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Abstract The germination behavior of a plant

influences its fitness, persistence, and evolutionary

potential, as well as its biotic environment. This can

have major effects on the invasive potential of a

species. We review the findings of four types of

experimental studies comparing basic germination

characteristics of invasive versus non-invasive con-

geners, in their non-native or native distribution

range; invasive alien versus native species; and

invasive species in their native versus non-native

distribution range. Early and/or rapid germination is

typical of invasive species rather than their non-

invasive congeners, and represents a pre-adaptation

from which many invasive and naturalized species

benefit. It also occurs more often in invasive than

native species, suggesting that competition mitigation

or avoidance in the early stages of a plant’s life, via

the exploitation of vacant germination niches, might

be more useful than a superior competitive ability in

novel environments. This is further supported by a

tendency of invasive species to germinate earlier and/

or faster and have broader germination cues in their

non-native than in their native range. It is also

supported by broader germination requirements being

reported for invasive species than their non-invasive

or native congeners. In contrast, high percentage

germination is not a consistent predictor of invasive-

ness, suggesting that the incorporation of a larger

fraction of seed production into the soil seed bank

rather than high germination is a better (or safer)

strategy in novel environments. These patterns indi-

cate that differences in the germination behavior of

alien and native species contribute to the invasiveness

of many species, although evidence under natural

conditions is needed. The role of such differences in

the establishment and spread of invasive species in

novel environments and their long-term impact on

community dynamics requires further study.

Keywords Seed dormancy · Germination speed ·

Germination timing · Invasibility ·

Invasiveness · Persistence · Soil seed bank

Introduction

The identification of suites of traits that can be used to

predict the invasiveness of species introduced outside
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their native distribution range is one of themajor quests

in invasion science (Rejmánek and Richardson 1996;

Alpert et al. 2000; Pyšek and Richardson 2007; Pyšek

et al. 2015). While the context-dependent nature of

plant invasions has often been stressed, especially in

relation to stochastic events and/or disturbance that

may either promote or hamper the establishment and

spread of alien plants (Williamson 1996; Alpert et al.

2000), traits such as large seed production and high

germination, as well as a capacity to germinate under a

broad range of environmental conditions characterize

many invasive and weedy species (Baker 1974;

Colautti et al. 2006; Grime et al. 2007; Pyšek and

Richardson 2007; Moravcová et al. 2010, 2015).

As the earliest major developmental transition in a

plants’ life (Donohue et al. 2010), germination deter-

mines the environmental conditions experienced by

seedlings and thus has major effects on the fitness,

survival, persistence, ecological niches, distribution

ranges, and evolutionary potential of plants (Ross and

Harper 1972; Harper 1977; Simons and Johnston 2000;

Donohue 2003, 2005a; Donohue et al. 2010). The

timing and speed of germination influence the com-

petitive environment (Benech-Arnold et al. 2000;

Forbis 2010), including competitive interactions

between native and alien species (Gioria and Osborne

2014; Gioria et al. 2016) and indirect competitive

interactions (Gioria and Osborne 2014). The germina-

tion behavior of a species can thus substantially affect

the probability of its establishment (Baker 1974;

Crawley 1997; Gerlach and Rice 2003; Colautti et al.

2006; Willis et al. 2014) and its capacity to become

invasive in novel environments (Pyšek and Richardson

2007; Luo and Cardina 2012; Gioria et al. 2016).

The importance of germination traits in plant

invasions has been typically examined in experimen-

tal studies by using measures of germination success

(e.g., final percentage germination at the end of a

germination experiment, typically after a few weeks),

timing (mainly time to germination of the first

seedling, hereafter time to germination), speed (ger-

mination rate or time to different percentiles of

germination), and by estimating the range of environ-

mental conditions under which germination can occur.

These traits are useful to estimate the dynamics and

outcomes of the germination process (Ranal and

Santana 2006), are relatively easy to measure, and

allow the collection of information for many species

over a relatively short period (Dürr et al. 2015). The

role of germination traits as determinants of species

invasiveness is highlighted in recent reviews indicat-

ing that ‘germination success/rate’ is positively

associated with the ‘establishment/spread’ and/or

‘abundance/impact’ of invasive species (Colautti

et al. 2006) and that many invasive/alien species

germinate earlier, better, or over a broader range of

environmental conditions than non-invasive or native

species (Pyšek and Richardson 2007).

Here we review the recent literature comparing four

trait categories (percentage germination, time to germi-

nation, germination speed, and breadth of germination

conditions) in several types of comparison: (1) invasive

versus non-invasive congeners in their non-native

distribution range, (2) invasive versus non-invasive

congeners in their native distribution range, (3) invasive

alien versus native species/congeners, and (4) invasive

species in their native versus non-native distribution

ranges. We describe the main trends identified in each

type of comparison and discuss their significance in

predicting future invasions and for developing sustain-

able control and restoration measures. We highlight

some major methodological issues and practical diffi-

culties associated with germination studies and their

limits in predicting germination patterns under natural

conditions. We conclude by indicating some promising

research directions in this field that can improve our

understanding of the role of differences in the germi-

nation behavior of native and alien species in the

invasion process. The potential long-term implications

of such differences under a changing climate are

discussed. We follow Richardson et al. (2000) in

defining alien and invasive species.

