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Managing novel ecosystems that emerge after strong anthropogenic disturbance and the spread of alien
species poses complex problems. As a case example, we discuss efforts on the tropical oceanic island
Mahé (Seychelles) to promote the regeneration of native trees in tropical secondary forest dominated
by the invasive tree Cinnamomum verum (true cinnamon).

We monitored the growth of transplanted and self-sown native and alien tree seedlings in both artifi-
cially created forest gaps and in the understorey of closed forest. In the understorey, native species sur-
vived but grew very slowly, indicating that any recovery of native tree populations would also be very
slow. In larger gaps, seedlings of certain invasive species grew particularly fast, suggesting that these spe-
cies would rapidly dominate. Nutrient addition had only a minor positive effect on seedling growth, espe-
cially in the understorey.

Although neither closed canopy conditions nor large gaps are conducive to the recovery of native seed-
lings, our data indicate that intermediate levels of canopy disturbance, i.e. those attained by felling one or
a few trees, provide a combination of below- and aboveground resource limitation of seedling growth
that may favour native species over invasive species. Based on these findings, we propose a strategy
for restoring native vegetation that entails making small gaps in cinnamon-dominated forest and plant-
ing them with native tree species.

This study illustrates how management strategies can be improved by combining insights gained from
past interventions with the results of field and greenhouse experiments.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The spread of alien species is one of the main reasons for the
loss of biodiversity (Millennium Ecosystem Assessment, 2005),
and the urgent need to prevent further invasions is now interna-
tionally recognized (cf. McNeely et al., 2001). The ideal strategy
for achieving this would be to identify potentially invasive species
before they spread into natural areas, for example by preventing
the import of species at national borders (Wittenberg and Cock,
2001). However, many invasive plant species are already abundant
in areas of high conservation value (e.g. Stohlgren et al., 2001), in
particular on oceanic islands (Denslow, 2003; Kueffer and Daehler,
2009; Kueffer et al., 2010, 2004), and control measures must there-
fore be integrated into strategies for habitat management (e.g.
D’Antonio and Meyerson, 2002; Zavaleta et al., 2001).

Developing an appropriate management strategy for uninvaded
and undisturbed forest is straightforward – prevent anthropogenic
disturbance and the introduction of potentially invasive alien spe-
cies to the area. However, where the vegetation already consists of
ll rights reserved.
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a mixture of native and alien species, the situation may be more
complex (e.g. Kueffer et al., 2007; Lugo, 2004; Wiser et al., 2002).
Such ecosystems, which have been termed ‘novel ecosystems’
(Hobbs et al., 2006), are characterized by new combinations of spe-
cies resulting from habitat disturbance, the introduction of alien
species, and other anthropogenic interferences. Under these
circumstances, restoring the natural vegetation can be difficult be-
cause of drastic changes that have occurred in species composition
and habitat conditions (Hobbs et al., 2006, 2009; Jackson and
Hobbs, 2009; Kueffer and Daehler, 2009; Lugo, 2004; Seastedt
et al., 2008). Context-specific management measures must there-
fore be designed and tested in an adaptive management frame-
work, i.e. through iterative, experimental testing and adapting of
management interventions (Kueffer and Daehler, 2009; Seastedt
et al., 2008). In particular, a balance must be struck between
removing alien species to facilitate regeneration of native species
and avoiding disturbance of the forest canopy, which may allow
other alien plants to invade (compare Adler et al., 1998; Firn
et al., 2010; Hata et al., 2006; Zavaleta et al., 2001).

The mid-altitude forests of the mountainous oceanic island of
Mahé (Republic of Seychelles, Indian Ocean) represent such novel
ecosystems, with alien species, mainly Cinnamomum verum (true
tories in alien-dominated, novel ecosystems by facilitating seedling regen-

http://dx.doi.org/10.1016/j.biocon.2010.04.031
mailto:kueffer@env.ethz.ch
http://www.sciencedirect.com/science/journal/00063207
http://www.elsevier.com/locate/biocon
http://dx.doi.org/10.1016/j.biocon.2010.04.031


2 C. Kueffer et al. / Biological Conservation xxx (2010) xxx–xxx

ARTICLE IN PRESS
cinnamon), accounting for 70–90% of canopy trees. Native trees,
however, still occur in scattered patches, and small number of
juveniles can be found in the understorey (Fleischmann, 1997;
Kueffer, 2006; Kueffer et al., 2007). The present dominance of alien
trees in these forests is a consequence of the exploitation of native
trees for timber during the 19th century, which was followed by
the spread of cinnamon from spice plantations.

The novel characteristics of the resulting ecosystem are partic-
ularly evident in the case of the regeneration niche. In the former
native forest the ground was probably covered with a thick layer
of slowly decomposing leaf litter of endemic species such as the
tree Northea hornei (Sapotaceae) and several palms and pandans.
Most seedlings probably established in microhabitats such as
decaying wood and accumulations of organic matter on rocks, with
seedling densities of some 10 individuals per square meter; these
are conditions that now occur only in pockets of relatively undis-
turbed palm-dominated and cloud forest. In contrast, cinnamon lit-
ter decomposes quickly, producing a thin litter layer and a more
nutrient-rich soil (Kueffer, 2010; Kueffer et al., 2008), and densities
of 100 seedlings per square meter are usual (Kueffer, 2006). A sec-
ond novel factor that strongly shapes regeneration is root compe-
tition by adult cinnamon trees, which produce a dense root mat
just below the soil surface (Kueffer et al., 2007). Indeed, there is
good evidence that on these very nutrient-poor soils (Kueffer,
2010; Kueffer et al., 2008), cinnamon shapes the ecosystem
through strong belowground competition. This is in contrast to
more nutrient-rich habitats, where alien woody species often form
dense thickets, suppressing native plants mainly through competi-
tion for light. Thirdly, regeneration dynamics have fundamentally
changed due to the dominance of alien species on a landscape
scale, which results in a seed rain that is composed almost exclu-
sively of alien species and seed limitation of native trees (Kueffer,
2006; Kueffer et al., 2007).

Although the mid-altitude forests of the Seychelles are now
dominated by alien trees, they support many threatened native
plant and animal species (Carlstroem, 1996; Fleischmann, 1997;
Gerlach, 2008; Huber and Ismail, 2006; Stoddart, 1984) and for this
reason much of the forest is now protected. Indeed, they are the
only habitat where some endemic plants can be conserved in the
wild, though many species are now represented only by a few
old adults. In an enumeration of some 60,000 seedlings only 1.5%
were from native species and about half of these were of the com-
mon endemic palm, Phoenicophorium borsigianum (Kueffer, 2006).
Seed limitation is certainly one reason for the poor regeneration
of many native species (Kueffer, 2006), and unless action is taken
their populations will decline further.

