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Abstract

Ecological invasions are a major issue worldwide, where successful invasion

depends on traits that facilitate dispersion, establishment, and population

growth. The nonnative succulent plant Kalanchoe pinnata, reported as invasive

in some countries, is widespread in remnants of seasonally dry tropical forest

on a volcanic outcrop with high conservation value in east-central Mexico

where we assessed its mating system and demographic growth and identified

management strategies. To understand its local mating system, we conducted

hand-pollination treatments, germination, and survival experiments. Based on

the experimental data, we constructed a life-stage population matrix, identified

the key traits for population growth, weighted the contributions of vegetative

and sexual reproduction, and evaluated management scenarios. Hand-pollina-

tion treatments had slight effects on fruit and seed setting, as well as on

germination. With natural pollination treatment, the successful germination of

seeds from only 2/39 fruit suggests occasional effective natural cross-pollination.

The ratios of the metrics for self- and cross-pollinated flowers suggest that

K. pinnata is partially self-compatible. Most of the pollinated flowers developed

into fruit, but the seed germination and seedling survival rates were low. Thus,

vegetative propagation and juvenile survival are the main drivers of population

growth. Simulations of a virtual K. pinnata population suggest that an intense

and sustained weeding campaign will reduce the population within at least

10 years. Synthesis and applications. The study population is partially self-com-

patible, but sexual reproduction by K. pinnata is limited at the study site, and

population growth is supported by vegetative propagation and juvenile survival.

Demographic modeling provides key insights and realistic forecasts on invasion

process and therefore is useful to design management strategies.

Introduction

Biological invasions are among the most important

threats to biodiversity throughout the world (Cronk and

Fuller 1998; Hejda et al. 2009). Invasive plants can com-

pete for space and resources with native plants, usually

through rapid growth, high recruitment rates, and supe-

rior survival skills (Williamson and Fitter 1996; Van Kle-

unen, Weber & Fisher 2010), thereby altering the local

population dynamics (Rejm�anek and Richardson 1996;

Strauss et al. 2006) as well as the community structure

and composition (Vil�a et al. 2011).

In the state of Veracruz in east-central Mexico, the exo-

tic plant Kalanchoe pinnata (Crassulaceae) has been

reported over a wide altitudinal range and in different

ecosystems (Sandoval and Martinez 1994), including sea-

sonally dry tropical forest (SDTF). In particular, it

appears to be most abundant in the SDTF found on vol-

canic rock (SDTFvr), where the presence of dense patches

of K. pinnata ranging in area from tens to several
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hundreds of square meters (Fig. 1) is a specific concern

to conservation biologists. The SDTFvr in central Ver-

acruz grows on a 10,000-year-old consolidated lava flow,

which is regarded as one of the main refuges for species

from the Pleistocene glaciations (Arriaga et al. 2000). In

floristic terms, this forest is one of the most diverse

SDTFs on the Atlantic coast of Mexico and it harbors a

high proportion of endemic species (Ch�azaro Bas�a~nez

1992; Castillo-Campos et al. 2007). Ongoing research in

this region has shown that K. pinnata is a major driver of

the ecological degradation of this community, including

changes in the plant species composition and structure, as

well as interfering with interactions such as herbivory and

mycorrhizal colonization.

An approximation to understand the causes of inva-

sions and facilitate the development of management

strategies (Lott et al. 2003; Bonnett et al. 2014) relies on

understanding the reproductive biology and demographic

traits of invasive species. Here, in order to understand the

reproductive biology of K. pinnata, we combined demo-

graphic structured population models with matrix pertur-

bations methods (sensitivity and elasticity) to identify key

life stages in the K. pinnata population (Zamora et al.

1989; Shea and Kelly 1998; De Kroon et al. 2000; Caswell

2001).

