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This research provides the first detailed assessment of Cistus ladanifer, a woody, perennial shrub native to the
Mediterranean, as an invasive species in South Africa. Three small naturalising populations (all less than
0.1 ha) of this species were discovered in 2012 in native heathland vegetation (“Fynbos”) of the Western Cape
Province of South Africa. Prior to this discovery, C. ladanifer had not previously been recorded or recognised as
an invasive species in South Africa. It poses a significant threat to the local endemic vegetation, largely due to
its pre-adaptation to similar environmental conditions, and, if left unmanaged, it has the potential to invade fur-
ther. However, given the small size of currently knownpopulations and its ease ofmanagement, we propose that
eradication of C. ladanifer is feasible in South Africa. Herewe provide insights into options for themanagement of
C. ladanifer, in particular its eradication from South Africa. Based on theweed risk assessment presented here, we
recommend that C. ladanifer be listed as an invasive species under national legislation, thus requiring compulsory
management. The results of this study provide detailed information on the extent of the invasion by C. ladanifer
and the aspects of its biology pertinent to management (e.g. its reproductive ability, soil-stored seed banks). We
show that complete removal of C. ladanifer populations is feasible and results in a steady decline in population
size over time. Local extirpation of populations of C. ladanifer can be enhanced through fire-stimulation of the
seed bank, but this may not be feasible in an urban setting. Our study emphasises the importance of scientific re-
search in the development and evaluation of species-based management plans for invasive species.

© 2018 SAAB. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Cistus ladanifer (L.) (Cistaceae) is a fire-adapted, woody perennial
shrub native to the Iberian Peninsula, southern France, Morocco and
Algeria (Demoly and Monserrat, 1993). It has been reported to have
naturalised in other Mediterranean systems, for example Cyprus
(Meikle, 1977; Hadjikyriakou and Hadjisterkotis, 2002), New Zealand
(Sykes, 1982), California (Ditomaso and Healy, 2006) and in the Canary
Islands (Fernández-Mazuecos and Vargas, 2011) although it has not
been noted as invasive in any of these localities. Within the context of
this paper, we understand naturalised to mean the occurrence of alien
plants in the wild which establish reproducing and self-sustaining
plant populations in close proximity to the point of introduction with-
out direct human intervention and invasive to mean the spread of
naturalised plants in the wild beyond the point of introduction with
the establishment of reproducing and self-sustaining plant populations
).

hts reserved.
in large numbers (Richardson et al., 2000; Blackburn et al., 2011). There
are noprevious records of its naturalisation in SouthAfrica, although the
earliest record of its introduction was in 1934 in the Kirstenbosch Na-
tional Botanical Gardens in Cape Town [Hort. Economic Garden,
Kirstenbosch; ex La Mortala Ventimiglia, Italy; November 1934,
NBG121418 (NBG)], presumably for its known medicinal uses such as
treatment of various skin diseases, as an anti-diarrheal, and as anti-
inflammatory agents (Zidane et al., 2013). The discovery of naturalising
populations of C. ladanifer prompted an assessment of its invasive ecol-
ogy, the potential invasive risk posed by the species and options for its
management. Of major concern is the threat posed by C. ladanifer to
valuable fragments of native heathland vegetation or “Fynbos” in
urban areas where the use of fire as a tool to manage fire-adapted
alien invasive plants is not always possible (Richardson et al., 1996;
Prestemon et al., 2002; VanWilgen et al., 2010) and where disturbance
favours the spread of invasive alien species (Alston and Richardson,
2006). Since C. ladanifer is a newly discovered species (with a residence
time of a few decades) with apparent invasive tendencies and is cur-
rently not listed according to South African legislation (i.e. The
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Department of Environment Affairs' National Environmental
Management: Biodiversity Act 10 of 2004 [NEMBA] Alien and Invasive
Species Regulations, 2014) a detailed species risk analysis is required
(Wilson et al., 2013; Panetta, 2015).

Detection of an invasive species prior to significant population
growth and expansion potentially allows for the use of feasible offensive
strategies (eradication), as opposed to defensive strategies such as con-
tainment and impact reductionwhich requiremore extensive resources
(Rejmánek and Pitcairn, 2002). Assessment of the known invasive pop-
ulations of C. ladaniferwas required to determinewhether eradication is
desirable and feasible and under what conditions it may be possible
(McNeely et al., 2001; Wittenberg and Cock, 2001; Simberloff, 2009).
In this paper we used a weed risk assessment tool (Pheloung et al.,
1999; Gordon et al., 2010) in combination with a framework devised
by Panetta (2015) to determine weed eradication effort and feasibility.
When considering the feasibility of eradication, important factors in-
clude the time of plant maturation, the persistence of the seed bank
and dispersal functional groups. Two dispersal functional groups are
recognised by Panetta (2015). (1) High containment feasibility indi-
cates short seed dispersal through natural means with or without
humanmediateddispersal and (2) low containment feasibility indicates
long seed dispersal through natural means which results in more de-
manding management. Information about dispersal can be used to for-
mulate a structured viewpoint on dispersal patterns to inform the
Fig. 1. Growth form and reproductive structures of Cistus ladanifer, s
relative eradication feasibilities and therefore guide decisions around fi-
nancial investment in an eradication attempt or otherwise (Cacho et al.,
2006; Panetta, 2015).

The purpose of this paper is to provide the first detailed assessment
of C. ladanifer as an invasive species in South Africa. Our assessment is
based on two aspects: (1) the potential of C. ladanifer to become a
major invader in South Africa and (2) the distribution, abundance and
reproductive characteristics of knownpopulations of C. ladanifer as indi-
cators of eradication feasibility. We discuss the results in the context of
control measures conducted over a period of five years and within the
context of fire-suppressed environments. Finally, we consider policy
implications (i.e. the legal categorisation of C. ladanifer under NEMBA
in South Africa).

2. Materials and methods

2.1. Species description and ecology

C. ladanifer is an erect perennial shrub with a mature height of be-
tween 2 m and 3 m, lanceolate leaves and an attractive white papery
flower of approximately 64 mm in diameter (Fig. 1a and b) sometimes
with a maroon-coloured spot on each flower petal (Talavera et al.,
1993; Alados et al., 1999). This pioneer species thrives on nutrient
poor degraded soils and produces abundant pollen and nectar which
howing A) an adult plant; B) the flowers; and C) the seed pods.
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attract a wide variety of insect pollinators (Sánchez-Hernández et al.,
2002; Talavera et al., 1993). Leaves and branches are impregnated
with a terpin-derived resin which indicates C. ladanifer is highly flam-
mable when exposed to fires (Delgado et al., 2001). Allelopathic com-
pounds released into the soil by C. ladanifer (Chaves et al., 2001;
Herranz et al., 2006), reduce interspecific competition (Chaves and
Escudero, 1997; Sosa et al., 2004; Scognamiglio et al., 2013) and in
turn reduce neighbouring plant species diversity (Chaves and
Escudero, 1997). The allelopathic compounds are able to persist in the
soil for a considerable length of time (Sosa et al., 2004).