The aim of this study was to explore methods to increase native
tree regeneration in this novel ecosystem. One option that has
been considered is to remove cinnamon from large areas of forest,
as has been attempted for invasive trees in Mauritius (cf. Cheke
and Hume, 2008) and Hawaii (Loh and Tunison, 2009; Tunison
and Stone, 1992). However, in Seychelles this drastic measure
has proved unsatisfactory (Dogley, 2004; Kueffer, 2003), because
removing cinnamon can lead to an increase in other alien species
(Kueffer et al., 2007), which form dense thickets that hinder native
re-growth more (Kueffer and Vos, 2004). Cinnamon has also be-
come an important food source for endemic birds (Kueffer et al.,
2009). Furthermore, it appears that the large-scale removal of alien
species in these forests increases erosion without significantly pro-
moting native tree growth (Dogley, 2004; Simara et al., 2009; Val-
entin et al., 2008).

A second option, which appears more promising, is to create
many small, scattered gaps in the forest. In this study, we investi-
gate how this approach would affect the balance of seedling regen-
eration between native and invasive species. We monitored the
growth of tree seedlings transplanted into artificially created gaps
Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
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and into the undisturbed understorey. In addition, we also in-
cluded a nutrient treatment to test whether nutrient availabilities
modulated the effect of gap formation, because low nutrient levels
are known to restrict seedling growth in these forests (Kueffer,
2010; Schumacher et al., 2009). In addition, we monitored the
growth of self-sown cinnamon seedlings along transects from the
forest understorey to the interior of gaps. We used these seedlings,
which we call phytometers, to evaluate how seedling growth re-
sponded to variation in environmental conditions from the edge
to the centre of gaps.
2. Methods

2.1. Study area

The study was carried out in a mid-altitude forest at Mare aux
Cochons (MC) within the Morne Seychellois National Park on the
island of Mahé (4� S, 55� E, 154 km2, Republic of Seychelles). The
MC site is in a forested upland valley (c. 450 m.a.s.l.) situated in
the rugged North-West of Mahé (see map in Appendix A), where
altitude increases rapidly from sea level to Morne Seychellois, at
900 m.a.s.l. the highest peak of the Seychelles.

By the beginning of the 20th century the native vegetation at
MC was almost completely destroyed and the area heavily invaded
by cinnamon. From the early 20th century until the 1970s leaves
and bark from feral cinnamon were collected commercially. In
our study area, about 85% of the forest canopy is made up of cinna-
mon trees, including a very dense layer of tree seedlings
(>100 per m2), mainly comprised of cinnamon (Kueffer, 2006).

The soils at MC are ferrasols with a pH of c. 4.5 that have devel-
oped on granitic bedrock. Nutrient availabilities are generally low,
and plant growth appears to be limited mainly by the availability
of phosphorus and nitrogen, though possibly also by other nutri-
ents including potassium (Kueffer, 2010; Kueffer et al., 2008).
Mean total N, P and C contents of mineralic topsoil were measured
as 2.1 mg g�1, 0.3 mg g�1, and 47 mg g�1, respectively (Kueffer
et al., 2008). Mean leaf nutrient concentrations (and ranges) in
seedlings of two native and two invasive species in the forest
understorey at MC were 12.5 (10.9–15.2) mg g�1 N and 1.1 (0.9–
1.2) mg g�1 P (Schumacher et al., this study).

During the study period, the annual rainfall was c. 3400 mm.
Although there is no pronounced seasonality on Mahé, the period
between June and September is generally drier than that between
November and February. At low to mid-altitudes (<600 m.a.s.l.),
monthly mean rainfall typically ranges from 80 to 150 mm in the
‘dry’ period, and 300–450 mm in the ‘wet’ period (Cazes-Duvat
and Robert, 2001). At MC, the mean annual air temperature mea-
sured at 1 m above ground was 23 �C under closed canopy and
24 �C in a forest gap, while the corresponding values for mean an-
nual air humidity were 98.5% and 96.5%, respectively (data ob-
tained by an Onset HOBO Pro RH/Temp sensor).
2.2. Species

We selected four native and five invasive alien tree species that
are abundant in the forests on Mahé and for which either seeds or
seedlings were available at the time of the experiment (Table 1).
Both groups (native vs. invasive) encompassed a broad ecological
range from early-successional to shade-tolerant species, and we
avoided having closely related species within the same group (cf.
Schumacher et al., 2009). The native species included two indige-
nous and two endemic species. All species have small to medium
sized seeds (2–10 mm in diameter) except Syzygium jambos, which
has seeds of 15–20 mm diameter.
tories in alien-dominated, novel ecosystems by facilitating seedling regen-
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Table 1
Characterization of the tree species used in the transplant experiment. Data sources: nomenclature and maximal stem height from Friedmann (1994); ecological group from
Kueffer et al. (2008), except for Tabebuia pallida; seed size, defined as the longest diameter, from Kronauer (2005), except for Alstonia macrophylla and Tabebuia pallida from
Friedmann (1994). Abbreviations: P = pioneer, U = understorey, C = canopy. In the two last columns the biomass of seedlings at the onset of the experiment and the number of
replicates per species at the end of the experiment are indicated.

Species Family Stem height (m) Seed size (mm) Ecological group Initial biomass (g) Replicates

Invasives
Alstonia macrophylla (Am) Apocynaceae 15 5c P 0.04 7
Cinnamomum verum (Cv) Lauraceae 15 11.5 C 0.53 20
Psidium cattleianum (Pc) Myrtaceae 7 4.9 U 0.13 20
Syzygium jambos (Sj) Myrtaceae 10 16.7 U 0.86 19
Tabebuia pallida (Tp) Bignoniaceae 10 20c P 0.13 15

Natives
Aphloia theiformisa (At) Flacourtiaceae 12 2.4 P 0.04 19
Canthium bibracteatum (Cb) Rubiaceae 8 4.9 P 0.15 20
Erythroxylum sechellarumb (Es) Erythroxylaceae 7 10.6 ? 0.11 19
Memecylon eleagnib (Me) Melastomataceae 10 6.2 U 0.05 16

a Subsp. madascariensis var. seychellensis.
b Species endemic to the Seychelles.
c Including wings.
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For the phytometer experiment, we used self-sown C. verum
seedlings in the experimental gaps and surrounding forest.

Nomenclature follows Friedmann (1994).
2.3. Experiment 1: transplant experiment

2.3.1. Experimental setup
Five clearings of approximately 15 by 15 m2 (area c. 225 m2)

were made by felling all adult trees (mainly cinnamon); fallen trees
were then removed and piled up at the edge of the gap. Near to
each gap, an understorey plot was chosen in closed forest (see
map in Appendix A).