The genus Kalanchoe is native to Madagascar and

southern Africa (Gehrig et al. 2001), but many species

have been introduced worldwide for ornamental purposes

because of their colorful and dense blooms (Baldwin

1938); in central Veracruz, formal records of K. pinnata

date back to 1967 (XAL-81942). Asexual propagation is a

common characteristic of many Kalanchoe species and

self-compatibility has also been reported in some species

of Crassulaceae (Jones et al. 2010), including the invasive

K. daigremontiana, which is reported to be autogamous

(Herrera and Nassar 2009), and K. pinnata (partially self-

compatible) in Venezuela (Ram�ırez & Nelson 1999). The

combination of partially self-compatible sexual and asex-

ual reproductive traits that facilitate long- and short-range

dispersion respectively is an important determinant of

invasiveness in nonnative plants (Baker 1955; Simberloff

2009). Without the need for allogamous fertilization, the

colonization of new areas does not require pollinators

and uniparental breeders are more likely to be invaders

than self-incompatible species (Allard et al. 1965; Baker

1974; Sutherland 2004). In the case of self-incompatible

perennials, invasiveness can be triggered by shifts in

resource allocation that favor clonal growth, which

reduces the flowering and seed production costs and

increases vegetative propagation (Pannell and Barrett

1998). However, the self-compatibility of invasive plants

may vary in complex ways (Petanidou et al. 2012). In

general, it is known that transitions from self-compatibil-

ity to self-incompatibility depend on the particular life

history traits of a species (Igic et al. 2008). These shifts

can be crucial for colonizing new areas, especially in

semelparous and short-lived perennial species with lim-

ited sexual reproduction and when pollinators might be a

limiting factor (Montero-Casta~no et al. 2014). While this

information is fragmentary or nonexisting for K. pinnata,

it is of vital information to understand and manage

invaded sites.

Overall, this study addressed the following questions.

(1) What is the mating system of K. pinnata in the

SDTFvr? (2) Which of the life stages of K. pinnata are the

main drivers of demographic growth in the SDTFvr? (3)

What are the relative contributions of sexual and vegeta-

tive reproduction to population growth by K. pinnata in

the SDTFvr? (4) Can invasion of K. pinnata be managed

with simple weeding efforts in the SDTFvr? Based on evi-

dence, we predict that the invasive potential of K. pinnata

in the SDTFvr is driven mainly by vegetative reproduc-

tion and it is supported by partial self-compatibility.

Materials and Methods

Study site

The study was conducted in a 9-km2 fragment of SDTFvr,

which is the largest remnant of this vegetation type in the

region. The study site is located 7 km east of the city of

Xalapa, Veracruz, Mexico (19° 360 07.8″ N, 96°52021.4″
W). Based on the Almolonga weather station (19° 350

17.9″ N, 96° 470 3.1″ W), the mean annual temperature

and total annual precipitation are 22.5°C and 1023 mm,

respectively [National Meteorological System (Mexico)

1951–2010]. The study site has two clearly defined

Figure 1. Understory view of the seasonal dry tropical forest

established on volcanic substrate, central Veracruz, Mexico, with

Kalanchoe pinnata invasion.
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seasons: the dry season (November–May) and the rainy

season (June–October). The predominant vegetation in

the study site is SDTF, where Lysiloma acapulcensis (Faba-

ceae), Dodonaea viscosa (Sapindaceae), and Quercus ger-

mana (Fagaceae) are the dominant canopy species,

whereas Cnidoscolus aconitifolius (Euphorbiaceae), Psycho-

tria erythrocarpa (Rubiaceae), and Hamelia patens (Rubi-

aceae) predominate in the shrub stratum, as well as

hundreds of species of herbs, many of which are endemic

to this particular site (Castillo-Campos et al. 2005). The

landscape includes sugarcane crops and small goat farms

(50–100 animals/farm), which has favored anthropization

of the SDTF. Despite this, remnants of the SDTFvr are

unlikely to be fully transformed because the soils (consoli-

dated lava spills from the late Pleistocene) are unsuitable

for agricultural practices and intensive livestock farming

(Negendak et al. 1985). Therefore, invasive species such

as K. pinnata, K. tubiflora, the African orchid Oeceoclades

maculata (personal observations), and the grasses Cyn-

odon dactylon, Echinochloa colona, and Dactyloctenium

aegyptium (Castillo-Campos et al. 2007) are the major

threats to the biodiversity of this region.

Kalanchoe pinnata reproduction in the
SDTFvr

Kalanchoe pinnata is a hermaphrodite perennial herb,

which reaches sexual maturation after 2 years (Wadhi &

Mohan Ram 1967). In the invaded area, it flowers pro-

fusely from mid-November to March. The seeds are small

(<1 mm in length), and they are readily dispersed by

wind and rain or transported in animal fur (Hannan-

Jones and Playford 2002). In addition, it exhibits clonal

regeneration from roots and, more importantly, from

detached leaves. New clonal plantlets are potentially

formed from all undifferentiated meristem in the mar-

ginal notches of the crenated leaves (Jaiswal and Sawhney

2008).

