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Dispersal, recruitment and establishment limitations are crucial processes shaping forest
composition. In secondary forests these mechanisms may operate differently than in
mature forests, because young and isolated secondary forests may suffer stronger
limitations due to a lack of suitable dispersers and harsh environmental conditions—
such as the elevated competition of exotic grasses. To assess establishment limitations
in these forests, we undertook transplant experiments involving seeds and seedlings
along a chronosequence of secondary forests in tropical Australia. The experiments
included six species that varied in seed size (6–50 mm in length) and successional
status (early to late successional). Seeds of five species were placed in one of three
treatments: (1) exposed seeds, (2) fenced seeds, and (3) buried seeds, and multiple
seedlings of six species were transplanted in block treatments. After 14–17 months,
seed from all plant species germinated across all ages of secondary forests. However,
in young secondary forest sites (4–12 years) fewer germinated seeds survived. The
highest survival rates were observed for buried seeds (27.2%) compared to the low
survival of exposed seeds (6.0%). Planted seedlings (6 spp) had the greatest overall
survival (63.1%) and the highest growth rates in older secondary forests. We found that
species identity was important for growth and survival in both experiments, but detected
no effect of successional status or seed size. A crucial finding of this study was that the
buried seeds of all species germinated and had relatively high survival irrespective of
variation in site conditions or successional status, suggesting that seed availability may
be a greater barrier to recovery of secondary forests in the region than the establishment
limitations imposed by environmental conditions.
Keywords: chronosequence, dispersal limitations, establishment, forest succession, seeding experiments,
seedling plantings, secondary forest

INTRODUCTION
Rapid transformation of mature tropical forests puts at risk the high biodiversity and the varied
ecosystem services these forests provide. Approximately 70% of the tropical rainforest biome has
been modified into a matrix of mature forest remnants, agricultural fields, and secondary forests
of different ages (Dent et al., 2013; van Breugel et al., 2013). Secondary forests are essential to
biodiversity conservation, carbon sequestration and landscape connectivity, and understanding
limitations to their recovery is vital to ensure best-practice management in the future (Faria et al.,
2009; Dent et al., 2013; Chazdon, 2014; Rozendaal et al., 2019).
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recovery of taxonomic and functional diversity of indicator
groups (González-Tokman D. et al., 2018), increased knowledge
regarding the strength of the processes that influence recovery
in different landscapes is required (Rozendaal et al., 2019).
Experimental research may assist in providing the necessary
information to understand natural regeneration in secondary
forests and develop management strategies to aid their recovery
(Bentos et al., 2013).
Direct seeding and planting of seedlings have been widely
investigated in different ecosystems to examine the potential
of species in forest restoration, their potential economic
value to forestry, their use by wildlife or to investigate how
functional traits (e.g., seed size) influence performance (Palma
and Laurance, 2015). In this study, we used direct seeding
and planting of seedlings to investigate whether establishment
limitation is a major barrier to forest succession and recovery.
Our experiments tested one main hypothesis establishment
limitation plays a major role in slowing down succession
in secondary forests. We predicted that germination, survival
and growth rates would vary among seeds and seedlings
in a successional forest chronosequence because they may
experience different establishment limitations. We expected
lower germination, survival and growth rates in young secondary
forests compared to older forests. We used large and small-seeded
species and predicted that if secondary forest age and/or seed size
does not affect establishment then there would be no difference
in germination, survival and growth rates among treatments.
The different seed treatments (exposed, fenced, buried) helped
us understand establishment limitations in the different sites.
If predation and/or desiccation were limiting establishment,
buried seeds would be more successful in all age categories.
Alternatively, if these establishment limitations do not constraint
the germination of exposed or fenced seeds, all treatments would
have equal germination, and just placing seeds directly in the
soil would be a fast and easy approach to enhance biodiversity
recovery in these regenerating forests.
Planted seedlings of the same species provided insights
on how the environment could limit growth and survival.
If high rates of herbivory, mortality, and slow growth were
found in all forests, establishment limitations could be
strongly influencing the recovery of these tropical forests.
Experiments like these ones that evaluate establishment
limitations could provide guidance for successful management
strategies (de la Peña-Domene and Martínez-Garza, 2018).