Four of the species – the aliens cinnamon and Tabebuia pallida,
and the natives Canthium bibracteatum and Memecylon eleagni –
were grown from seed collected in the forest. Ripe fruits were col-
lected directly from 5 to 15 parent trees per species, and the mixed
seed sown into seedling trays immediately after collection. When
the seedlings had developed the first true leaves (three to six
months after sowing), the plants were transplanted into 1-l pots
filled with forest soils. For the other species – the invasives Alstonia
macrophylla, Psidium cattleianum and S. jambos, and the natives
Aphloia theiformis and Erythroxylum sechellarum – no seed was
available and we therefore collected young plants in the field, sim-
ilar in size to those grown from seed. All plants were allowed to
adapt to the pot environment for two weeks before being trans-
planted into the forest at the onset of the experiment.

A split-plot design was used, with light availability as the main-
plot factor and nutrient treatment as the split-plot factor. Mean
light levels were 10% (range 8.2–12.6%) of ambient light in the
understorey plots and 63% (56–69%) in the gap plots. The mean to-
tal N concentration in the soil at the plots (understorey and gap
sites combined) was 1.4 mg g�1 (range 0.1–2.8 mg g�1), while that
of P was 0.34 mg g�1 (range 0.14–0.58 mg g�1) (data from one
pooled sample of topsoil per subplot, i.e. 2 pooled samples per
gap viz. understorey plot, 20 samples in total). Two subplots
(2 � 2 m2) spaced 2 m apart were placed in the centre of each
gap and understorey plot. All herbs and seedlings were removed
from the subplots, but the sparse leaf litter layer was left. Two
seedlings of each species (i.e. 18 seedlings in all) were planted at
randomly selected points on a regular grid with a distance of
35 cm between neighbouring seedlings. One of each pair of sub-
plots was randomly assigned to the ambient nutrient (LN, no nutri-
ents added) and the other to the high nutrient treatment (HN,
addition of fertilizer) (see map in Appendix A). For the HN treat-
ment, 1 g of slow release N–P–K-fertilizer (Osmocote 16:11:11,
Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
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Osmocote, Scotland) was added around each seedling every two
months.

The experiment was started in early March 2004 and ran until
January 2005. During this period, seedlings were watered as neces-
sary and any unwanted plants were removed.
2.3.2. Data collection
At the beginning of the experiment, six seedlings per species

were selected at random from the surplus plants and harvested
to determine the initial dry weight. For the remaining plants, stem
height, number of leaves and total leaf area were recorded at the
beginning and end of the experiment. To estimate leaf area, linear
regressions of leaf area against the product of leaf length and
breadth were calculated for a sample of leaves (50–100 per spe-
cies). These were placed beneath a glass plate and photographed
with a digital camera (Nikon Coolpix 995, resolution at
2048 � 1536 pixels); the images were then used to determine leaf
length and breadth using Adobe Illustrator™ 10, and area using
Adobe Photoshop™ 7.0 (cf. Dietz and Steinlein, 1996). The plants
were harvested and divided into leaves, stems plus petioles, and
roots. All material was then oven-dried at 80 �C for 48 h.

The raw data were used to calculate the following growth
parameters: relative growth rates of dry plant biomass (RGR), leaf
area (RGRLA) and height (RGRH); specific leaf area (SLA, leaf area
per dry leaf biomass); leaf area ratio (LAR, leaf are per dry plant
biomass); and root shoot ratio (RSR, dry root to shoot biomass ra-
tio). For two native species (A. theiformis, C. bibracteatum) and two
invasive species (cinnamon, P. cattleianum) foliar nitrogen and
phosphorus contents were measured at the end of the experiment.
The data for RGRH and RGRLA showed very similar patterns and
were highly correlated with RGR (r > 0.6, P < 0.01), therefore the
data is not shown.
2.4. Experiment 2: cinnamon phytometer experiment

In three of the five gaps, we monitored the growth of estab-
lished cinnamon seedlings between July 2004 and February 2005
(Gaps 1, 2 and 3; Appendix A). The seedlings studied lay along
two perpendicular transects (orientation S–N and E–W) passing
through the centre of each gap and extending 7 m into the forest
on both sides; for the analysis the transects in each gap were trea-
ted as four sub-transects running from the gap into the forest.
Established seedlings c. 20–30 cm tall were chosen at the following
distances along each subtransect: �7, �5, 0, 2, 4 and 6 m (where 0
represents the edge of the gap and negative values are in the
tories in alien-dominated, novel ecosystems by facilitating seedling regen-
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forest; Appendix A). At each sampling point three randomly chosen
seedlings were marked. Additionally, at two spots >30 m from any
gap we monitored growth of eight seedlings (control plants). At the
end of the study, number of leaves, stem height, and dry above-
Fig. 1. Relative growth rate of total dry biomass (RGR) of invasive (black bars) and
native (grey bars) seedlings (mean ± SE). Data are shown for plants growing under
two light levels (forest understorey and gap) and two levels of nutrients (low and
fertilized). Growth rates differed significantly between gap and understorey but not
between invasive and native species. See text for further information.

Fig. 2. RGR of the species grown in the transplant experiment (A) compared with that of
species; open symbols, native species. In the understorey plots all individuals of Alstonia
the two light treatments but not between invasive and native species (see main text an

Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
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ground leaf and stem biomass were recorded. We then calculated
the change in leaf number and stem height during the study period
and aboveground RGR.
2.5. Statistical analysis

All statistical analyses were performed with JMP V 6.0 (SAS
Institute Inc., 2005).
2.5.1. Experiment 1: transplant experiment
In each gap and understorey plot, the average of the two repli-

cate plants was used for the analysis. We used general linear mod-
els with light level, nutrient level, species status (native vs.
invasive) and their interactions as fixed factors, and species iden-
tity (nested in species status) as well as plot type (gap vs. understo-
rey, nested in light treatments) as random factors. To analyse
differences among species we ran a separate model with light level,
nutrient level, species identity and their interactions as fixed fac-
tors as well as plot type (gap vs. understorey, nested in light treat-
ments) as a random factor. A. macrophylla was excluded from this
analysis because all individuals died in the understorey treat-
ments. The leaf area of each plant at the start of the experiment
was included as a covariable to account for differences in initial
plant size. The dependent variables were relative growth rates of
biomass, and the allocation parameters SLA, LAR, RSR. To remove
heteroscedascity, SLA, LAR and RSR were log-transformed.
the same species set in a common garden experiment (B). Filled symbols, invasives
macrophylla died. In both experiments growth rates differed significantly between

d Schumacher et al. (2009)). For acronyms of species names see Table 1.

tories in alien-dominated, novel ecosystems by facilitating seedling regen-
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2.5.2. Experiment 2: phytometer experiment
The analyses used the mean values of the three replicate cinna-

mon seedlings at each sampling position. To avoid pseudo-replica-
tion, we pooled the data for the four sub-transects in each gap,
resulting in one value per transect position. We used general linear
models with plot (i.e. three replicate gaps) and distance from gap
edge as fixed factors. Various models were made using total dry
biomass, number of leaves and stem height produced over the
experimental period as the dependent variables.