Mating system, germination, and self-
incompatibility

In 2013, we marked and followed 242 flowers and

recorded the time of maturation of sexual organs. Dur-

ing March in 2013 and 2014, 30 and 47, respectively,

flowering K. pinnata plants were selected haphazardly

from the study site. The selected plants were located at

least 10 m from each other, and a plant was considered

suitable for the experiment if the panicle had at least

four floral buds. All of the floral buds were excluded

from pollinators using a mesh bag (0.5 mm). As the

buds matured, we applied one of four treatments to

each plant, as follows. (1) Natural pollination (NP): The

mesh bag was removed from a mature flower and

exposed to pollinators. (2) Cross-pollination (CP): A

flower was hand-pollinated with exogamous pollen using

a blend of pollen grains from at least three donor plants.

(3) Autopollination (AP): A flower was hand-pollinated

with pollen from the same plant. (4) Emasculation

(Em): The anthers were removed before the flower was

active. All of the experimental flowers were kept inside

the mesh bags for 40 days, except for those that were

naturally pollinated.

We conducted germination assays using the seeds from

the pollination treatments. We used 3-cm-diameter poly-

styrene plates containing sterile sand, in which we sowed

a known number of seeds (50–120) from each fruit. All

of the trays were watered uniformly to keep the sand fully

wet, and they were maintained at a local glasshouse facil-

ity for 55 days. The germinating seeds were recorded

daily.

Indexes of self-incompatibility (ISI) were calculated as

the relative ratios between the metrics in the AP and CP

treatments. This metric ranges from one (self-compatibil-

ity) to zero (total self-incompatibility), while values

0.2< ISI <1 indicate mostly self-compatibility and

ISI < 0.2 indicates mostly self-incompatibility. The met-

rics used to estimate the ISI comprised the proportion of

fruits formed relative to the number of pollinated flowers

or fruit set (Zapata and Arroyo 1978), the ratio of mature

seeds in each fruit relative to the number of ovules or

seed set (Jaimes and Ram�ırez 1999), and the proportion

of seeds that germinated. To perform comparisons among

years and treatments, we performed analysis of variance

(ANOVA) where the data were transformed in ranks with

maximum rank possible assigned to tied values. This

method is equivalent to nonparametric ANOVA (Conover

and Iman 1981). Specific comparisons among years and

treatments were performed as contrasts based on the lin-

ear predictor of the model (Warnes et al. 2015). The

analyses were conducted in R (R Development Core

Team 2008).

Contributions of sexual and vegetative
reproduction

To assess the contributions of sexual and vegetative

reproduction to population growth, we constructed a

simple time-based matrix model (Leslie 1945; Lefkovitch

1965), which was parameterized using field and glass-

house experimental data (Eq. 1). The model considers

five life cycle stages: (1) seeds, (2) seedlings (sexual

propagules), (3) plantlets (vegetative propagules), (4)

juveniles, and (5) adults (individuals that reach the flow-

ering stage). A is the population matrix, which represents

individuals in stage j that survive, grow, or add
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(reproduction) to reach stage i in one time lap (1 year)

(Table 4), and nt is a vector of the number of individuals

in each stage at a given time (t). It should be noted that

the main diagonal in A represents the survival (Sij) of

individuals in the same stage for a year. The Pij values

over the diagonal are related to fertility, which we refer to

as Rij (reproduction: sexual and vegetative), and the Pij
values below the diagonal are related to growth (Gij). To

avoid unrealistic delays (Werner and Caswell 1977), the

matrix was constructed by considering that seeds can ger-

minate in the year they develop or they can become part

of the seed bank.

ntþ1 ¼ Ant ;

A ¼

S11 0 0 0 R15

G21 S22 0 0 R25

0 0 S33 R34 R35

0 G42 G34 S44 0

0 0 0 G54 S55

0
BBBBBB@

1
CCCCCCA
; nt ¼

n1

n2

n3

n4

n5

0
BBBBBB@

1
CCCCCCA

(1)