The fruit capsules of C. ladanifer are fire resistant, lignified, globular
capsules which consist of seven to ten compartments (Fig. 1c) (Acosta
et al., 1997). The small, hard seeds remain inside the fruits for approxi-
mately 10 to 15 weeks after fruit formation and are released due to the
drying and separation of the compartments (Serrano et al., 2001). The
mass production of seeds in this species (500 to 1000 per fruit) en-
hances the likelihood of seedling recruitment (Troumbis and Trabaud,
1986). Seed survival depends on location relative to fire, thickness of
the seed coat and insulation (Pyke et al., 2010). Cistus produces both
thin- and thick-coated seeds in order to ensure sustained recruitment
under fire-suppression and mass recruitment following fire (Delgado
et al., 2008). The exact longevity of seeds of the Cistaceae is unknown
and debated in the literature. However, Thanos et al. (1992) propose
“seed longevitymay be considerable as a result of the protection offered
by the impermeable coats”. Insights into the seed dynamics are impor-
tant in an attempt to suppress an invasive population of this species be-
cause both adult, reproducing plants as well as seeds in the soil will
contribute to future recruitment. For C. ladanifer, germination is partly
fire-stimulated and therefore fires passing through these populations
may increase their rate of spread. Alternatively, exclusion of fire, partic-
ularly likely in urban areas (VanWilgen et al., 2012), may lead to a long
lag phase and the perception that the species will not become invasive
(Geerts et al., 2013).

2.2. Study sites

Two populations of C. ladanifer were detected in the Kenilworth
Racecourse Conservation Area (KRCA) in 2012/2013. The KRCA is one
of the largest and best-preserved fragments of the threatened ‘Cape
flats sand fynbos’ vegetation type remaining (Cowling et al., 1999;
Rebelo et al., 2006; Gehrke et al., 2011; Holmes et al., 2012) and is man-
aged as a formally protected area within an urban zone (Rebelo et al.,
2011). It is unclear how C. ladanifer was introduced to this site. The
first population (58.5 m2) of C. ladanifer was discovered in KRCA Re-
serve in 2012 (−33.995284°; 18.485492°) and a second population
(333.4m2) was discovered in the same Reserve a few months later (−
33.997686°; 18.486357°). The two KRCA populations are ~300 m
apart. Management activities in this Reserve are primarily focused on
removal of alien vegetation (e.g. Acacia species), active vegetation resto-
ration and fire management. The vegetation structure of Cape flats sand
fynbos has to be maintained by an artificial fire regime that approxi-
mates the natural fire regime in order to stimulate regeneration the
fire adapted fynbos vegetation. Research on the effects of fire on fynbos
ecosystems has led to the adoption of a policy of prescribed burning in
the late Summer/early Autumn at intervals of 12 to 15 years (Van
Wilgen et al., 1992; Bond, 2012). However, the risk of fire to infrastruc-
ture in an urban environment slows implementation of controlled fires
and results in Cape Flats Sand Fynbos urban fragments experiencing
long fire intervals or complete fire suppression (Van Wilgen and
Forsyth, 2008; Van Wilgen et al., 2012). Population one was burnt in
the Autumn of 2015 by prescribed fire but had not burned in more
than 100 years prior to that. KRCA Population two was burnt in a pre-
scribed fire in 2005 (J Cooper, personal communication 2012).

A third population (741.2m2) of C. ladanifer was discovered on
Kirstenbosch Botanical Gardens estate (−33.983518°; 18.436625°) in
July of 2013 by a Compton Herbarium taxonomist. This population of
C. ladanifer occurs in the natural Peninsula Granite Fynbos and has
been known to be present since at least 1976 (i.e. 42 years) (E Van
Jaarsveld, personal communication, 2014). Although it occurs outside
of the cultivated garden, it is presumed that this population is linked
to the original garden plantings on the estate several decades earlier.
2.3. Risk assessment

The Australian Weed Risk Assessment Protocol (Pheloung et al.,
1999) was used to assess the potential invasive risk of C. ladanifer and
to collate relevant literature on the species' invasive characteristics.
The method was designed for pre-border risk assessment, however it
can also be usefully applied to species that are post-border and in the
early stages of establishment (e.g. Zenni et al., 2009). The Australian
Weed Risk Assessment Protocol has been modified to suit other con-
texts, in which it has consistently proven to be accurate (Gordon and
Gantz, 2008). For example Daehler et al. (2004) modified the
AustralianWeed Risk Assessment Protocol by changing some questions
to screen introductions to Pacific Islands. Some of the modifications
made included substituting Australian climates with tropical or sub-
tropical climates. In this study, the guidelines for application outside
Australia as set out by Gordon et al. (2010) were followed.
2.4. Population surveys and monitoring (delimitation)

2.4.1. Delimitation of known populations
Effective surveillance is critical for generating a reliable delimitation

of an infestation (Panetta and Lawes, 2005). Intensive walk-and-search
surveys of the entire KRCA Reserve and the 2 ha surrounding the popu-
lation on the Kirstenbosch Estate were conducted by means of parallel
transects. Transects were positioned at intervals of 2 m to 5 m depend-
ing on the density of the vegetation and, hence, the ability to detect in-
dividual plants. The position of each C. ladanifer plant wasmarked using
a Garmin Oregon 550. Plant basal diameter and height were measured.
The presence of flowers, buds and fruits was noted in order to identify
plants that had reached reproductive maturity. An estimate of popula-
tion age by counting age rings was not feasible due to growth rings
being indiscernible.

The spatial distribution patterns of plants from each population
were assessed using a multi-distance spatial cluster analysis (Ripley's
K; see Dixon, 2002) in ArcMap 10.1. Ripley's Kmeasures significant spa-
tial aggregation by averaging the number of data points within a speci-
fied distance from a randomly selected point. The study area for the
analysis was defined by the minimum rectangle enclosing all the data
points. Ten distance bands were used to analyse clustering within the
study area.
2.4.2. Search for additional populations in South Africa
In an attempt to identify any additional populations of C. ladanifer in

the country, a public awareness campaign was launched in 2013. This
included an information brochure distributed to conservation workers
and citizen scientists, and news articles in popular print and online
media highlighting the characteristic features of the species and
requesting reports of its whereabouts.
2.5. Control efficacy

Initial control (plant removal) was conducted for all populations be-
tween November 2012 and May 2013. Following initial clearing, plant
removal and data collection were repeated annually during late spring
(November). Since C. ladanifer is shallow-rooted, all plants were hand-
pulled at each annual clearing. All populations were subjected to an ini-
tial clearing and four follow-up treatments.
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2.6. Juvenile period

Plant attributes were recorded concurrently with clearing opera-
tions in order to describe population structure in each population over
time. The onset of reproductive maturity, i.e. the end of juvenile period,
is an important metric for understanding invasive potential (Dixon,
2002). A single generalised linear model with binomial errors was
used to estimate mean size at onset of reproductive maturity. Height,
basal stem diameter of plants at initial clearing (i.e. before treatment)
and site (treated as a fixed effect) were regressed against the presence
of reproductive structures (flowers, buds, old and/or new fruit; the
presence of any ofwhichwas treated as a sign of reproductivematurity)
(Zenni et al., 2009).