3. Results

3.1. Experiment 1: transplant experiment

3.1.1. Mortality and relative growth rates
Overall 26% of the individuals died, but because we planted two

individuals per subplot few replicates were lost (Table 1). For three
Fig. 3. Growth of naturally established Cinnamomum verum (cinnamon) juveniles alon
biomass at the final measurement (mean ± SE) is plotted against (A) position along transe
numbers and those into the gap interior by positive numbers) and (B) % ambient light tra
(Tukey test).

Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
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invasive and one native species (cinnamon, P. cattleianum, S. jam-
bos, C. bibracteatum) <10% of the individuals died (i.e. 0–4 individ-
uals per species). One native species (E. sechellarum, 40%) and two
invasive species (A. macrophylla, 100%; T. pallida, 50%) suffered rel-
atively high mortality in the understorey.

Both groups of species grew faster (relative growth rate of total
dry biomass, RGR) in the gap plots than in the understorey plots
(P < 0.001, Fig. 1, and Appendix B), and plants in gaps also profited
more from added nutrients (significant interaction between light
and nutrient, P = 0.003, Fig. 1, and Appendix B). The range of RGR
values among species was greater in the gaps (2–16 mg g�1 d�1)
than in the understorey (�0.5 to 5 mg g�1 d�1; Fig. 2A). Species
showed significantly different responses to light (species � light,
P < 0.001) but not to nutrients (species � nutrient, P > 0.1). How-
ever, RGR did not differ significantly between the invasive and
native groups in any treatment (P P 0.3), and the variation among
species was independent of species status (species effect in
g transects from the understorey to the centre of the gap plot. Dry aboveground
ct (distances from the gap edge into the forest understorey are indicated by negative
nsmitted to the ground (mean ± SE). Different letters indicate significant differences

tories in alien-dominated, novel ecosystems by facilitating seedling regen-
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separate ANOVA, P < 0.001). There was a tendency for invasive spe-
cies to respond more positively to nutrient addition than native
species (Fig. 2A), but the results were not fully consistent.

3.1.2. Biomass allocation and foliar nutrient contents
The specific leaf area (SLA) of all species was significantly lower

in gaps than in understorey plots (100–130 cm2 g�1 vs. 170–
200 cm2 g�1; respectively; P = 0.003), and leaf area ratio (LAR) also
tended to be lower in gaps than in the understorey (50 cm2 g�1 vs.
60 cm2 g�1; P = 0.1). However, nutrient addition had no effect on
either SLA or LAR (P P 0.2), and these parameters did not differ sig-
nificantly between native and invasive species for any treatment
(P P 0.4, Appendix B).

Plants in the understorey plots developed a slightly higher
mean root:shoot ratio (RSR) than those in gap plots (P = 0.04,
Appendix B), but this parameter was not affected by the nutrient
treatment (P = 0.5). However, native and invasive species did not
differ significantly in RSR (P = 0.9).

There were no significant effects of light (P = 0.1), nutrient addi-
tion (P = 0.6) or species identity (P = 0.2) on foliar nutrient content
for the two native and two invasive species in which this trait was
measured.

3.2. Experiment 2: phytometer experiment

On the phytometer transects, light intensity at ground level in
the gaps ranged from 40% to 55% of ambient light (P < 0.001)
(Fig. 3). At the gap edge, light levels decreased abruptly and soon
levelled off in the interior of the forest, where they ranged from
c. 8–14% of full daylight (Fig. 3).

Growth of cinnamon seedlings was low in the understorey part
of the transect, but increased from the edge of the gap towards the
centre (Fig. 3). Final seedling biomass (P = 0.002), number of new
leaves (P = 0.05) and absolute stem height growth (P < 0.001) all in-
creased by a factor of 5–10 from the understorey to the gap centre.
Only differences in growth parameters between points in the forest
interior (i.e. P5 m from the gap edge) and the gap centre (i.e.
P4 m from the gap edge) were significant (Fig. 3).
4. Discussion

4.1. The effect of understorey and gap conditions on seedling growth

The gaps had a strong positive effect on the growth of seedlings
in both the transplant experiment and the transect study with
cinnamon seedlings (Figs. 1–3). In addition, there was a weak
positive response of the seedlings in the gaps to nutrient addition
(Figs. 1 and 2). These are well known patterns of response in
tropical forests (e.g. Coomes and Grubb, 2000; Turner, 2001; and
references therein). The relative growth rates of transplanted and
self-sown cinnamon phytometer seedlings were very similar (data
not shown), indicating that the process of transplanting had little
effect on the results.

The mean relative growth rate for all species varied rather little
among the five gaps, with the highest value being 1.5-times greater
than the lowest (P = 0.5). In contrast, mean values among under-
storey plots varied by a factor of more than 30 (P = 0.002), probably
because of differences in light availability. Linear regressions of
RGR against light calculated separately for the understorey and
plots revealed that most species increased their RGR by a factor
of two or three as light levels increased in the understorey from
c. 8% to 12.5% (r > 0.6, P < 0.1), while there was no strong tendency
for seedling growth to increase in the range of light conditions rep-
resented in the gaps (55–70% ambient light; r < 0.2, P > 0.5). Other
studies also show that the response of tropical tree seedlings to
Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
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increased light is strongest below 5–20% of ambient light, and lev-
els off quickly at higher levels (Coomes and Grubb, 2000; Turner,
2001).

Both native and invasive species profited strongly from the gaps
(Figs. 1 and 2), confirming results from pot experiments that the
response to gap conditions is related more to the growth strategies
of individual species than to their status as natives or invasives
(Schumacher et al., 2009, 2008). However, the fastest growing spe-
cies in gaps were two invasive species (A. macrophylla and P. catt-
leianum). And contrary to what might be expected on oceanic
islands (Schumacher et al., 2003), the data show no general advan-
tage of native over invasive species in the understorey plots. This
may be because we did not include any late-successional native
species in our study, these being either very rare or having very
large seeds (e.g. N. hornei, seed diameter: c. 6 cm). Furthermore, re-
search increasingly indicates that some invasive plant species, e.g.
P. cattleianum in this study, are also very shade-tolerant and able to
regenerate under an undisturbed forest canopy (Kueffer et al.,
2010; Martin et al., 2009; Schumacher et al., 2009; Webb et al.,
2000).

4.2. Comparison of seedling growth responses under field and
greenhouse conditions

To evaluate the interacting factors shaping juvenile tree growth
under field conditions, we compare the results presented here with
those obtained in a previous study using potted plants grown un-
der comparable light and nutrient levels in a greenhouse experi-
ment (Schumacher et al., 2009). Under high light, the growth
rates of all species were slightly lower in the field (i.e. in gaps) than
in pots (Fig. 2), which could be due to differences in the substrate
or to the presence of additional stressors in the field, such as occa-
sional exposure to direct sunlight. However, the rank order of RGR
values was similar in both experiments, and the means for biomass
allocation parameters (SLA, LAR and RSR) in native and the invasive
species differed by less than 15% in the two experiments. This indi-
cates a good transferability of the results obtained in the pot exper-
iment to field conditions.