The transition matrix was parameterized according to

the following considerations, the details of which are pre-

sented in Table S1. The viability of 1-year-old seeds (S11)

was tested with tetrazolium by following standard proce-

dures (International Seed Testing Association 1985). The

proportion of seedlings that survived per year (S22) and

the proportion of vegetative plantlets that survived per

year (S33) were assessed under glasshouse conditions in

pots containing vermiculite:soil (2:6) with regular water-

ing. The proportion of juveniles surviving per year (S44)

was assessed by following field-tagged plants. K. pinnata

is a semelparous species, so all plants that reached the

adult stage (flowered) died in the model (S55) and we

ignored the occasional resprouting from underground

stolons (Hannan-Jones and Playford 2002). The propor-

tion of seeds germinating from the seed bank per year (G21)

was estimated as the product of the ratio of seeds that

did not germinate in a straightforward manner and S11.

The proportion of seedlings growing to the juvenile stage

(G42) was estimated by following 55-day-old seedlings

transplanted to a vermiculite:soil mix (2:6) from August

2013 until August 2014. The proportion of vegetative plant-

lets growing to the juvenile stage (G43) was estimated by

following vegetative plantlets (S33). For juvenile growth,

the proportion of juvenile plants growing into adults (G54)

was estimated by averaging two metrics based on field

data. First, we followed tagged juvenile individuals from

February 2013 to February 2014. Subsequently, in 2015,

we surveyed twenty 1-m2 plots with dense populations of

K. pinnata by counting all of the juveniles that became

adults (flowered). The fertility of adults or seeds produced

per adult per year (R15) was specified as the product of

the mean number of fruit initiated per plant (n = 22),

the number of seeds per fruit (n = 881), the probability

that a fruit reached maturity (0.77), and the proportion

of nongerminated seeds. The average number of seeds that

germinate in a year (R25) was estimated as the germinated

seed proportion multiplied by the number of seeds pro-

duced per inflorescence. The average number of plantlets

potentially produced per juvenile per year (R34) and the

average of plantlets potentially produced per adult per year

(R35) were estimated as the number of dropped leaves

(we followed tagged leaves of 60 juveniles and 20 adults

plants in the field) and multiplying plantlets produced

per leaf (based on 150 detached leaves from each juvenile

and adult). Demographic analysis was performed, where

eigenanalysis and perturbation analyses of sensitivity and

elasticity were conducted using the popbio package in R

(Stubben and Milligan 2007).

Modeling projections and management
scenarios

To obtain insights into the management of K. pinnata, we

projected its demographic growth based on field data corre-

sponding to dense patches of K. pinnata, where we assumed

asymptotic steady-state growth (Ezard et al. 2010). We

computed a virtual population, which started from one

adult and grew for 50 years. We introduced stochasticity by

allowing each Pij value in the transition matrix to vary ran-

domly each time lap (Horvitz and Schemske 1995) accord-

ing to a normal distribution around each observed Pij value,

where the standard deviation was equal to half of the Pij
value. The basis for these last assumptions was the empiric

distribution of observed probabilities of juvenile growth.

The model was specified with a carrying capacity of 17 juve-

niles per square meter based on the maximum observed

field density, and at this point, it oscillated according to a

random normal distribution with the mean and standard

deviation observed in densely populated plots.

To validate the modeled projection, we compared the

predicted individual numbers per stage with observations

obtained from densely populated 1-m2 field plots at the

study site. Under field conditions, it is not possible to dis-

tinguish seedlings (sexual origin) and plantlets (asexual

origin), so these metrics were added to perform the con-

trasts with the model’s predictions. We used a simple

mean comparison t-test to compare the observed and

simulated values.

We also modeled the management scenarios, including

virtual efforts at K. pinnata weeding (between 0% and

100%). All of the analyses were computed in R (R Devel-

opment Core Team 2008).
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Results

Sexual reproduction and mating

Kalanchoe pinnata exhibited characteristics that suggest

allogamy as the predominant breeding system. Almost

90% of the flowers were protandric, whereas in 10% of

them sexual organs matured simultaneously with no her-

kogamy. Despite that, K. pinnata was mostly self-compa-

tible, and only viable seeds and germinated seeds

suggested self-incompatibility in 2013. The fructification,

viability, and germination sets with different pollination

treatments are presented in Table 1. ANOVA detected

significant differences between the pollination treatments

(Table 2). The overall viabilities with NP, CP, and AP

were higher than that with Em, and the CP-germinated

seeds had higher viability than the Em seeds. In 2013, the

viability did not differ between treatments, but more

seeds germinated from the NP and CP treatments than

Em, and more from CP than AP. In 2014, the viability

with CP was higher than that with Em, and there were

no differences in germination between treatments (Fig. 2).