2.7. Seed germinability

2.7.1. Spontaneous germination (semi-controlled environment)
To test spontaneous germination of C. ladanifer, 20 soil samples to a

depth of 10 cmwere collected from the KRCA in July 2013 from an area
of high plant density. The samples were deposited in seed germination
trays in outdoor cold boxes to control the humidity and prevent hard
rain or harsh sun from reaching the young seedlings, whilst allowing
natural air movement across the plants. The germination trays were
stored in the cold boxes for two months during Spring. The seed trays
were monitored every second day for signs of germination and the
trays were watered when necessary.

2.7.2. Seed germinability with pre-treatments (controlled environment)
In March 2015 seed germination trials were initiated to determine

the germination rate of C. ladanifer seeds in response to simulated envi-
ronmental cues. Heat and smoke have been shown to break seed dor-
mancy across a number of families in fire-prone ecosystems
worldwide (e.g. Keeley et al., 1985; Brown, 1993; Dixon et al., 1995;
Pérez-Fernández and Rodríguez-Echeverría, 2003; Brown and Botha,
2004). Moisture (simulating Spring rains), heat and smoke-water treat-
ments (simulating fire) were therefore the focus of the experiment. An
examination of the literature on fire temperatures through the soil pro-
file (Lawrence, 1966; Bradstock and Auld, 1995; Penman and Towerton,
2008; Drooger, 2009) informed the design of the trial and we followed
the protocol of Valbuena et al. (1992) in terms of heat exposure.

C. ladanifer seeds were collected from standing plants from the
Kirstenbosch population during November 2013 after fruits had dried
and opened. Seedswere subjected to one of eight treatments: (1) a con-
trol, to determine the rate of spontaneous germination; (2) pre-
germination heat treatments of 50 °C for 1 and 5 min, respectively
(Valbuena et al., 1992); (3) pre-germination heat treatments of 100 °C
for 1 and 5 min; (4) pre-germination heat treatments of 150 °C for
1 min (Valbuena et al., 1992); and (5) smoke pre-treatment of seeds
bywateringwith smoke-water. Treatment (2)would simulate fire tem-
perature conditions experienced by seeds deeper within the soil and/or
the temperature conditions experienced during controlled fires. Treat-
ments (3) and (4) are intended to simulate the conditions experienced
by more shallowly-buried seeds and/or during more intense fires.

Seedswere treatedwith an anti-fungal agent prior to pre-treatment.
Treated seedswere placed in subsamples of 20 seeds in 6.5 cmdiameter
Petri dishes on top of five layers of filter paper and moistened with 3 to
4 ml distilled water for the duration of germination trials (Thanos et al.,
1992; Pérez-García, 1997). Therewerefive replicates for each treatment
(i.e. each treatment was performed on a total of 100 seeds). Smoke-
water treated seeds were submerged in a mixture of one part smoke-
water concentrate:nine parts water for 24 h, then removed and placed
on fresh filter paper in Petri dishes. Petri dishes were placed in a walk-
in growth chamber at 17.5 °C in darkness as Thanos and Georghiu
(1988) established exposure to light during germination trials had no
significant effect on germination proportion or rate. Two iButton data
loggers (Maxim, purchased, 2015) were placed in the growth chamber
tomonitor temperature hourly. Germinated seedswere counted and re-
moved from the Petri dishes for 32 weeks until germination rate tailed
off and no germination was observed for three consecutive days.

2.8. Seed production and dispersal

To estimate the size of the seed bank, soil was sampled to a depth of
10 cmusing a soil corer (radius= 3.6 cm) at the two larger populations
(KRCA 2 (333.2 m2) and Kirstenbosch (741.2 m2)). To determine
whether the soil-stored seeds (which do not appear to have any dis-
persal adaptations) were concentrated beneath the parent plants or
had spread beyond the canopy, thirty soil samples were taken from
both sites, beneath the canopy of dense stands (˃60% cover) and30 sam-
ples taken approximately 2 m outside the population perimeter. Dried
soil was sieved using 0.08 mm mesh and the number of seeds in each
sample was counted in order to estimate the size of the soil seed bank.

3. Results and discussion

3.1. Risk assessment

C. ladanifer scored 22 points on the Australian Weed Risk Assess-
ment (Supplementary Table 1) which indicates that this species
would have failed a pre-border risk assessment (Pheloung et al.,
1999). We answered 38 out of the 42 questions in the risk assessment
based on available literature and data from this study. The score ob-
tained for C. ladaniferwas comprised of 15 points for the biogeography,
seven points for the undesirable attributes, and zero points for the biol-
ogy/ecology sections, respectively. In the South African context, this in-
dicates C. ladanifer should be considered for listing under the NEMBA
Alien and Invasive Species regulations. The attributes of this species sug-
gest C. ladanifer poses a particularly high risk to the agricultural and en-
vironmental sectors (see Supplementary Table 1).

The likelihood of reintroduction of C. ladanifer to South Africa is low.
Several Cistus hybrid forms are currently stocked and sold in nurseries
in South Africa. These hybrids bear little resemblance to the wild form
of C. ladanifer. C. ladanifer is not currently stocked in any nurseries in
the Cape Metropole (Cronin et al., 2017). Indeed, according to nursery
managers, the popularity of Cistus has declined in recent years such
that there is low demand and very limited wholesales in South Africa.

3.2. Population surveys and monitoring (delimitation)

No additional populations of C. ladaniferwere identified as a result of
the targeted awareness campaign or found during the surveys of the
Kenilworth Racecourse Conservation Area or Kirstenbosch. Given the
relatively longprobable residence timeof the knownpopulations before
the discovery, it may be possible that other and yet undiscovered popu-
lations exist. Surveillance across the fynbos biome should be conducted
to uncover other populations. An awareness campaign using informed
spotters (e.g. conservation field rangers) combined with clear spotter
reporting mechanisms (McKinney, 2002; Simpson et al., 2009;
Gaertner et al., 2016) is advisable. All plants found during initial surveys
at the KRCA were located in highly disturbed areas all of which ap-
peared to have contained building rubble. Population one at the KRCA
initially covered 58.5 m2 and consisted of 71 individuals, whilst KRCA
population two occupied an area of 333.4 m2 and consisted initially of
497 individuals. The Kirstenbosch population consisted initially of 592
plants over 741.2m2. Population localities are indicated in Fig. 2. Spatial
analysis utilising plant locality data obtained during initial clearings
shows that all populations exhibited significantly clustered plant distri-
butions (Fig. 2).

Heights in all populationswere bimodally distributed at initial clear-
ings (Fig. 3),withhigh numbers of seedlings (classified as plantsb20 cm
in height) and lower numbers of plants in the 40 ≤ 60 cmheight class in
the Kirstenbosch and KRCApopulation two and in the 20 ≤ 40 cmheight



Fig. 2. The spatial distribution of known Cistus ladanifer populations in South Africa showing the results of a multi-distance spatial cluster analysis (Ripley's K) at each population.
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class in the KRCA population one. A second tail-off occurred from
heights of 200 cm and up.

