trait
representation differences between restoration
plantings and mature rainforest. Assessing the
functional trajectories of restored rainforests (e.g.
Brancalion & Holl 2016; Manhaes et al. 2022) could
therefore be a productive avenue for future research.

Despite numerous rainforest restoration projects in
the Wet Tropics bioregion, there has been no
routine, systematic, long-term monitoring of their
success (Goosem & Tucker 2013). This study
provides a model for assessing rainforest recovery
through the the use of standard sized plots for
assessing vegetation tructure and floristics. We
hope that it stimulates others to undertake similar
assessments of restoration efforts throughout the
region and beyond.
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