The NP treatment had the highest germination rate in

2013 (nearly 5%), but the overall germination rate was

very low (<1%).

Demography: matrix parameterization and
modeling

The parameterization of the matrix is presented in

Table 3 and details in Table S1. Eigenanalysis yielded a

k = 2.81, and the stable stage proportions were as follows:

seeds = 0.974, seedlings = 0.019, plantlets = 0.0044, juve-

niles = 0.002, and adults = 0.0002. The highest sensitivi-

ties to k were associated with G21 (seed to

seedling) = 6.16, G42 (seedling to juvenile) = 4.02, and

G54 (juvenile to adult) = 1.857 (Table 4), while the high-

est elasticities of k were related to G43 (plantlet

growth) = 0.253, R34 (asexual reproduction of

juveniles) = 0.2, G54 (juvenile to adult transi-

tion) = 0.171, and G42 (seedling growth) = 0.119

(Table 4).

The model projections showed that the K. pinnata pop-

ulation achieved an asymptotic state at approximately

5 years after its introduction and the simulated mean

numbers of adults, juveniles, and plantlets did not differ

from those observed in densely populated patches of

K. pinnata (t < 0.01, P = 0.99; t = 0.2, P = 0.82; t = 0.2,

P = 0.82, respectively).

The simulated management actions indicated that

annual weeding efforts at sensible and elastic life stages

(seedlings, plantlets, juveniles, and adults) would decrease

the population growth if 75% of the total individuals are

removed, but removing >80% would reduce population

to zero in at least 10 years (Fig. 3).

Discussion

Our results showed that the K. pinnata is partially self-

compatible, but sexual reproduction has a minor contri-

bution in the demography as the seed germination rate is

very low. Population expansion and permanence are sup-

ported by propagule growth and survival (Lockwood

et al. 2005; Simberloff 2009), which are probably driven

by diffusion-based expansion (Sakai et al. 2001), with few

events involving long-distance colonization. The absence

of effective pollinators (Parker 1997) may be a relevant

factor that limits sexual reproduction by K. pinnata in

the SDTFvr, but experimental pollination treatments indi-

cated the extensive nonviability of sexual offspring.

According to the tetrazolium test, <4% of seeds were

viable, and thus, the overall seed germination rate was

low (<1%). The ratio of germinated seeds in the CP treat-

ment relative to the AP treatment indicated that the self-

incompatibility of K. pinnata varied greatly over time at

the study site, where it mainly changed from self-incom-

patible (0.07) in 2013 to partially self-compatible (0.4) in

2014. The fitness consequences of selfing (i.e., depression

Table 1. Performance of Kalanchoe pinnata under different pollination treatments and self-incompatibility index.

Natural pollination Cross-pollination Autopollination Emasculation

Index of self-

incompatibility1

Fruits/Flowers (2013) (12/30) (12/30) (22/30) (23/30) 1.4

Fruits/Flowers (2014) (35/47) (40/47) (38/47) (40/47) 0.95

Viable/Unviable Seeds(2013) (15/922) (46/1404) 3/1238 0/1211 0.07

Viable/Unviable Seeds (2014) (38/1593) (70/1739) 28/1676 1/1691 0.41

Germinated/NG seeds (20132) 76/1541 42/2366 8/2523 2/2613 0.18

Germinated/NG seeds (2014) 16/5068 39/4925 33/4587 0/4041 0.9

NG = not germinated.
1ISI < 0.2 indicates self-incompatibility (Bold numbers).
2In 2013, seeds were 1 year old.
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by endogamy), the likelihood of true outcrossing, and

mate availability may be underlying factors that explain

the observed variability in ISI (Sakai and Weller 1999;