In contrast, relative growth rates in the forest understorey were
much lower than for plants grown under low light in pots, partic-
ularly among invasive species (Fig. 2). The most extreme difference
was for A. macrophylla; in the forest understorey all plants of this
invasive species died, whereas those in the pot experiment grew
well (Fig. 2). The difference in the growth of shaded plants in the
two experiments was probably due to strong root competition in
the forest from mature cinnamon, which produces a dense weft
of fine roots just below the soil surface. Indeed, in a field experi-
ment Kueffer et al. (2007) found that the growth of young plants,
especially of invasive species, increased greatly when these adult
roots were severed. The difference between the two groups may
reflect the greater phenotypic plasticity of invasive species, which
tend to respond to low resource availability by adjusting the rela-
tive allocation of biomass to above- and belowground structures,
according to whether light or belowground resources (nutrients,
water) are limiting (Schumacher et al., 2009, 2008). Native species,
in contrast, tend to cope with low resource availabilities through a
resource-conserving growth strategy. Invasive species that exhibit
high plasticity in response to resource levels may thus suffer from
conflicting allocation priorities if there are multiple stresses; while
high allocation belowground is the appropriate response to strong
root competition, high allocation aboveground is needed under low
light conditions (compare Cahill, 1999). In support of this argu-
ment, allocation to roots was far higher in the understorey than
in the pot-grown seedlings (Fig. 4A), particularly for the invasive
species. Indeed, in the field the invasive species also reduced bio-
mass allocation to the leaves (i.e. a lower leaf area ratio, Fig. 4B),
tories in alien-dominated, novel ecosystems by facilitating seedling regen-
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Fig. 4. Biomass allocation patterns (A: root to shoot ratio, RSR, B: leaf area ratio, LAR) under low light of plants in the common garden experiment and in the transplant
experiment (mean ± SE). Invasive species, black bars; native species, and grey bars.
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despite the fact that these fast-growing species appear to need a
high leaf area to survive under low light. In line with this idea –
that resource limitation belowground prevents fast-growing spe-
cies from producing sufficient aboveground biomass to compete
with slower growing species – Hautier et al. (2009) have recently
shown that in grasslands nutrient addition enables more compet-
itive species to suppress less competitive species through in-
creased aboveground competition for light.

4.3. Variation of seedling growth from the understorey to the gap
centre

The phytometer experiment also provides evidence that root
competition is an important factor limiting seedling growth in sec-
Fig. A1. Locations of gap (G) and understorey (U) plots used in the transplant experime
nutrient (LN) treatment.

Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
eration: A case study. Biol. Conserv. (2010), doi:10.1016/j.biocon.2010.04.031
ondary cinnamon forests. The changes in growth rate from the
understorey to the gap centre were rather gradual, with the in-
crease from the understorey to the gap edge being of a similar
magnitude to that from the edge of the gap to the centre (Fig. 3).
These changes in growth along the transect are not consistent with
the known responses of seedlings to light intensities, which are
usually strongest below 5–20% of ambient light and level off
quickly at higher light levels (Coomes and Grubb, 2000; Turner,
2001), a pattern for which we found also indirect evidence in the
transplant experiment (see Section 4.1). In a pot experiment with
cinnamon seedlings using soil from the same forest and simulating
light levels in the understorey and gaps (i.e. 11% and 65% of ambi-
ent light) (Schumacher et al., 2009), aboveground biomass after
6 months was only 1.5-times larger in the high than the low light
nt. Each plot was subdivided into two subplots with a high nutrient (HN) and low

tories in alien-dominated, novel ecosystems by facilitating seedling regen-
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treatment, while after a similar period in the phytometer experi-
ment the seedlings in the gaps were over 3-times as large as those
in the understorey. This further indicates that some factor in addi-
tion to light was restricting growth in the understorey. A possible
reason for these discrepancies is that root competition from cinna-
mon trees also limits seedling growth in the gaps, with the impor-
tance of this factor declining with increasing distance from the gap
edge. This finding suggests that root competition from adult cinna-
mon trees may reach some 2–3 m into a gap (Fig. 3).
4.4. Promoting native seedling regeneration in cinnamon dominated
secondary forests

The aim of this study was to obtain a better ecological under-
standing of the factors promoting initial native seedling recovery
in secondary forests dominated by cinnamon in Seychelles. Long-
term studies will be needed to understand juvenile growth and
mortality patterns at later life stages. However, to judge from the
Fig. A2. Lay-out of the transects and the positions of the sampling points used in the p
seedlings were also monitored at positions more than 30 m distance from a gap.

Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
eration: A case study. Biol. Conserv. (2010), doi:10.1016/j.biocon.2010.04.031
size distributions of juvenile plants in the field, the common native
species survive better than alien species (Kueffer et al., 2007),
although some rarer native species seem vulnerable to herbivory
and damping-off disease and suffer high mortality (Kueffer,
2006). More research will also be needed to test the cost-effective-
ness of different techniques for promoting seedling establishment,
such as sowing of seed vs. outplanting of seedlings germinated in
the greenhouse. In any case, seeding is not an option for the many
native species that are now so rare that little or no seed can be
obtained.
4.4.1. Slow regeneration of native seedlings under understorey
conditions

Our results and those of previous studies (Fleischmann, 1999;
Schumacher et al., 2009) show that juveniles of several native spe-
cies survive well in the shade but grow very slowly. Thus, while
combined strong below- and aboveground competition by adult
cinnamon trees in the understorey hinders alien species regenera-
hytometer experiment with Cinnamomum verum (cinnamon) seedlings. Cinnamon

tories in alien-dominated, novel ecosystems by facilitating seedling regen-
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tion it also negatively affects native seedlings; thus, left to itself the
recovery of native populations is likely to be at best a very slow
process.
4.4.2. Large gaps promote alien seedling regeneration
Our results confirm that making large forest openings is not an

effective management strategy. Although both native and invasive
early-successional species grow well in open conditions, some
invasive species are particularly fast growing, and may then fill
gaps. Further, qualitative observations indicate that some early-
successional invasive species, such a Falcataria moluccana, regener-
ate vigorously from the seed bank in gaps, producing densities of
several 100 seedlings per square meter within weeks after gap for-
mation (Schumacher, 2007). Thus, even relatively small gaps of a
diameter of some 10–15 m tend to strongly favour some invasive
species.
Table B1
Results of ANOVA across two light (gap and understorey) and two nutrient levels
(ambient and high nutrients). Indicated are the F-ratios and significance levels (���:
P < 0.001, ��: P < 0.01: �: P < 0.05, significant ones in bold) of main or interaction
effects on relative growth rate of plant biomass (RGR), specific leaf area (SLA), leaf
area ratio (LAR) and root shoot ratio (RSR). See text for further information.