3.3. Control efficacy

All three C. ladanifer populations in South Africa are easily accessible
and the plants are readily detectable due to their upright growth form
and large, shiny lanceolate leaves which distinguish them from native
heathland vegetation. Their distinctive leaves mean that even small
seedlings hidden under other vegetation can be easily identified. Detec-
tion is enhanced during the flowering season, when C. ladanifer's large,
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conspicuous white flowers stand out amongst the Fynbos. Uprooting
plants by hand, although labour-intensive, was relatively easy and
highly effective. In other eradication attempts in South Africa, the im-
portance of factors such as detectability, access to the site, ease of
plant removal and herbicide efficacy where necessary, have been
highlighted as important in terms of enhancing eradication potential
(Jacobs et al., 2014; Van Wyk and Jacobs, 2015; Riddin et al., 2016;
Hickley et al., 2017). The response of each C. ladanifer population to con-
trol (expressed as numbers of plants over time) is shown in Table 1. At
KRCA population one, no plants have been observed since November
2015. The Kirstenbosch population has also showed a steady decline
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Table 1
Number of plants in each population from 2012 until August 2016.

Population Discovery & initial
removal

Initial area
occupied

Fire history Number of plants
(Initial)

No. of plants
(Nov 2013)

No. of plants
(Nov 2014)

No. of plants
(Nov 2015)

No. of plants
(Aug 2016)

KRCA 1 November 2012 58.5 m2 March 2016 71 6 20 0 0
KRCA 2 May 2013 333.4 m2 2005 497 222 625 3259 303
Kirstenbosch July 2013 741.2 m2 No fire 592 592 177 17 29
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in numbers,whereas at KRCApopulation two,mass-germination events
(N100 seedlings per m2) were observed in November 2014 and 2015,
indicating that significant numbers of seeds are able to spontaneously
germinate in the absence of fire.

Themean height of plants in all three populations declined from ini-
tial heights throughout the four follow-up seasons (Fig. 4). These results
show that plants found after the initial clearings have beenmainly small
seedlings, although occasionally adult plants have escaped detection for
some time when they are obscured by dense native vegetation.

As the size of plants declined over time, so the number of reproduc-
tive structures (i.e. flowers or fruits) in each population has declined as
most mature plants are removed annually. At the time of the most
recent monitoring (August 2016), less than 2% of KRCA population two
had reproductive structures (4 plants out of 303). At the Kirstenbosch
population, only 1 plant out of 29 had reproductive structures at the
most recent monitoring. Reproductive structures in these two popula-
tions have been reduced from 23.1% and 47.3% respectively since initial
control. These metrics (i.e. plant size as in Fig. 4 and percentage repro-
ductive structures) indicate effective control through suppression of
seed production and therefore future recruitment.

3.4. Juvenile period

The results of the generalised linearmodel (Fig. 5) indicate that both
height and diameter are significant predictors of reproductive maturity
(p b 0.001). In KRCA population one, 50% of plants with a height of
Fig. 4. Plant height at the three popula
75 cm would be reproductively mature (n reproductively mature = 1).
In KRCA population two, 50% of plants with a height of 140 cm would
be reproductively mature, and in the Kirstenbosch population, 50%
of plants with a height of 93 cm would be reproductively mature.
In terms of basal stem diameter, 50% of plants in KRCA population one
are reproductivelymature at a diameter of 2.250 cm (only one reproduc-
tively mature individual), in KRCA population two, at a diameter of
0.125 cm, and at Kirstenbosch, at a diameter of 2.675 cm, respectively.
Although the literature suggests the minimum generation time of
C. ladanifer is three years (Talavera et al., 1993; Delgado et al., 2008),
during annual follow-up treatments we found reproductive structures
on very small plants (b20 cm tall) suggesting that reproduction may
be possible within one year.

Notable differences in minimum height at reproductive maturity
and proportions of reproductively mature individuals in each popula-
tion suggest strong differences in minimum age of reproductive matu-
rity between the localities and/or environmental heterogeneity. We
observed that tall plants did not produce flowers whilst growing under-
neath other vegetation that competed for light.

3.5. Seed germination and dormancy

3.5.1. Spontaneous germination (semi-controlled environment)
During two months of monitoring no germination occurred in the

germination trays. This could be the result of predation whilst the soil
was still present in the KRCA population two or minimal survival rate
tions of Cistus ladanifer over time.
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Table 2
Results of soil seed banks from two Cistus ladanifer populations.

Population Seed density per m2:
inside population

Seed density per m2:
outside population

Total seed
bank

KRCA 2 606 (SD = 989) 33 (SD = 140) 202,090
Kirstenbosch 3653 (SD = 7506) 17 (SD = 63) 2,707,811
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of the seeds (Troumbis and Trabaud, 1986). This resulted in further
experimentation in a more controlled environment with ripe seeds
harvested from standing plants.

3.5.2. Seed germination with pre-treatments (controlled environment)
Germination of the treated and control seed samples occurred

continuously in the growth chambers for 25 weeks (from March to
November 2015). Mean germination across all treatments was 65.8%
(±2.19 SD). There was no significant difference in total seed germina-
tion between the seven treatments (ANOVA: F = 0.378; p = 0.887);
however, germination rate was influenced by the heat and smoke
water treatments. Spontaneous germination (control) occurred contin-
uously for 20 weeks and on average 90% of the untreated seeds germi-
nated in the first 82 days (±39.02 SD). The 150 °C treatment
produced the highest mean rate of germination (90% of seeds germi-
nated within 30.4 days ± 14.2 SD). Germination rates declined with
decreasing temperature of treatments. These results suggest that, for
on-site population management, hot fires are the most useful method
for stimulating seed germination within the shortest time-frame.

3.6. Seed production and dispersal

A total of 446 seeds were found in the dense section of the
Kirstenbosch population (mean seeds per sample = 14.87; SE = 5.58)
and two seeds from outside it (mean = 0.07; SE = 0.05). At KRCA
population two, 74 seeds were collected from within-population soil
samples (mean = 2.47, SE = 0.73) and four seeds (mean = 0.13;
SE = 0.73) were collected from the area immediately outside the
densest part of the population. Seed density per m2 and estimated
total soil seed bank per population are given in Table 2.

Inside-population seed densities were significantly higher (using
a two sample t-test) than seed densities from soil surrounding each
population (KRCA2: t(29) = 3.14; p b 0.005; Kirstenbosch: t(29) =
2.65; p b 0.01). Inside-population seed counts from Kirstenbosch and
KRCA population two were significantly different (Mann–Whitney
U test; W = 648; p = 0.003013). It has been shown that seed fall for
C. ladanifer in its native range in Spain is similarly highly clustered
(Bastida and Talavera, 2002).

The total seed bank within the Kirstenbosch population amounts to
~2.7M seeds, and that within KRCA population two, ~200,000 seeds,
which indicates seedlings observed in each population during follow-
up clearings (Table 1) represent a very small proportion of each
population's estimated total seed bank.

The Kirstenbosch population exhibits a significantly higher within-
population seed density than the KRCA population two, which is to be
expected, given its higher number of reproductively mature individuals
at the initial clearing and what we assume to be the longer residence
time of the Kirstenbosch population. The 2005 fire at the KRCA popula-
tion two may also have resulted in that population being more vibrant
and productive resulting in a greater depletion of the seed bank. Seed
densities are far greater within the populations than around them at
all sites. This concurs with the fact that seeds do not exhibit adaptations
for distance dispersal (Guzmán and Vargas, 2005), and are dispersed by
the shaking of branches by wind and rain (Talavera et al., 1993). This
limited seed dispersal appears to result in the localised and densely
clustered populations found at all three sites. Although factors such
as disturbance, seed predation or micro-habitat preferences may
contribute to the spatial clustering patterns observed (Levine and
Murrell, 2003). Limited means of seed dispersal (Panetta, 2015) and
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the application of effectivemechanisms for depleting the clustered seed
bank, bode well for eradication (Clout and Veitch, 2002).