Barrett 2002; Willi 2009). Clonal propagules supported

population growth at the study site, so it is likely that

unintentionally the pollen of clonal offspring was used in

the CP treatments even when the donors were selected at

a considerable distance from the focal plants. However,

our results suggest that occasional true outcrossing may

have occurred because in the NP treatment during 2013,

there was an unusually high contribution from seed ger-

mination by two individuals (two fruit) with seed germi-

nation ratios of 28% and 32%, which was 24 times higher

compared with the overall average (1.25%) by all of the

other naturally pollinated fruits. Therefore, dispersed

seeds may occasionally facilitate the colonization of dis-

tant areas in the invaded landscape, although the success

of the sexual propagules is low; the survival of seedlings

under controlled conditions was less than 5% after

1 year.

It is known that native or naturalized pollinators may

visit alien plant species (Vil�a et al. 2009). At the study

site, we observed that bees (Apis) were visitors to K. pin-

nata flowers, and thus, they may occasionally transfer

exogenous pollen. Despite all of the limitations observed

in the sexual reproduction of K. pinnata, the ISI suggest

that the population in the SDTFvr in central Veracruz is

at least partially self-compatible, which agrees with the

study conducted by Jaimes and Ram�ırez (1999) in a

deciduous forest in Venezuela. However, the study popu-

lation of K. pinnata exhibited characteristics that sug-

gested allogamy is the predominant breeding system

(90% of protandric flowers). The observed polymorphic

sexual expression may be explained by fast genetic pro-

cesses or rapid evolution (Lee 2002; Buswell et al. 2011).

Fast genetic selection may occur in partially self-incompa-

tible species, where rapidly evolving adaptations can facil-

itate self-compatibility. In addition, some species in

Kalanchoe are known to be polyploid (Baldwin 1938), a

characteristic that can break self-incompatibility mecha-

nisms and provide opportunities for the evolution of self-

fertilization (Chawla et al. 1997). The low frequency of

nonherkogamous plants in the SDTFvr may indicate the

early stages of a microevolutionary shift in the breeding

system of K. pinnata in a similar manner to the many

self-incompatible to self-compatible transitions observed

in other angiosperms (Barrett 2002; Igic et al. 2004; Mast

et al. 2006; Ferrer and Good-Avila 2007). Further

Table 2. Summary of ANOVAs for viability and seed germination.

d.f. Sum Sq. Mean Sq. F value P

(a) Seed viability

Pollination

Treatment

3 2875 958.42 7.05 0.0001

Year 1 1047 1047 7.71 0.005

Pollination

Treatment*Year

3 558 186 1.36 0.252

(b) Germination

Pollination

Treatment

3 1041 347 6.7109 0.0002

Year 1 56.3 56.33 1.0895 0.297

Pollination

Treatment*Year

3 72.6 24.19 0.467 0.704

NP CP AP Em

Viability

Pollination treatment

V
ia

bl
e 

se
ed

s 
(%

)

0

1

2

3

4

5

a

b

NP CP AP Em

Germination

Pollination treatment

G
er

m
in

at
ed

 s
ee

ds
 (%

)

0

2

4

6

8

ab

a

bc
c

Figure 2. Percentage of seed viability and germination in 2013 (dark

bars) and 2014 (clear bars) in pollination treatments: natural

pollination (NP), cross-pollination (CP), autogamous pollination (AP),

and emasculation (Em).

Table 3. Life-stage transition matrix of Kalanchoe pinnata based on

simple time-stage population matrix models (Leslie 1945; Lefkovitch

1965), parameterized based on both field and glasshouse experiments

and observations.

Life Stage Seed Seedling Plantlet Juvenile Adult

Seed 0.016 14924

Seedling 0.02 0.06 205

Plantlet 0.05 4.83 13.7

Juvenile 0.083 0.78 0.28

Adult 0.26
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investigations and constant monitoring of the population

of K. pinnata in the SDTFvr are needed to confirm these

changes, which may include an invasion meltdown

involving K. pinnata and bees (Simberloff and Von Holle

1999), and a case of rapid evolution as the invasion pro-

cess matures (Lee 2002; Maron et al. 2004).

The population growth of K. pinnata is mostly sup-

ported by vegetative reproduction, which is a trait shared

with other invasive Kalanchoe species such as K. daigre-

montiana (Herrera et al. 2012). In addition, changes in

life history traits such as seedling survival and juvenile

growth can severely affect the population growth rate,

whereas an increase in seed production is irrelevant.