RGR SLA LAR RSR

Species groupsa (S) 0.1 0.6 0.2 0.0
Light (L) 55.5��� 18.8�� 2.9 5.6�

S � L 0.1 0.1 0.3 0.5
Nutrient (N) 11.2� 2.3 0.3 0.4
S � N 0.3 0.7 0.0 6.6
L � N 9.1�� 0.0 0.0 2.5
Initial leaf area 1.1 0.9 1.0 0.0

a Native vs. invasive.
4.4.3. Scattered small gaps as a promising strategy for managing
native seedling regeneration

We conclude that the most effective means of promoting native
regeneration is to make small gaps of only a few meters in diame-
ter. In these gaps, comparable to the edges of our artificial gaps,
intermediate levels of shade and root competition from surround-
ing adult cinnamon trees tend to favour the seedlings of native spe-
cies over invasive species. These conditions, which may be
achieved by felling individual trees, will neither promote maximal
growth of native species nor provide complete resistance against
invasive species (especially against shade-tolerant invaders such
as P. cattleianum, Schumacher et al., 2009), but they may ensure
a cost-efficient promotion of the recovery of native tree species.
Table B2
Mean values per species group (native vs. invasive) of different growth parameters.
HN: N–P–K fertilizer treatment, LN: no fertilizer added. For explanation of other
acronyms see Table B1.

High radiation (gap) Low radiation

HN LN HN LN

RGR (mg g�1 d�1) Invasive 8.7 (0.27) 6.9 (0.22) 0.9 (0.05) 0.7 (0.06)
Native 7.6 (0.25) 6.2 (0.19) 1.4 (0.07) 2.0 (0.13)

SLA (cm2 g�1) Invasive 132 (26) 130 (22) 202 (54) 206 (59)
Native 108 (11) 110 (11) 179 (46) 184 (38)

LAR (cm2 g�1) Invasive 53 (12) 55 (16) 60 (10) 66 (8)
Native 47 (5) 51 (9) 74 (26) 77 (29)

RSR Invasive 0.49 (0.10) 0.53 (0.09) 0.66 (0.10) 0.60 (0.10)
Native 0.49 (0.11) 0.54 (0.11) 0.66 (0.11) 0.61 (0.14)
4.4.4. Long-term adaptive management of seedling regeneration
Our proposed adapted management strategy needs to be tested

and adapted through long-term learning cycles, partly because for-
est conditions will change over time and with management. If root
competition by cinnamon is an important factor, then tree regener-
ation dynamics is likely to be very different in cinnamon forests
compared with vegetation dominated by native trees, where root
competition is probably less important. As the proportion of native
trees increases, the suppression of invasive species by cinnamon
may diminish, and management procedures would need to be
adapted accordingly.

Given the effects of the past anthropogenic disturbances a fully
self-sustaining native vegetation can probably never be restored in
the mid-altitude forests of the Seychelles and some management
intervention will always be needed. Rather than attempting to
eliminate all alien species, therefore, the long-term goal should
be to maximise the proportion of native trees in ways that do
not require unsustainable levels of management.
Table B3
Results of ANOVA across two light (gap and understorey), two nutrient levels
(ambient and high nutrients) and eight species. Indicated are the F-ratios and
significance levels (���: P < 0.001, ��: P < 0.01: �: P < 0.05, significant ones in bold) for
relative growth rate of plant biomass (RGR), specific leaf area (SLA), leaf area ratio
(LAR) and root shoot ratio (RSR). See text for further information.

RGR SLA LAR RSR

Species (S) 54.9��� 69.8��� 27.6��� 11.4���
Light (L) 86.1��� 231.2��� 55.7��� 2.7
S � L 13.4��� 18.2��� 7.2��� 1.2
Nutrient 5.8� 0.9 0.3 0.1
S � N 0.5 0.4 1.0 0.4
L � N 10.1�� 0.0 0.2 4.9�
Initial leaf area 2.9 0.3 1.0 0.4
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Appendix A

Location and lay-out of experiments (Figs. A1 and A2).
Appendix B

Statistics and results of experiment 1: transplant experiment
(Tables B1–B3).
Appendix C

Tree flora of mid-elevation secondary forest on Mahé, Sey-
chelles (Table C1).
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Table C1
Common native and alien tree species that occur in mid-elevation secondary forest on
Mahé, Seychelles. Shrubs, palms and pandans are not included. Data is taken from
Kueffer (2006) and Kueffer and Vos (2004). Very common species that are either
major invasive species or priority native species for habitat restoration are indicated
with an asterisk.

Species Family Status

Adenanthera pavonina Leguminosae Alien
Alstonia macrophylla� Apocynaceae Alien
Artocarpus heterophyllus Moraceae Alien
Chrysobalanus icaco Chrysobalanaceae Alien
Cinnamomum verum� Lauraceae Alien
Dillenia suffruticosa Dilleniaceae Alien
Falcataria moluccanaa� Leguminosae Alien
Pentadesma butyracea� Clusiaceae Alien
Psidium cattleianum� Myrtaceae Alien
Syzygium jambos� Myrtaceae Alien
Tabebuia pallida Bignoniaceae Alien
Aphloia theiformis� Flacourtiaceae Native
Canthium bibracteatum� Rubiaceae Native
Dillenia ferruginea� Dilleniaceae Native
Erythroxylum sechellarum� Erythroxylaceae Native
Gastonia crassa Araliaceae Native
Memecylon eleagni� Melastomataceae Native
Northea hornei� Sapotaceae Native
Paragenipa wrightii Rubiaceae Native
Pittosporum senacia Pittosporaceae Native
Pouteria obovata Sapotaceae Native
Psychotria pervillei Rubiaceae Native
Timonius sechellensis Rubiaceae Native

a Paraserianthes falcataria in Friedmann (1994).

10 C. Kueffer et al. / Biological Conservation xxx (2010) xxx–xxx

ARTICLE IN PRESS
References

Adler, P.B., D’Antonio, C.M., Tunison, J.T., 1998. Understorey succession following a
dieback of Myrica faya in Hawai’i Volcanoes National Park. Pacific Science 52,
69–78.

Cahill, J.F., 1999. Fertilization effects on interactions between above- and
belowground competition in an old field. Ecology 80, 466–480.

Carlstroem, A., 1996. Endemic and threatened plant species on the granitic
Seychelles. Conservation & National Parks Section, Division of Environment,
Ministry of Foreign Affairs, Planning and Environment, Mahé, Seychelles.

Cazes-Duvat, V., Robert, R., 2001. Atlas de l’environnement côtier des îles
granitiques de l’archipel des Seychelles. Université de La Réunion & CIRAD-
Emvt, St. Denis, La Réunion & Montpellier, France.

Cheke, A., Hume, J., 2008. Lost Land of the Dodo: The Ecological History of Mauritius,
Reunion, and Rodrigues. Yale University Press, Yale.