Research on the genetic relatedness of the three C. ladanifer popula-
tions may reveal clues about the dispersal and spread of these popula-
tions (Le Roux and Wieczorek, 2009). If for example, such research
concludes that the populations are genetically similar and that the
Kirstenbosch population is the probable source, then it can be con-
cluded that dispersal was probably human-mediated. In this case, the
invasive risk associated with the species may be higher than originally
estimated (see Panetta, 2015). Similar studies have exposed for
example historical introduction pathways, e.g. of the woodwasp, Sirex
noctilio, from Eurasia (Boissin et al., 2012) and sources of introduction
of the common ragweed, Ambrosia artemisiifolia into France (Genton
et al., 2005). Alternatively, Guzmán and Vargas (2009) suggest that
even in the absence of special dispersal mechanisms, C. ladanifer has
shown a pattern of colonisation and recolonisation at least in its native
range and simultaneous expansion into drier habitats. If this pattern of
spread for C. ladanifer is possible in the SouthAfrican fynbos, such trends
in its native rangemight suggest potential future range expansion of the
species in the fynbos given that the Mediterranean-type climate of the
Western Capewill become hotter and drier according to climate change
predictions for this bioregion (Midgley et al., 2003).

However, it must be emphasised that from an eradication manage-
ment point of view, research on origins and dispersal would only be
useful if likely future introduction pathways and spread patterns can
be predicted in order to inform eradication management. One of the
challenges associated with eradication is the need to balance the re-
search information needed for successful eradication and the actions
that make eradication possible (Wilson et al., 2013). Simberloff (2003)
and Pluess et al. (2012) suggest that successful eradication or at least
containment is most often possible with only very superficial informa-
tion about the population biology of a target species.

4. Conclusions and management recommendations

The risk assessment result in this paper supports the notion that
C. ladanifer is a species of concern in South Africa and that it should be
listed as an invasive species according to national legislation. Given its
current highly restricted distribution (b1 ha), small population size
(Pluess et al., 2012) and ease of removal, we believe that eradication
of C. ladanifer in South Africa is a suitable management goal. Fur-
thermore, the application of fire or smoke water may assist to break
the dormancy of soil-stored seeds. Although the juvenile period for
C. ladanifer may be as short as 1 year and its seeds can persist in the
soil for several years, its propensity for long distance- and/or human
mediated dispersal is currently considered negligible. However, possi-
ble seed dispersal within invaded nature reserves in this study must
be considered, based on evidence of dispersal from other studies in
the fynbos biome and elsewhere. According to Malo and Suárez
(1996), in a European setting, C. ladanifer seeds are dispersed through
dung deposits by Cervus elaphus (European red deer). In South African
fynbos, eland antelope (Taurotragus oryx) andperhapsmore commonly,
smaller antelope such as the Cape grysbok (Raphicerus melanotis) and
steenbok (Raphicerus campestris) can be considered possible seed
dispersal agents. The Cape grysbok (R. melanotis), a highly selective
browser, (Kerley et al., 2010), is currently present at the Kenilworth
Racecourse Conservation Area (KRCA) (www.krca.co.za/fauna) and
can be regarded as possible seed vectors in fynbos.

The time to eradication of C. ladaniferwill largely be determined by
the rate of seed bank depletion. Stimulation of seed germination by pre-
scribed burning (Jasson, 2005; Richardson and Kluge, 2008) or making
opportunistic use of wild fires (Zenni et al., 2009; Hickley et al., 2017)
has been proposed as a management tool to manage invasive acacias
in South Africa. Prescribed burning in densely populated urban areas
is not always feasible (Van Wilgen and Forsyth, 2008; Van Wilgen
et al., 2012). However, given the very small areas invaded by
C. ladanifer we recommend the application of prescribed burns to
break seed dormancy and stimulate germination. At times when
management has to opt for fire-suppression, follow-up manual plant
removal needs to be sustained at the affected sites at least twice a
year to remove seedlings before they reach reproductive maturity.

As C. ladanifer is not sold in South Africa and the horticultural popu-
larity of the Cistus genus has declined substantially, there is little risk
of its re-introduction. However, further surveillance will be needed to
uncover possible existing populations. The listing of this species as a
Category 1a invasive species under NEMBA legislation will reinforce
this by formally prohibiting its trade or dissemination. We do however
recommend that this is communicated adequately to the horticulture
industry and regular monitoring of nurseries be included as part of the
species-specific management programme.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sajb.2018.04.021.
Acknowledgements

We would like to thank managers James Cooper and Rob Slater for
access to the Kenilworth Race Course Conservation Area and Reserve
staff for assistance with plant removal and data collection. Adam
Harrower of the South African National Biodiversity Institute is thanked
for his assistance with the germination experiments. We also thank
PieterWinter of the Compton Herbarium for his assistancewith species
identification and sourcing herbarium records. This work was sup-
ported by South Africa's Department of Environmental Affairs through
its funding of the South African National Biodiversity Institute's Invasive
Species Programme.

References

Acosta, F.J., Delgado, J.A., Lopez, F., Serrano, J.M., 1997. Functional features and ontogenetic
changes in reproductive allocation and partitioning strategies of plant modules. Plant
Ecology 132, 71–76.

Alados, C.L., Navarro, T., Cabezudo, B., 1999. Tolerance assessment of Cistus ladanifer to
serpentine soils by developmental stability analysis. Plant Ecology 143, 51–66.

Alston, K.P., Richardson, D.M., 2006. The roles of habitat features, disturbances and
distance from putative source populations in structuring alien plant invasions at the
urban/wildland interface on the Cape Peninsula, South Africa. Biological Conservation
132, 183–198.

Bastida, F., Talavera, S., 2002. Temporal and spatial patterns of seed dispersal in two Cistus
species (Cistaceae). Annals of Botany 89, 427–434.

Blackburn, T.M., Pyšek, P., Bacher, S., Carlton, J.T., Duncan, R.T., Jarošík, V., Wilson, J.R.U.,
Richardson, D.M., 2011. A proposed unified framework for biological invasions.
Trends in Ecology & Evolution 26, 333–339.

Boissin, E., Hurley, B., Wingfield, M.J., Vasaitis, R., Stenlid, J., Davis, C., de Goor, P.,
Ahumada, R., Carnegie, A., Goldarazena, A., Klasmer, P., Wermelinger, B., Slippers, B.,
2012. Retracing the routes of introduction of invasive species: the case of the Sirex
noctilio woodwasp. Molecular Ecology 21, 5728–5744.

Bond, W.J., 2012. Fire in the Cape region of South Africa. In: Keeley, J.E., Bond, W.J.,
Bradstock, R.A., Puasas, J.G., Rundel, P.W. (Eds.), Fire in Mediterranean Ecosystems:
Ecology, Evolution and Management. Cambridge University Press, Cambridge, UK,
pp. 168–200.