Models of forest succession explain and predict changes in
species composition specifying interactions among species, and
how plant traits affect such interactions through time (Pickett
et al., 1987; Meiners et al., 2015; Pulsford et al., 2016). Some
models focus on the physiological and morphological traits
of the first colonists (e.g., Egler, 1954; Connell and Slatyer,
1977) and highlight that most of the species that will dominate
later in succession are present since the onset of succession
(Egler, 1954). These species will either prevent or facilitate
the colonization of other species according to their life-spans
and stress tolerances (Drury and Nisbet, 1973; Connell and
Slatyer, 1977). Other models propose that changes in species
composition depend on tradeoffs between life history traits,
that differentiate species in their ability to acquire resources
(Pulsford et al., 2016). For example, the tolerance-fecundity
tradeoff model (Muller-Landau, 2010) that also explains tropical
succession assumes that species vary inversely in fecundity and
stress-tolerance; species with high fecundity and small seeds are
unable to tolerate environmental stress (e.g., low soil moisture)
whereas species with low fecundity and large seeds are able to
tolerate environmental stress. Nonetheless, small seeded species
tend to dominate early in succession because they are highly
fecund and can be dispersed widely (Coomes and Grubb, 2003)
and long-lived pioneers (usually small-seeded) are an important
component of tropical forests (Rüger et al., 2020). However,
species with larger seeds present at the onset of succession should
outcompete small-seeded plants because larger seed reserves
provide higher per capita recruitment and survival (Moles
and Westoby, 2004) increase resource provisioning (Westoby
et al., 1996), stress tolerance (Muller-Landau, 2010) and improve
seedling performance (Moles and Westoby, 2002, 2004).
Multiple mechanisms affect and shape forest regeneration
in both mature and altered ecosystems (Benitez-Malvido and
Martinez-Ramos, 2013). Dispersal and establishment limitations
are two key processes that shape forest composition. Dispersal
limitation is the "failure of the propagules of a given species
to arrive at an available site" (Terborgh et al., 2011), whereas
establishment limitation is the failure of a species to be present
in all sites favorable for its growth and survival (Hubbell et al.,
1999; Muller-Landau et al., 2002; Schupp et al., 2002). Therefore,
although overcoming dispersal allows species to reach different
sites, establishment limitations may prevent the germination
and/or survival of the species. Both mechanisms not only play a
fundamental role in maintaining the high biodiversity of mature
tropical forests (Terborgh, 2012; Vargas and Stevenson, 2013),
but also affect the recovery of regenerating forests, where long
distances to seed sources and harsh or unfavorable environmental
conditions may delay forest recovery (Guariguata and Ostertag,
2001; Norden et al., 2009). Although recruitment cannot occur
without seeds, seeds are no guarantee of recruitment (Clark et al.,
2013). Therefore, studying recruitment limitations in tropical
secondary forests can provide insights into the barriers for the
recovery of these ecosystems.
Although multiple factors preventing forest recovery are well
known such as: lack of nutrients and limited water (CarrascoCarballido et al., 2019), competition with grasses and adverse
microhabitats (González-Tokman D.M. et al., 2018) and the
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MATERIALS AND METHODS
Study Area and Site Selection
The study was carried out on the southern Atherton
Tableland (17◦ 23.30 S 145◦ 35.80 E–17◦ 27.00 S 145◦ 38.20 E), a
highly fragmented landscape in north-eastern Australia. The
climate is tropical, with mean annual rainfall ranging from 1700
to 2600 mm, and a distinct dry season from July to October
(BOM 2019). Mean monthly temperatures range from a mean
minimum of 10◦ C in the drier months to a mean maximum of
29◦ C during the wet season.
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forest but present in mature forest sites in the region; and two
small-seeded (<15 mm in length) rainforest tree species (Litsea
leefeana and Guioa lasioneura) that are present in both secondary
and mature forest sites. For the planting experiment an additional
small-seeded late successional species (Synima cordierorum) was
included. This species is present in both secondary and mature
forest sites in the region, but was unavailable as seed for the
seed experiment. We collected seeds of C. oblata, E. bessaphila,
L. leefeana, and G. lasioneura from at least four rainforest
remnants and parental trees scattered within the region and
purchased seeds of B. tooram and seedlings of S. cordierorum
from local nurseries.