Coomes, D.A., Grubb, P.J., 2000. Impacts of root competition in forests and
woodlands: a theoretical framework and review of experiments. Ecological
Monographs 70, 171–207.

D’Antonio, C.M., Meyerson, L.A., 2002. Exotic plant species as problems and
solutions in ecological restoration: a synthesis. Restoration Ecology 10, 703–
713.

Denslow, J.S., 2003. Weeds in paradise: thoughts on the invasibility of tropical
islands. Annals of the Missouri Botanical Garden 90, 119–127.

Dietz, H., Steinlein, T., 1996. Determination of plant species cover by means of
image analysis. Journal of Vegetation Science 7, 131–136.

Dogley, F., 2004. Habitat restoration in the Morne Seychellois National Park. In:
Kueffer, C., Vos, P. (Eds.), Case Studies on the Status of Invasive Woody Plant
Species in the Western Indian Ocean. FAO, Rome, pp. 21–23. <http://
www.fao.org/forestry/aliens/31167/en/>.

Firn, J., House, A.P.N., Buckley, Y.M., 2010. Alternative states models provide an
effective framework for invasive species control and restoration of native
communities. Journal of Applied Ecology 47, 96–105.

Fleischmann, K., 1997. Invasion of alien woody plants on the islands of Mahé and
Silhouette, Seychelles. Journal of Vegetation Science 8, 5–12.

Fleischmann, K., 1999. Relations between the invasive Cinnamomum verum and the
endemic Phoenicophorium borsigianum on Mahé island, Seychelles. Applied
Vegetation Science 2, 37–46.

Friedmann, F., 1994. Flore des Seychelles. Orstom, Paris.
Gerlach, J., 2008. Setting conservation priorities – a key biodiversity areas analysis

for the Seychelles Islands. The Open Conservation Biology Journal 2, 44–53.
Hata, K., Suzuki, J.I., Kachi, N., Yamamura, Y., 2006. A 19-year study of the dynamics

of an invasive alien tree, Bischofia javanica, on a subtropical oceanic island.
Pacific Science 60, 455–470.

Hautier, Y., Niklaus, P.A., Hector, A., 2009. Competition for light causes plant
biodiversity loss after eutrophication. Science 324, 636–638.

Hobbs, R.J., Arico, S., Aronson, J., Baron, J.S., Bridgewater, P.B., Cramer, V.A., Epstein,
P.R., Ewel, J.J., Klink, C.A., Lugo, A.E., Norton, D., Ojima, D., Richardson, D.M.,
Sanderson, E.W., Valladares, F., Vila, M., Zamora, N., Zobel, M., 2006. Novel
Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
eration: A case study. Biol. Conserv. (2010), doi:10.1016/j.biocon.2010.04.031
ecosystems: theoretical and management aspects of the new ecological world
order. Global Ecology and Biogeography 15, 1–7.

Hobbs, R.J., Higgs, E., Harris, J.A., 2009. Novel ecosystems: implications for
conservation and restoration. Trends in Ecology and Evolution 24, 599–605.

Huber, M., Ismail, S., 2006. Suggested IUCN red list status of the endemic woody
plants of the Inner Seychelles. Master Thesis, Institute of Integrative Biology,
ETH Zurich, Zurich, Switzerland.

Jackson, S.T., Hobbs, R.J., 2009. Ecological restoration in the light of ecological
history. Science 325, 567–568.

Kronauer, L., 2005. Seed dispersal of native versus exotic plants in the Seychelles.
Master Thesis, Institute of Integrative Biology, ETH Zurich, Zurich, Switzerland.

Kueffer, C., 2003. Habitat restoration of mid-altitude secondary Cinnamon forests in
the Seychelles. In: Mauremootoo, J.R. (Ed.), Proceedings of the Regional
Workshop on Invasive Alien Species and Terrestrial Ecosystem Rehabilitation
in Western Indian Ocean Island States. Sharing Experience, Identifying Priorities
and Defining Joint Action. Indian Ocean Commission, Quatre Bornes, Mauritius,
pp. 147–155. <http://www.gisp.org/publications/reports/index.asp>.

Kueffer, C., 2006. Impacts of woody invasive species on tropical forests of the
Seychelles. Diss. ETH No. 16602, Department of Environmental Sciences, ETH
Zurich, Zurich, Switzerland.

Kueffer, C., 2010. Reduced risk for positive soil-feedback on seedling regeneration
by invasive trees on a very nutrient-poor soil in Seychelles. Biological Invasions
12, 97–102.

Kueffer, C., Daehler, C., 2009. A habitat-classification framework and typology for
understanding, valuing and managing invasive species impacts. In: Inderjit
(Ed.), Management of Invasive Weeds. Springer, Berlin, pp. 77–101.

Kueffer, C., Vos, P., 2004. Case Studies on the Status of Invasive Woody Plant Species
in the Western Indian Ocean: 5. Seychelles. Forestry Department, Food and
Agriculture Organization of the United Nations, Rome, Italy. <http://
www.fao.org/forestry/aliens/31167/en/>.

Kueffer, C., Vos, P., Lavergne, C., Mauremootoo, J., 2004. Case Studies on the Status of
Invasive Woody Plant Species in the Western Indian Ocean. 1. Synthesis.
Forestry Department, Food and Agriculture Organization of the United Nations,
Rome, Italy. <http://www.fao.org/forestry/aliens/31167/en/>.

Kueffer, C., Schumacher, E., Fleischmann, K., Edwards, P.J., Dietz, H., 2007. Strong
belowground competition shapes tree regeneration in invasive Cinnamomum
verum forests. Journal of Ecology 95, 273–282.

Kueffer, C., Klingler, G., Zirfass, K., Schumacher, E., Edwards, P., Güsewell, S., 2008.
Invasive trees show only weak potential to impact nutrient dynamics in phos-
phorus-poor tropical forests in the Seychelles. Functional Ecology 22, 359–366.

Kueffer, C., Kronauer, L., Edwards, P.J., 2009. Wider spectrum of fruit traits in
invasive than native floras may increase the vulnerability of oceanic islands to
plant invasions. Oikos 118, 1327–1334.

Kueffer, C., Daehler, C.C., Torres-Santana, C.W., Lavergne, C., Meyer, J.-Y., Otto, R.,
Silva, L., 2010. A global comparison of plant invasions on oceanic islands.
Perspectives in Plant Ecology, Evolution and Systematics 12, 145–161.

Loh, R., Tunison, T., 2009. Long term management of invasive plant species in
Special Ecological Areas at Hawaii Volcanoes National Park – a review of the last
20 years, or where do we go from here? In: Kueffer, C., Loope, L.L. (Eds.),
Prevention, Early Detection and Containment of Invasive, Non-native Plants in
the Hawaiian Islands: Current Efforts and Needs, Pacific Cooperative Studies
Unit Technical Report 166. University of Hawai‘i at Manoa, Department of
Botany, Honolulu, HI, pp. 33–35. <http://www.botany.hawaii.edu/faculty/duffy/
techr/166>.