Bradstock, R.A., Auld, T.D., 1995. Soil temperatures during experimental bushfires in rela-
tion to fire intensity: consequences for legume germination and fire management in
south-eastern Australia. Journal of Applied Ecology 32, 76–84.

Brown, N.A.C., 1993. Promotion of germination of fynbos seeds by plant-derived smoke.
The New Phytologist 123, 575–583.

Brown, N.A.C., Botha, P.A., 2004. Smoke seed germination studies and a guide to seed
propagation of plants from the major families of the Cape Floristic Region, South
Africa. South African Journal of Botany 70, 559–581.

Cacho, O.J., Spring, D., Pheloung, P., Hester, S., 2006. Evaluating the feasibility of eradicating
an invasion. Biological Invasions 8, 903–917.

Chaves, N., Escudero, J.C., 1997. Allelopathic effect of Cistus ladanifer on seed germination.
Functional Ecology 11, 432–440.

Chaves, N., Sosa, T., Escudero, J.C., 2001. Plant growth inhibiting flavonoids in exudate of
Cistus ladanifer and associated soils. Journal of Chemical Ecology 27, 623–631.

Clout, M.N., Veitch, C.R., 2002. Turning the tide of biological invasions: the potential for
eradication invasive species. Turning the Tide: The Eradication of Invasive Species.
IUCN SSC Invasive Species Specialist Group, Gland, Switzerland and Cambridge, UK,
pp. 1–3.

Cowling, R.M., Macdonald, I.A.W., Simmons, M.T., 1999. The Cape Peninsula, South Africa:
physiographical, biological and historical background to an extraordinary hot-spot of
biodiversity. Biodiversity and Conservation 5, 527–550.

http://www.krca.co.za/fauna
https://doi.org/10.1016/j.sajb.2018.04.021
https://doi.org/10.1016/j.sajb.2018.04.021
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0005
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0005
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0005
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0010
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0010
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0015
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0015
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0015
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0015
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0020
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0020
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0025
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0025
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0030
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0030
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0035
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0035
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0035
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0035
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0040
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0040
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0040
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0045
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0045
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0050
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0050
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0050
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0055
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0055
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0060
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0060
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0065
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0065
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0070
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0070
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0070
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0070
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0075
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0075
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0075


93S.P. Du Plessis et al. / South African Journal of Botany 117 (2018) 85–94
Cronin, K., Kaplan, H., Gaertner, M., Irlich, U.M., Hoffman, M.T., 2017. Aliens in the nursery:
assessing the attitudes of nursery managers to invasive species regulations. Biological
Invasions 19, 925–937.

Daehler, C.C., Denslow, J.S., Ansari, S., Chi-Kuo, H., 2004. A risk-assessment system for
screening out invasive pest plants from Hawaii and other Pacific islands. Conserva-
tion Biology 18, 360–368.

DEA (Department of Environmental Affairs), 2014. National Environmental Management:
Biodiversity Act 10 of 2004. Alien and invasive species list, 2014. Government Notice
599. Government Gazette, South Africa No. 37886, August 2014.

Delgado, J.A., Serrano, J.M., Lopez, F., Acosta, F.J., 2001. Heat shock, mass-dependent
germination, and seed yield as related components of fitness in Cistus ladanifer.
Environmental and Experimental Botany 46, 11–20.

Delgado, J.A., Serrano, J.M., Lopez, F., Acosta, F.J., 2008. Seed size and seed germination in
the Mediterranean fire-prone shrub Cistus ladanifer. Plant Ecology 197, 269–276.

Demoly, J.P., Monserrat, P., 1993. Cistus. In: Castroeviejo, S., et al. (Eds.), Flora Ibérica vol.
3. Consejo de Investigaciones Cientifícas, Madrid, pp. 319–337.

Ditomaso, J.M., Healy, E.A., 2006. Weeds of California and Other Western States. 2 vols.
Univ. California. DANR Publications (1808 pp.).

Dixon, P.M., 2002. Ripley's K-function. Encyclopedia of Environmetrics 3, 1796–1803.
Dixon, K.W., Roche, S., Pate, J.S., 1995. The promotive effect of smoke derived from burnt

native vegetation on seed germination of Western Australian plants. Oecologia 101,
185–192.

Drooger, S., 2009. Soil TemperatureUnder a Catchment Scale Experimental Fire. (MSc thesis).
Wageningen University.

Fernández-Mazuecos, M., Vargas, P., 2011. Genetically depauperate in the continent but
rich in oceanic islands: Cistus monspeliensis (Cistaceae) in the Canary Islands. PLoS
One 6, e17172.

Gaertner, M., Larson, B.M.H., Irlich, U.M., Holmes, P.M., Stafford, L., Van Wilgen, B.W.,
Richardson, D.M., 2016. Managing invasive species in cities: a framework from
Cape Town, South Africa. Landscape and Urban Planning 151, 1–9.

Geerts, S., Moodley, D., Gaertner, M., Le Roux, J.J., McGeoch, M.A., Muofhe, C., Richardson,
D.M., Wilson, J.R.U., 2013. The absence of fire can cause a lag phase: the invasion
dynamics of Banksia ericifolia (Proteaceae). Austral Ecology 38, 931–941.

Gehrke, B., Tshiila, A., Muasya, M., Beukes, M., Barros, F., 2011. Sedge diversity at
Youngsfield Millitary Base. Veld and Flora 97, 32–33.

Genton, B.J., Shykoff, J.A., Giraud, T., 2005. High genetic diversity in French invasive pop-
ulations of common ragweed, Ambrosia artemisiifolia, as a result of multiple sources
of introduction. Molecular Ecology 14, 4275–4285.

Gordon, D.R., Gantz, C.A., 2008. Screening new plant introductions for potential invasive-
ness: a test of impacts for the United States. Conservation Letters 1, 227–235.

Gordon, D.R., Mitterdorfer, B., Pheloung, P.C., Ansari, S., Buddenhagen, C., Chimera, C.,
Daehler, C.C., Dawson, W., Denslow, J.S., LaRosa, A., Nishida, T., Onderdonk, D.A.,
Panetta, F.D., Pyšek, P., Randall, R.P., Richardson, D.M., Tshidada, N.J., Virtue, J.G.,
Willaims, P.A., 2010. Guidance for addressing the Australian Weed Risk Assessment
questions. Plant Protection Quarterly 25, 56–74.

Guzmán, B., Vargas, P., 2005. Systematics, character evolution, and biogeography of Cistus
L. (Cistaceae) based on ITS, trnL-trnF, and matK sequences. Molecular Phylogenetics
and Evolution 37, 644–660.

Guzmán, B., Vargas, P., 2009. Long-distance colonization of the Western Mediterranean
by Cistus ladanifer (Cistaceae) despite the absence of special dispersal mechanisms.
Journal of Biogeography 36, 954–968.

Hadjikyriakou, G., Hadjisterkotis, E., 2002. The adventive plants of Cyprus with new
records of invasive species. Zeitschrift für Jagdwissenschaft 48, 59–71.

Herranz, J.M., Ferrandis, P., Copete, M.A., Duro, E.M., Zalacaín, A., 2006. Effect of allelo-
pathic compounds produced by Cistus ladanifer on germination of 20 Mediterranean
taxa. Plant Ecology 184, 259–272.