In the 1920s much of the region was cleared of continuous
rainforest and converted to pasture for the dairy industry
(Frawley, 1987; Gilmore, 2005). Some pastures were abandoned
in the 1940s and others in the 1980s as economic conditions
changed (Gilmore, 2005). Following pasture abandonment, forest
regenerated and now secondary forests of different ages dominate
the landscape. Interpreting a time-series of aerial photographs
and satellite imagery, we selected different sites that would
provide us with a chronosequence of secondary forest age from
4 to 34 years since canopy formation. This study encompassed
12 secondary forest sites that were not directly adjacent to large
tracts of mature rainforest (Figure 1). Our study sites varied
in size from 0.7 to 4.6 ha, with an average size of 2.6 ± 0.92
ha, and are embedded in a matrix of secondary forests, active
pastures and forest remnants. Sites were >100 m from primary
forest remnants with an average distance of 2.8 ± 1.3 km (range
1.1–4.8 km) from continuous primary forest.
The study sites are located on soils derived from the two
dominant soil types in the region: granite (Tully Granite)
and basalt (Atherton Basalt). In our study area, basalt soils
have higher clay content, total N and total P compared
to sites in granite. Nonetheless, clay content, total N and
total P are unrelated to soil pH and soil C:N and soil
acidity is not strongly associated with nutrient concentration
(Pandolfo Paz et al., 2016).
Chronosequence studies have been criticized because
calculating age since abandonment and determining previous
land uses are major challenges (Chazdon, 2014), and their
explanatory power may depend on the scale of study design
(Chazdon, 2008; Lebrija-Trejos et al., 2008; Dupuy et al., 2012).
We have addressed these challenges through extensive aerial
photography interpretation, replication of independent sites that
are within the same climatic region and share similar past land
use. Additionally, we used age since canopy formation instead of
age since abandonment as a proxy of forest age to limit variation
between the initial conditions of different sites.

Seed Experiments
We established the seed experiments during the wet season
(November 2013–February 2014). After collection, seeds were
soaked in water for 48 h, the pulp removed and placed in the
secondary forests within 60–72 h. The three seed treatments
included: (1) exposed seeds (litter removed and seeds placed on
the soil); (2) fenced seeds (litter removed, seeds placed on the soil
within a plastic fence, 50 cm in height; and (3) buried seeds (litter
removed, seeds sown to a depth of 2 cm). We used five species
and 20 seeds per treatment per site for a total of 3,600 seeds.
In each site, we established a seed experimental plot (3 m × 2.5
m) divided into 15 (1 m × 0.5 m) quadrats, randomly allocating
one of the three different direct seeding treatments and species
to each quadrat.

Seedling Experiments
All seedlings were germinated and grown for 1–3 months in a
greenhouse, with 1 month of “hardening” outdoors with no extra
watering (except S. cordierorum, bought at 8 months of age).
Seedlings were planted during the wet season (March of 2014)
at the same sites used for the direct seeding experiments. We
planted six species and 30 seedlings per species per site (except
C. oblata, 24 seedlings per site) for a total of 2,088 seedlings.
Species were randomly allocated into 6 quadrats (3 m × 3 m)
within an experimental planting plot (9 m × 6 m) at each site.

Site Ages and Categories
We selected our studies sites using a range of Queensland
State Government aerial photography, satellite images from
Google Earth (©2014 Google Image, ©2014 DigitalGlobe), and
imagery from Queensland Globe (©State of Queensland 2013,
©CNES 2012, Spot Image S.A. France, ©2013 Pitney Bowes),
detailed methods in Goosem et al. (2016). Secondary forests were
classified into three age categories using the number of years since
canopy formation as a proxy of forest age: Young: forests of 4–
12 years; Intermediate: forests of 16–20 years; and Old: forests of
23–34 years. We used four sites for each age category.

Data Collection and Analysis
Seed Experiments
All seeds were monitored weekly during the initial 5–10 weeks
after placement in the secondary forest sites. During each census,
we recorded seed number, status (five categories: eaten, removed,
desiccated, rotten, germinated) and height of each uniquely
tagged germinated seedling. After week 10, seeds were monitored
once a month for 3 months and then every 3 months until
April 2015. We calculated the relative growth rate of seedlings
(RGR) in mm per day from the difference between initial and
final heights of each seedling divided by the growth period [(ln
(height final)−ln (height initial)/(growth period in days)]. The
total height of each seedling was measured from the ground to
the most distant part of the main stem.