Increased germination success would trigger more fre-

quent long-range dispersal (Baker 1955), which highlights

the need to closely monitor the seed germination rates in

the population.

The demographic contribution of juveniles is directly

related to the capacity to produce clonal plantlets from

detached leaves (Garcês et al. 2007). Some physiological

advantages that contribute to the population growth are

water economy and plasticity, traits well known in the

CAM plants (L€uttge et al. 1991; Winter and Smith 1996)

and particularly in many Kalanchoe species what may

favor their invasive behavior (Guerra-Garc�ıa et al. 2014).

Clonal reproduction and plasticity are strategies employed

by K. pinnata under natural conditions in its native dis-

tribution, but in the invaded area, the evergreen K. pin-

nata seems to be more effective at colonizing free spaces

than native deciduous plants (Colautti et al. 2004).

Recent evidence (to be published elsewhere) shows reduc-

tions in the plant community of the SDTFvr and changes

in the soil biogeochemistry (cf. Ehrenfeld 2003; Vil�a et al.

2011) associated with K. pinnata in the study site.

Population models provide a good approximation to

identify promising approaches to ecological management.

The implemented model suggested that after an adult

plant is established, it takes less than 10 years to populate

one square meter. Despite its simplicity and limitations,

the model was a fair representation of the actual popula-

tion, as modeled estimates did not differ significantly

from those observed in the study site, and it was accurate

although the simulation only represented stochastic popu-

lation growth ignoring diffusive expansion, density-

dependent interactions [inter- and intra-allelochemical

interactions (B€ar, Pfeifer & Dettner 1997)], and changes

in sensible or elastic life traits associated with population

structure or transient dynamics (Caswell 2001; Ezard

et al. 2010).

Population models provide a good approximation to

identify promising approaches to ecological management,

but their practical implementation is often not simple.

Choosing between sensitivities and elasticities to imple-

ment effective control campaigns is not intuitive to man-

agers. The simulations predicted that the population

would decline if annual weeding efforts of ≥80% are sus-

tained for at least 10 years, but only if the all stages high-

lighted by elasticity and sensibility analysis are removed

(Fig. S1). In the ground even for the relatively small area

of the study site, the level of weeding needed is of para-

mount dimension. Thus, a solution seems unlikely if it is

motivated solely by conservation concerns. The key to

population management may be based on containment

(Fletcher et al. 2015) and finding innovative applications

of K. pinnata. For example, it is known that K. pinnata is

rich in pharmacological components (Pattewar 2012), so

if a local market is created for the harvested plants, locals
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Figure 3. Effects of weeding scenarios efforts (70%, 75%, 80%,

90%, 99%) on the population growth of Kalanchoe pinnata. White

lines correspond to the mean, and polygons are the standard

deviation of 1000 simulations.

Table 4. Sensitivity/elasticity matrix of Kalanchoe pinnata in a seasonally dry tropical forest growing on volcanic rock in central Veracruz.

Seed Seedling Plantlet Juvenile Adult

Seed 0.035/<0.001 0/0.035

Seedling 6.16/0.035 0.12/0.003 0.001/0.084

Plantlet 0.26/0.005 0.12/0.201 0.011/0.052

Juvenile 4.02/0.119 0.91/0.253 0.41/0.042

Adult 1.86/0.172

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 4547

S. Gonz�alez de Le�on et al. Population of Invasive Kalanchoe pinnata



will be likely to be an effective control agent of the popu-

lation.

In conclusion, sexual reproduction by K. pinnata was

limited in the SDTFvr, even in manually cross-pollinated

flowers; the population growth is supported by the

growth of seedlings and juveniles and the asexual propa-

gation of the juveniles. Juveniles support the population

directly by reaching the inflorescence stage and indirectly

by contributing new sexual and asexual propagules. More-

over, the predominant vegetative reproduction promotes

the adaptability of the population. K. pinnata is an inva-

sive plant in the SDTFvr (cf. Richardson et al. 2000), and

management actions should be considered with yearly

weeding efforts to slow down the invasion by K. pinnata

in the SDTFvr.
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were estimated for 1 year discrete transitions.
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