Hickley, K.I., Kaplan, H., VanWyk, E., Renteria, J.L., Boatwright, J.S., 2017. Invasive potential
and management of Melaleuca hypericifolia (Myrtaceae) in South Africa. South
African Journal of Botany 108, 110–116.

Holmes, P.M., Rebelo, A.G., Dorse, C., Wood, J., 2012. Can Cape Town's unique biodiversity
be saved? Balancing conservation imperatives and development needs. Ecology and
Society 17, 28.

Jacobs, L.E.O., Richardson, D.M., Wilson, J.R.U., 2014. Melaleuca parvistaminea Byrnes
(Myrtaceae) in South Africa: invasion risk and feasibility of eradication. South
African Journal of Botany 94, 24–32.

Jasson, R., 2005. Management of Acacia Species Seed Banks in the Table Mountain
National Park, Cape Peninsula, South Africa. (MSc). University of Stellenbosch.

Keeley, J.E., Morton, B.A., Pedrosa, A., Trotter, P., 1985. Role of allelopathy, heat and
charred wood in the germination of chaparral herbs and suffrutescents. Journal of
Ecology 73, 445–458.

Kerley, G.I.H., Landman, M., de Beer, S., 2010. How do small browsers respond to resource
changes?Dietary response of the Cape grysbok to clearingAcacias. Functional Ecology
24, 670–675.

Lawrence, G.E., 1966. Ecology of vertebrate animals in relation to chaparral fire in the
Sierra Nevada foothills. Ecology 47, 278–291.

Le Roux, J., Wieczorek, A.M., 2009. Molecular systematics and population genetics of bio-
logical invasions: towards a better understanding of invasive species management.
Annals of Applied Biology 154, 1–17.

Levine, J.M., Murrell, D.J., 2003. The community-level consequences of seed dispersal
patterns. Annual Review of Ecology and Systematics 34, 549–574.

Malo, J.E., Suárez, F., 1996. Cistus ladanifer recruitment — not only fire, but also deer. Acta
Oecologica 17, 55–60.

Maxim, purchased, 2015. https://www.maximintegrated.com/en/products/digital/data-
loggers/DS1923.html.

McKinney, M.L., 2002. Urbanization, biodiversity, and conservation: the impacts of urban-
ization on native species are poorly studied, but educating a highly urbanized human
population about these impacts can greatly improve species conservation in all eco-
systems. Bioscience 52, 883–890.

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

Meikle, R.D., 1977. Flora of Cyprus 1977–1985. vols 1–2. The Bentham-Moxon Trust,
Royal Botanic Gardens, Kew.

Midgley, G.F., Hannah, L., Millar, D., Thuiller, W., Booth, A., 2003. Developing regional
and species-level assessments of climate change impacts on biodiversity in the
Cape Floristic Region. Biological Conservation 112, 87–97.

Panetta, F.D., 2015. Weed eradication feasibility: lessons of the 21st century. Weed
Research 55, 226–238.

Panetta, F.D., Lawes, R., 2005. Evaluation of weed eradication programs: the delimitation
of extent. Diversity and Distributions 11, 435–442.

Penman, T.D., Towerton, A.L., 2008. Soil temperatures during autumn prescribed burning:
implications for the germination of fire responsive species? International Journal of
Wildland Fire 17, 572–578.

Pérez-Fernández, M.A., Rodríguez-Echeverría, S.J., 2003. Effect of smoke, charred wood,
and nitrogenous compounds on seed germination of ten species from woodland in
central-western Spain. Journal of Chemical Ecology 29, 237–251.

Pérez-García, F., 1997. Germination of Cistus ladanifer seeds in relation to parent material.
Plant Ecology 133, 57–62.

Pheloung, P.C., Williams, P.A., Halloy, S.R., 1999. A weed risk assessment model for use as
a biosecurity tool evaluating plant introductions. Journal of Environmental Manage-
ment 57, 239–251.

Pluess, T., Cannon, R., Jarošík, V., Pergl, J., Pyšek, P., Bacher, S., 2012. When are eradication cam-
paigns successful? A test of common assumptions. Biological Invasions 14, 1365–1378.

Prestemon, J.P., Pye, J.M., Butry, D.T., Holmes, T.P., Mercer, D.E., 2002. Understanding
broadscale wildfire risks in a human-dominated landscape. Forest Science 48,
685–693.

Pyke, D., Brooks, M.L., D'antonio, C., 2010. Fire as a restoration tool: a decision framework
for predicting the control or enhancement of plants using fire. Restoration Ecology
18, 274–284.

Rebelo, A.G., Boucher, C., Helme, N., Mucina, L., Rutherford, M.C., 2006. Fynbos biome. In:
Mucina, L., Rutherford, M.C. (Eds.), The Vegetation of South Africa, Lesotho, and
Swaziland. South African National Biodiversity Institute, Pretoria, pp. 52–219.

Rebelo, A.G.,Holmes, P.M., Dorse, C.,Wood, J., 2011. Impacts of urbanization in a biodiversity
hotspot: conservation challenges in Metropolitan Cape Town. South African Journal of
Botany 77, 20–35.

Rejmánek, M., Pitcairn, M.J., 2002. When is eradication of exotic pest plants a realistic
goal? In: Veitch, C.R., Clout, M.N. (Eds.), Turning the Tide: The Eradication of Invasive
Species. IUCN-SSC Invasive Species Specialist Group, Gland Switzerland and
Cambridge UK, pp. 249–253

Richardson, D.M., Kluge, R.L., 2008. Seed banks of invasive Australian Acacia species in
South Africa: role in invasiveness and options for management. Perspectives in
Plant Ecology, Evolution and Systematics 10, 161–177.

Richardson, D.M., Van Wilgen, B.W., Higgins, S.I., Trinder-Smith, T.H., Cowling, R.M.,
Mckell, D.H., 1996. Current and future threats to plant biodiversity on the Cape
Peninsula, South Africa. Biodiversity and Conservation 5, 607–647.

Richardson, D.M., Pyšek, P., Rejmánek, M., Barbour, M.G., Panetta, F.D., West, C.J., 2000.
Naturalization and invasion of alien plants: concepts and definitions. Diversity and
Distributions 6, 93–107.

Riddin, T., Van Wyk, E., Adams, J., 2016. The rise and fall of an invasive estuarine grass.
South African Journal of Botany 107, 74–79.

Sánchez-Hernández, M.E., Gutiérrez-García, J., Trapero-Casas, A., 2002. Botryosphaeria
canker of Cistus ladanifer. Plant Pathology 51, 364–372.

Scognamiglio, M., D'Abrosca, B., Esposito, A., Picifico, S., Monaco, P., Fiorentino, A., 2013.
Plant growth inhibitors: Allelopathic role or phytotoxic effects? Focus on Mediterra-
nean biomes. Phytochemistry Reviews 12, 803–830.

Serrano, J.M., Delgado, J.A., Lopez, F., Acosta, F.J., Fungairino, S.G., 2001. Multiple infesta-
tion by seed predators: the effect of loculate fruits on intraspecific insect larval
competition. Acta Oecologica 22, 153–160.

Simberloff, D., 2003. How much information on population biology is needed to manage
introduced species? Conservation Biology 17, 83–92.

Simberloff, D., 2009.We can eliminate invasions or live with them. Successful management
projects. Biological Invasions 11, 149–157.