Species Selection
Six rainforest tree species were selected, based on previous
information regarding the species composition of secondary
and mature forest sites in this region (Goosem et al., 2016;
Palma et al., in review). For the direct seeding experiments,
we chose three large-seeded (> 20 mm in length) rainforest
tree species (Beilschmiedia tooram, Cryptocarya oblata, and
Endiandra bessaphila), which were absent from our regenerating
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Seedling Experiments
Planted seedlings were monitored 2 weeks after planting
and all individual seedlings tagged with a unique number.
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FIGURE 1 | Map of the study area, southern Atherton Tableland, North Queensland, Australia. Letters represent the age of secondary sites. Y, Young secondary
forests (4–12 years); I, Intermediate-aged (16–20 years); O, Old (23–34 years).

Subsequently, seedlings were monitored every 3 months for
13 months. In each census, we recorded for each seedling status
(four categories: eaten, removed, dry, dead) and height. We
calculated relative growth rate (RGR) using the same method
described above.

growth and species identity using nested analysis of variance
models (ANOVA), with site nested within forest age.
Our data met the assumptions of the nested ANOVA.
Tukey’s tests were used for post hoc analysis. We analyzed
survivorship for both experiments using the “survival”
(Therneau, 2020) and “survminer” (Kassambra et al., 2019)
packages and pairwise comparisons using Log-Rank Test
(p-value adjustment method for multiple comparisons:
BH). Analyses were performed using R (R Development

Statistical Analyses
We assessed the effects of secondary forest age and planting
method (seed or seedling) and their interactions on survival,
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Core Team, Version 1.1.1335) and IBM SPSS Statistics
Version 21.

Seedling Experiments: Survival and
Growth
Secondary forest age had a significant effect on the survival
of transplanted seedlings (Figure 3A). Survivorship was
significantly higher in old forest compared to young
and intermediate secondary forests (p < 0.0001 for both
comparisons). Species identity also influenced seedling
survival (Figure 3B), with S. cordierorum showing the highest
survivorship and surviving better than all other species
(p < 0.0001, for all comparisons). Seedlings of G. lasioneura
had the lowest survivorship and differed from all other species
(p < 0.0001, for all comparisons). We did not find interaction
effects between secondary forest age and species identity on
seedling survival [F (10 , 45) = 1.13, p = 0.35].
Secondary forest age did not influence growth in the planted
seedlings [F (2 , 13) = 2.32, p = 0.13, Figure 3C]. Species identity
had a significant effect on seedlings growth [F (5 , 35) = 17.51,
p < 0.0001] with G. lasioneura growing more than all other
species (p < 0.0001 for all comparisons, Figure 3D). In contrast,
C. oblata showed the lowest growth rate and differed significantly
from E. bessaphila, L. leefeana, and S. cordierorum (p = 0.00,
p = 0.005, and p = 0.026, respectively). We did not find interaction
effects between secondary forest age and species identity on
seedling growth [F (10 , 35) = 1.68, p = 0.12]. We did not find
a clear pattern relating to functional traits such as seed size or
successional status.
Across all age categories, removed seedlings (seedlings that
were no longer found) accounted for the highest amount of
mortality (71.69%), followed by desiccation, signs of herbivory,
unearthed seedlings, and finally broken stems (Table 1).