Lugo, A.E., 2004. The outcome of alien tree invasions in Puerto Rico. Frontiers in
Ecology and the Environment 2, 265–273.

Martin, P.H., Canham, C.D., Marks, P.L., 2009. Why forests appear resistant to exotic
plant invasions: intentional introductions, stand dynamics, and the role of
shade tolerance. Frontiers in Ecology and the Environment 7, 142–149.

McNeely, J.A., Mooney, H.A., Neville, L.E., Schei, P., Waage, J.K. (Eds.), 2001. A Global
Strategy on Invasive Alien Species. IUCN, Gland, Switzerland.

Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-being:
Biodiversity Synthesis. World Resources Institute, Washington, DC.

Schumacher, E., 2007. Variation in growth responses among and within native and
invasive juvenile trees in Seychelles. Diss. No. 16988, Department of
Environmental Sciences, ETH Zurich, Zurich, Switzerland.

Schumacher, E., Dietz, H., Fleischmann, K., Kueffer, C., Edwards, P.J., 2003. Invasion
of woody plants into the Seychelles tropical forests: species traits in the
establishment phase. Bulletin of the Geobotanical Institute ETH 69, 77–86.

Schumacher, E., Kueffer, C., Tobler, M., Gmür, V., Edwards, P.J., Dietz, H., 2008.
Influence of drought and shade on seedling growth of native and invasive trees
in the Seychelles. Biotropica 40, 543–549.

Schumacher, E., Kueffer, C., Edwards, P.J., Dietz, H., 2009. Influence of light and
nutrient conditions on seedling growth of native and invasive trees in the
Seychelles. Biological Invasions 11, 1941–1954.

Seastedt, T.R., Hobbs, R.J., Suding, K.N., 2008. Management of novel ecosystems: are
novel approaches required? Frontiers in Ecology and the Environment 6, 547–
553.

Simara, H., Valentin, T., Schumacher, E., Kueffer, C., 2009. Habitat Restoration in
Mare aux Cochons (Morne Seychellois National Park) – Part Two. Kapisen 9, 8–
11. <http://www.plantecology.ethz.ch/publications/books/kapisen>.

Stoddart, D.R. (Ed.), 1984. Biogeography and Ecology of the Seychelles Islands. Dr.
W. Junk Publishers, The Hague, Boston, Lancaster.

Stohlgren, T.J., Yuka Otsuki, Y., Villa, C.A., Lee, M., Belnap, J., 2001. Patterns of plant
invasions: a case example in native species hotspots and rare habitats.
Biological Invasions 3, 37–50.
tories in alien-dominated, novel ecosystems by facilitating seedling regen-

http://www.fao.org/forestry/aliens/31167/en/
http://www.fao.org/forestry/aliens/31167/en/
http://www.gisp.org/publications/reports/index.asp
http://www.fao.org/forestry/aliens/31167/en/
http://www.fao.org/forestry/aliens/31167/en/
http://www.fao.org/forestry/aliens/31167/en/
http://www.botany.hawaii.edu/faculty/duffy/techr/166
http://www.botany.hawaii.edu/faculty/duffy/techr/166
http://www.plantecology.ethz.ch/publications/books/kapisen
http://dx.doi.org/10.1016/j.biocon.2010.04.031


C. Kueffer et al. / Biological Conservation xxx (2010) xxx–xxx 11

ARTICLE IN PRESS
Tunison, J.T., Stone, C.P., 1992. Special ecological areas: an approach to alien
plant control in Hawaii Volcanoes National Park. In: Stone, C.P., Smith, C.W.,
Tunison, J.T. (Eds.), Alien Plant Invasions in Native Ecosystems of Hawai’i:
Management and Research. University of Hawaii Press, Honolulu. Hawaii, pp.
781–798.

Turner, I.M., 2001. The Ecology of Trees in the Tropical Rain Forest. Cambridge
University Press, Cambridge.

Valentin, T., Simara, H., Fleischer-Dogley, F., Schumacher, E., Kueffer, C., 2008.
Habitat Restoration in Mare aux Cochons (Morne Seychellois National Park) –
Part One. Kapisen 8, 12–14. <http://www.plantecology.ethz.ch/publications/
books/kapisen>.
Please cite this article in press as: Kueffer, C., et al. Managing successional trajec
eration: A case study. Biol. Conserv. (2010), doi:10.1016/j.biocon.2010.04.031
Webb, S.L., Dwyer, M., Kaunzinger, C.K., Wyckoff, P.H., 2000. The myth of the
resilient forest: case study of the invasive Norway maple (Acer platanoides).
Rhodora 102, 332–354.

Wiser, S.K., Drake, D.R., Burrows, L.E., Sykes, W.R., 2002. The potential for long-term
persistence of forest fragments on Tongatapu, a large island in western
Polynesia. Journal of Biogeography 29, 767–787.

Wittenberg, R., Cock, M.J.W., 2001. Invasive Alien Species: A Toolkit of Best
Prevention and Management Practices. CAB International, Wallington, Oxon.
<http://www.gisp.org/publications/toolkit/index.asp>.

Zavaleta, E., Hobbs, R.J., Mooney, H.A., 2001. Viewing invasive species removal in a
whole-ecosystem context. Trends in Ecology and Evolution 16, 454–459.
tories in alien-dominated, novel ecosystems by facilitating seedling regen-

http://www.plantecology.ethz.ch/publications/books/kapisen
http://www.plantecology.ethz.ch/publications/books/kapisen
http://www.gisp.org/publications/toolkit/index.asp
http://dx.doi.org/10.1016/j.biocon.2010.04.031

	Managing successional trajectories in alien-dominated, novel ecosystems by facilitating seedling regeneration: A case study
	Introduction
	Methods
	Study area
	Species
	Experiment 1: transplant experiment
	Experimental setup
	Data collection

	Experiment 2: cinnamon phytometer experiment
	Statistical analysis
	Experiment 1: transplant experiment
	Experiment 2: phytometer experiment


	Results
	Experiment 1: transplant experiment
	Mortality and relative growth rates
	Biomass allocation and foliar nutrient contents

	Experiment 2: phytometer experiment

	Discussion
	The effect of understorey and gap conditions on seedling growth
	Comparison of seedling growth responses under field and greenhouse conditions
	Variation of seedling growth from the understorey to the gap centre
	Promoting native seedling regeneration in cinnamon dominated secondary forests
	Slow regeneration of native seedlings under understorey conditions
	Large gaps promote alien seedling regeneration
	Scattered small gaps as a promising strategy for managing native seedling regeneration
	Long-term adaptive management of seedling regeneration


	Acknowledgements
	Appendix A
	Appendix B
	Appendix C
	References