Simpson, A., Jarnevich, C., Madsen, J., Westbrooks, R., Fournier, C., Mehrhoff, L., Browne,
M., Graham, J., Sellers, E., 2009. Invasive species information networks: collaboration
at multiple scales for prevention, early detection, and rapid response to invasive alien
species. Biodiversity 10, 5–13.

Sosa, T., Chaves, N., Alias, J.C., Escudero, J.C., Henao, F., Gutiérrez-Merino, C., 2004. In-
hibition of mouth skeletal muscle relaxation by flavonoids of Cistus ladanifer L.: a
plant defense mechanism against herbivores. Journal of Chemical Ecology 30,
1087–1101.

Sykes, W.R., 1982. Checklist of dicotyledons naturalised in New Zealand 12. Haloragales,
Myrtales, Proteales, Theales, Violales (excluding Violaceae). New Zealand Journal of
Botany 20, 73–80.

Talavera, S., Gibbs, P.E., Herrera, J., 1993. Reproductive biology of Cistus ladanifer
(Cistaceae). Plant Systematics and Evolution 186, 123–134.

Thanos, C.A., Georghiu, K., 1988. Osmoconditioning enhances cucumber and tomato seed
germinability under adverse light conditions. Israel Journal of Botany 37, 1–10.

Thanos, C.A., Georgidou, K., Kadis, C., Panfazi, C., 1992. Cistaceae: a plant family with hard
seeds. Israel Journal of Plant Sciences 41, 251–263.

Troumbis, A., Trabaud, L., 1986. Comparison of reproductive biological attributes of two
Cistus species. Acta Oecologica 7, 235–250.

Valbuena, L., Tárrega, R., Luis, E., 1992. Influence of heat on seed germination of Cistus
laurifolius and Cistus ladanifer. International Journal of Wildland Fire 2, 15–20.

http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0080
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0080
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0080
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0085
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0085
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0085
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0090
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0090
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0090
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0095
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0095
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0095
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0100
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0100
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0105
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0105
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0110
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0110
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0115
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0120
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0120
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0120
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0125
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0125
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0130
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0130
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0130
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0135
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0135
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0140
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0140
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0145
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0145
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0150
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0150
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0150
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0155
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0155
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0160
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0160
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0165
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0165
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0165
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0170
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0170
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0170
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0175
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0175
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0180
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0180
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0180
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0185
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0185
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0185
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0190
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0190
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0190
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0195
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0195
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0195
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0200
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0200
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0205
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0205
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0205
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0210
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0210
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0210
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0215
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0215
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0220
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0220
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0220
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0225
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0225
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0230
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0230
https://www.maximintegrated.com/en/products/digital/data-loggers/DS1923.html
https://www.maximintegrated.com/en/products/digital/data-loggers/DS1923.html
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0240
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0240
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0240
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0240
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0245
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0245
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0250
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0250
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0255
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0255
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0255
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0260
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0260
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0265
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0265
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0270
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0270
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0270
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0275
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0275
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0275
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0280
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0280
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0285
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0285
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0285
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0290
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0290
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0295
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0295
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0295
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0300
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0300
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0300
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0305
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0305
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0305
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0310
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0310
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0310
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0315
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0315
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0315
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0315
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0320
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0320
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0320
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0325
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0325
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0330
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0330
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0335
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0335
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0500
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0500
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0340
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0340
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0345
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0345
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0345
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0350
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0350
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0355
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0355
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0360
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0360
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0360
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0365
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0365
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0365
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0365
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0370
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0370
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0370
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0375
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0375
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0380
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0380
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0385
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0385
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0390
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0390
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0395
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0395


94 S.P. Du Plessis et al. / South African Journal of Botany 117 (2018) 85–94
Van Wilgen, B.W., Forsyth, G.G., 2008. The recent fire history of the Table Mountain
National Park and implications for fire management. African Protected Area Conser-
vation and Science 50, 3–9.

Van Wilgen, B.W., Richardson, D.M., Kruger, F.J., Van Hensbergen, H.J. (Eds.), 1992. Fire in
South African Mountain Fynbos. Ecosystem, Community and Species Response at
Swartboskloof. Ecological Studies 93. Springer-Verlag, Berlin.

Van Wilgen, B.W., Forsyth, G.G., de Klerk, H., Das, S., Khuluse, S., Schmitz, P., 2010.
Fire management in Mediterranean-climate shrublands: a case study from the Cape
fynbos, South Africa. Journal of Applied Ecology 47, 631–638.

Van Wilgen, B.W., Forsyth, G.G., Prins, P., 2012. The management of fire-adapted ecosys-
tems in an urban setting: the case of Table Mountain National Park, South Africa.
Ecology and Society 17, 8.

Van Wyk, E., Jacobs, L.E.O., 2015. Prospects for extirpating small populations of the
wetland invader Melaleuca quinquenervia from South Africa: a case study from the
Western Cape region. African Journal of Aquatic Science 40, 299–306.
Wilson, J.R.U., Ivey, P., Manyama, P., Nanni, I., 2013. A new national unit for invasive
species detection, assessment and eradication planning. South African Journal of
Science 109.

Wittenberg, R., Cock, M.J.W., 2001. Invasive Alien Species: A Toolkit of Best Prevention
and Management Practices. CAB International, Wallingford, Oxon, UK.

Zenni, R.D.,Wilson, J.R.U., Le Roux, J.J., Richardson, D.M., 2009. Evaluating the invasiveness
of Acacia paradoxa in South Africa. South African Journal of Botany 75, 485–496.

Zidane, H., Elmiz, M., Aouinti, F., Tahani, A., Wathelet, J., Sindic, M., Elbachiri, A., 2013.
Chemical composition and antioxidant activity of essential oil, various organic
extracts of Cistus ladanifer and Cistus libanotis growing in Eastern Morocco. African
Journal of Biotechnology 12, 5314–5320.

http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0400
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0400
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0400
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0405
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0405
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0405
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0410
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0410
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0415
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0415
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0415
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0420
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0420
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0420
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0425
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0425
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0425
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0430
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0430
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0435
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0435
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0440
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0440
http://refhub.elsevier.com/S0254-6299(18)30132-7/rf0440

	Assessment and management of the invasive shrub, Cistus ladanifer, in South Africa
	1. Introduction
	2. Materials and methods
	2.1. Species description and ecology
	2.2. Study sites
	2.3. Risk assessment
	2.4. Population surveys and monitoring (delimitation)
	2.4.1. Delimitation of known populations
	2.4.2. Search for additional populations in South Africa

	2.5. Control efficacy
	2.6. Juvenile period
	2.7. Seed germinability
	2.7.1. Spontaneous germination (semi-controlled environment)
	2.7.2. Seed germinability with pre-treatments (controlled environment)

	2.8. Seed production and dispersal

	3. Results and discussion
	3.1. Risk assessment
	3.2. Population surveys and monitoring (delimitation)
	3.3. Control efficacy
	3.4. Juvenile period
	3.5. Seed germination and dormancy
	3.5.1. Spontaneous germination (semi-controlled environment)
	3.5.2. Seed germination with pre-treatments (controlled environment)

	3.6. Seed production and dispersal

	4. Conclusions and management recommendations
	Acknowledgements
	References