RESULTS
Seed Experiments: Survival and Growth
Seeds that survived, were those seeds that germinated, grew into
seedlings and were alive at our last census. We transplanted
a total of 3,600 seeds, out of these 872 germinated (24.2%)
and by the end of the experiment only 516 (14.3%) survived
(i.e., remained as seedlings). Seed survival was very low in
young forests compared to intermediate and old secondary
forest sites (Figure 2A), with significant differences between
young and intermediate forests (p < 0.0001) and between
young and old forest sites (p < 0.0001). Seeding treatments
also had a significant effect on seed survival (Figure 2B), with
the greatest survival rates recorded when seeds were buried
compared to both exposed and fence treatments (p < 0.0001 for
both comparisons).
Species identity was also important for seed survival
(Figure 2C). The highest survival was recorded for B. tooram
and L. leefeana both of which differed significantly from all
other species (p < 0.0001). We found interaction effects between
secondary forest age, direct seeding method, and species identity
on seed survival [F (16 , 126) = 1.82, p = 0.034]. Overall, seed
survival was greater in old secondary forests than in young
forest for all species and treatments. Survival for B. tooram,
E. bessaphila and L. leefeana was greater when seeds were buried
in old secondary forests (43.75 ± 27.51, 33.75 ± 16.52, and
53.75 ± 19.31, respectively), whilst C. oblata and G. lasioneura
were more successful if sown in intermediate-aged forests
(12.5 ± 15.54 and 8.75 ± 6.29, respectively). We did not find
a clear pattern relating to functional traits such as seed size or
successional status.
Growth of germinated seeds was not significantly affected by
secondary forest age, or direct seeding method [F (2 , 17) = 1.49,
p = 0.25, and F (2 , 23) = 0.12, p = 0.88, respectively, Figures 2D,E].
Species identity was important [F (4 , 23) = 6.69, p = 0.001], with
highest growth in G. lasioneura and L. leefeana. G. lasioneura
grew significantly more than B. tooram (p = 0.013) and
L. leefeana grew more than B. tooram, C. oblata and E. bessaphila
(p < 0.0001; p = 0.006, and p = 0.015, respectively, Figure 2F).
We did not find interaction effects between secondary forest age,
direct seeding method, and species identity on growth of the
germinated seeds [F (2 , 23) = 0.57, p = 0.57].
Across all age categories and treatments (Table 1) the highest
loss of seeds was due to seed removal (seeds that were no longer
found, average: 65.1%); followed by seeds that were rotten, eaten,
desiccated and finally seeds with visible fungal damage. For the
germinated seedlings, the highest cause of death was also removal
(seedlings that were no longer found, average: 63.1%), followed
by seedlings that were desiccated, showed visible fungi damage,
suffered from stem breakage, showed clear signs of herbivory,
and finally unearthed seedlings. Out of the 3,600 seeds only 872
germinated and at the time of our last census only 516 had
established as seedlings (14.3%).
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DISCUSSION
Along a chronosequence of secondary forests, seed and seedling
experiments provided important insight into processes that may
delay forest succession and recovery. We found that seeds
from all study plant species germinated in all sites from our
secondary forest chronosequence, regardless of forest age. This
result highlights the importance of seed availability in these
recovering forests.
We found that seeds of three late successional species of
mature rainforest, that were naturally absent from secondary
forest germinated and grew when placed in these recovering
forests. These results provide evidence that the absence of these
species is due in part to lack or limited seed supply of largeseeded species in this highly fragmented landscape. Additionally,
we observed that introduced seeds and seedlings suffered from
very high removal rates which we assume is due to predation or
herbivory, and demonstrates the constraints to establishment in
tropical forests.
Our results show that species identity was as important as
forest age for growth and survival, but we did not find a
clear pattern relating to functional traits such as seed size or
successional status. For example, L. leefeana and B. tooram
showed the greatest survival for the direct seeding experiment.
L. leefeana is a small-seeded early successional species that is
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FIGURE 2 | Survival and growth of seeding experiments in three secondary forest ages. (A) Secondary forest age had a significant effect on seed survival, with
younger forests loosing significantly more seeds than old and intermediate forests (p < 0.0001 for both comparisons). (B) Direct seeding treatment affected seed
survival, buried seeds had highest survival than both exposed and fenced seeds (p < 0.0001 for both comparisons). (C) Species identity was important for seed
survival, B. tooram and L. leefeana had the highest survival and both differed significantly from C. oblata and G. lasioneura (p < 0.0001 for all comparisons); seeds of
L. leefeana also survived better than seeds of E. bessaphila (p = 0.029). (D) Secondary forest age did not affect the growth of germinated seeds [F (2 , 17) = 1.49,
p = 0.25]. (E) Seeding treatment did not affect growth either [F (2 , 23) = 0.12, p = 0.88]. (F) Species identity was important [F (4 , 23) = 6.69, p = 0.001], with highest
growth in G. lasioneura and L. leefeana; G. lasioneura grew more than B. tooram (p = 0.013) and L. leefeana showed higher growth when compared to B. tooram,
C. oblata, and E. bessaphila (p < 0.0001; p = 0.006, and p = 0.015, respectively). For all box plot graphs, the tick line represents the median, the outer limits of the
box the first and third quartiles. Whiskers extend to cover any data point <1.5 times the interquartile range. Circles represent outliers.

actually survive better at these sites, or that their higher survival
might just be an artifact of their greater age increasing their
resilience (Vandendriessche, 1992; Herman et al., 2012; Palma
and Laurance, 2015). Since over 20% of dead seedlings showed
signs of desiccation, these older seedlings may have had a greater
advantage establishing in these secondary forests. Since small
seeds can be drought tolerant (dormant for longer) (Westoby
et al., 1992), but small-seeded seedlings are vulnerable to drought
because they lack reserves from the large cotyledons (Westoby
et al., 1992; Harrison and LaForgia, 2019), using older seedlings
from small-seeded species may be an alternative to overcome
these limitations.
The small-seeded, early successional species G. lasioneura and
L. leefeana showed the highest growth in seed and seedling
experiments. These species are very common in these secondary
forests and such fast growth is a typical characteristic of
early successional species (Finegan, 1996), while large-seeded,
late successional species such as B. tooram and C. oblata
have relatively slower growth rates. Large seed size might not
confer an advantage in the rate of seedling growth yet it
has been demonstrated that large-seeded species can resprout
more often after plant loss compared to small-seeded species
(Green and Juniper, 2004).
Buried seeds had the greatest survivorship (average: 27.25%)
with a three to fourfold higher persistence than exposed (6.0%)
and fenced (9.75%) seeds. Burial appears to protect seeds from
predators, desiccation, heavy rains or movement of leaf-litter by
foraging wildlife which may be important to increase germination

TABLE 1 | Seed and seedling mortality across all ages and treatments.
Cause of
mortality

Seeds (%)

Seedlings (from
germinated seeds) (%)

Seedlings
(planted) (%)

Removal

65.09

63.12

71.69

Desiccation

4.21

29.01

21.56

Eaten

13.75

–

–

–

0.72

2.57

Herbivory
Fungi

2.44

5.67

–

Unearthed

–

0.37

2.09

Broken
stem

–

1.11

1.91

common in all sites, whereas B. tooram is a large-seeded late
successional species rarely encountered in secondary forests.
Alternatively, in the same experiment survival was lowest for
C. oblata, a big-seeded late successional species and G. lasioneura
a small-seeded early successional species. Although our sample
size is small and multiple mechanisms limit recruitment, our
data shows that seed size might not be enough to predict seed
predation or establishment. Species with low dispersal limitation,
generally small seeds, may have high recruitment limitations
(de la Peña-Domene et al., 2018).
When planted as seedlings, S. cordierorum, a small-seeded late
successional species survived the best. However, these seedlings
were bought from a local nursery and they were 8 months older
than all other seedlings. It is possible that S. cordierorum might
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FIGURE 3 | Survival and growth of planted seedlings in secondary forest of three different ages. (A) Secondary forest age had a significant effect on seedling
survival, seedlings planted in old forests had the greatest survival. (B) Species identity influenced seedling survival, S. cordierorum had the highest survival, differing
from B. tooram, E. bessaphila, and G. lasioneura (p < 0.0001 for all comparisons). Seedlings of G. lasioneura had the lowest survivorship and differed from all other
species. (C) Secondary forest age did not influence seedlings growth [F (2 , 13) = 2.32, p = 0.13]. (D) Species identity had a significant effect on seedlings growth
[F (5 , 35) = 17.51, p < 0.0001] with G. lasioneura growing more than all other species (p < 0.0001 for all comparisons. C. oblata showed the lowest growth rate and
differed from E. bessaphila, L. leefeana, and S. cordierorum (p < 0.001, p = 0.005, and p = 0.026, respectively). For all box plot graphs, the tick line represents the
median, the outer limits of the box the first and third quartiles. Whiskers extend to cover any data point <1.5 times the interquartile range. Circles represent outliers.

desiccation are a commonly cited cause of death in planting
experiments (Palma and Laurance, 2015).
Previous studies on seed germination and seedling survival of
species planted into secondary forests have also found that species
identity is more important for survival than variations in habitat
(Camargo et al., 2002; Cole et al., 2011). However, early growth
and survival are not always an indicator of the species persistence
in the long-term (Benitez-Malvido and Martinez-Ramos, 2013).
Extended monitoring of these experiments could provide more
information on the success of each species and whether their
relative success in establishment and growth changes over time
and in response to changing biotic and abiotic environments (e.g.,
increased competition and decreasing light).
Our study demonstrated that some of the missing plant
species in secondary forests of tropical Australia will germinate
and grow when they are introduced as seeds and/or seedlings.

in these forests. We assumed that removed seeds were eaten or
damaged and did not germinate, but it is possible that they were
cached by small mammals such as white-tailed rats (Harrington
et al., 1997). Overall, the direct seeding experiments showed a
ca. 14% survival of seeds which is a very similar result to other
direct seeding experiments in different ecosystems which average
an 18% survival (Palma and Laurance, 2015).
Planting experiments provided further insight into
recruitment limitations. We found the highest survival of
transplanted seedlings in old secondary forest sites (average:
63.08%) where fewer grasses and exotic species may favor
establishment (Chazdon, 2014). As with the direct seeding
experiment, the main cause of mortality was seedling removal.
These removed seedlings could have been eaten whole or
unearthed and then washed away during rainstorms. Desiccation
was the next most common cause of mortality. Droughts and
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can also be used to plant different species, include a broader range
of functional traits and test their resilience to desiccation or heavy
rains. These types of experiments are important as they may
help us to plan restoration efforts for future climatic scenarios
(Palma and Laurance, 2015).

With seed removal rates so high, direct seeding without burial
is not recommended. Sowing seeds might be an effective way
to reintroduce much of the plant diversity that is currently
missing from secondary forests while avoiding potential seed
predation by rodents (e.g., white-tailed rat, and the fawnfooted melomys), possums (i.e., common brushtail possum) and
birds (i.e., common emerald dove and the Australian brush
turkey) (Osunkoya, 1994; Doust, 2011). Planting of seedlings
yields better results and older seedlings are more successful,
however with the higher costs involved (e.g., greenhouses,
transportation, and more labor) this approach should be used
for highly isolated sites, for sites with high conservation
value such as wildlife corridors (Tucker, 2000), with arrested
succession or for the expansion of rare habitats and connectivity
between fragments.
Restoration efforts are important to accelerate biodiversity
gains in isolated sites, or to reintroduce endangered plant
species. However, we need to keep in mind that even if
restoration efforts are successful, 25 years after restoration
plantings key features of mature rainforest are still lacking
(Shoo et al., 2015). Although dispersal limitation lessens over
the first years of recovery, with seed rain including more
species, mature forest species continue to be limited (Reid et al.,
2015), stressing the importance of actively introducing these
species when possible.
In our experiments, forest age had a significant effect on
seeds and seedling survival, with old secondary forest showing
higher survival rates, nevertheless seeds and seedlings of all
species were present at all sites until the end of the study.
This shows that once succession has started and some canopy
has formed, reintroduction of different species to accelerate
forest recovery can be successful even in young secondary
forests. Since species identity was important, testing different
species at small scales before embarking in large-scale restoration
projects is necessary. Hence we recommend, direct seeding
experiments and planting of seedlings as an effective way
to assess recruitment limitations in different habitats and for
different species.
Our results highlight the significance of establishment
limitations for the recovery of tropical secondary forests. We
found that all the species included in the study germinated
and grew even in young secondary forest sites. This shows
that establishment limitation is not a major barrier for the
recovery of these secondary forests, but that seed availability
might be the biggest obstacle to forest recovery in this region.
Our study sites are small in size (average 2.6 ha), embedded in an
agricultural matrix and relatively far from seed sources (average
distance to continuous forest: 2.8 Km). Enrichment planting
in sites with similar conditions may accelerate forest recovery
by providing food sources for seed dispersers and improving
habitat conditions.
Planting clusters of different species has been a successful
technique that enhances seed rain and seedling establishment
with lower costs than tree plantations (Zahawi and Augspurger,
2006; Cole et al., 2010; Zahawi et al., 2013). These small clusters
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