Every picture tells a story: experimental

comparisons of germination patterns in plant

invasions

Invasive versus non-invasive alien congeners

in their non-native distribution ranges

Comparing closely related invasive and non-invasive

species, ideally congeners, in their non-native distri-

bution range is useful to identify traits that explain

the success of species that have become invasive in

novel environments compared to those that have not

(Maillet and Lopez-Garcia 2000; Hamilton et al.

2005; van Kleunen et al. 2010). With regard to
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germination traits, several studies have adopted this

approach (Table 1). These studies indicate that

percentage germination is not a good predictor of

invasiveness (Table 1). In contrast, a short time to

germination (or requirement for stratification) and/or

rapid germination characterize many invasive species

compared to their non-native or less invasive con-

geners (Table 1), suggesting that germination timing

and speed play an important role in determining the

invasiveness of many species/congeners.

Invasive species also tend to germinate over a

broader range of temperatures than their non-invasive

congeners; however, there are only few comparisons

of this type (Table 1). For instance, Forcella et al.

(1986) examined the germination of three alien

species differing in their distribution range in Aus-

tralia (Echium plantagineum, common (invasive); E.

vulgare, uncommon; and E. italicum, rare) and found

that E. plantagineum germinated under a broader

range of alternating temperatures and more rapidly

than E. vulgare and E. italicum (twice and three

times, respectively). In contrast, percentage germina-

tion was lower in the invader than in both uncommon

species, supporting the general view that high

percentage germination per se is not a critical factor

promoting invasiveness.

Clearly, these patterns are strongly affected by the

conditions provided over the duration of germination

experiments (Table 1). For instance, percentage germi-

nation of seeds of two alien species in Taiwan, Bidens

pilosa var. radiata (invasive) and B. bipinnata (non-

invasive), is similar at 28 °C, corresponding to a summer

temperature regime in the region. However, at 18 °C,

corresponding to a local winter temperature, the

percentage germination of B. bipinnata is very low

(12%) compared to that of the invader (85%) (Hsu and

Kao 2014). This suggests that the invasiveness ofBidens

pilosa in Taiwan could be associatedwith its capacity to

germinate at timeswhen other species are not active and

that it benefits from a low resource competition.

Evidence of the importance of phenotypic plastic-

ity in discriminating between invasive and non-

invasive congeners, with respect to germination traits,

is weak and further study is required. Ruprecht et al.

(2014) recorded plasticity in a range of performance

and functional traits for 10 invasive and 10 natural-

ized but non-invasive alien plants (some of them

congeners), in a common garden experiment, under

various combinations of water, light, and nutrient

availability, and found that the germination ratio and

time to germination of invasive and non-invasive

species were similar under unfavorable environmen-

tal conditions, with low resource availability delaying

germination in both species groups.

Some species, however, are more sensitive to

stressful conditions than their non-invasive congeners.

Complex patterns of germination are reported for two

alien species in Ohio, USA, invasive Taraxacum

officinale and non-invasive T. laevigatum (Luo and

Cardina 2012). While the invader germinates well

under a broader range of alternating temperatures

compared to the non-invasive species, it is more

sensitive to stress, with a significantly lower percent-

age germination recorded at a low water potential or in

darkness than for its non-invasive congener. A broader

range of germination temperatures could be beneficial

both in the early and later part of the growing season. A

capacity to germinate at low temperatures could be

important in the early establishment of this species by

allowing it to germinate earlier than other species and

thus gain a competitive advantage. A capacity to

germinate at high temperatures would also allow this

invader to germinate throughout the growing season,

potentially increasing the probability of germination at

‘safe sites’ (sensu Harper 1977). However, lower

germination of T. officinale at low water potential

suggests that germination would be low under natural

conditions in summer, and that life stages other than

germination could be more important in determining

the invasiveness of this species (Luo and Cardina

2012).

The invasiveness of many species is often

attributed to their ruderal strategy, which consists of

producing large numbers of small, persistent seeds

that require light for germination and that can

germinate rapidly soon after disturbance (Grime

et al. 1981; Thompson et al. 1993; Grime 2001;

Fenner and Thompson 2005; Grime et al. 2007;

Gioria and Osborne 2010). This is evident in some

congeneric comparisons between invasive and non-

invasive alien congeners, although further evidence is

needed. A light requirement for germination was the

only predictor of invasiveness among germination

traits of 15 Oenothera species that are alien to the

Czech Republic and vary in their degree of invasive-

ness (Mihulka et al. 2003), and has been reported for

the invasive T. officinale but not for non-invasive T.

laevigatum (Luo and Cardina 2012).
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Invasive versus non-invasive congeners in their

native distribution ranges

Comparing the traits of species that have become

invasive or naturalized following their arrival in a new

area with those that have not become invasive or

naturalized, using plant material collected from their

native distribution range, is useful to assess whether a

preadaptation in certain traits acquired at home plays a

role in determining the naturalization or invasiveness of

a species abroad (Hamilton et al. 2005; Pyšek and

Richardson 2007). Although comparative studies of this

type are scarce, a preadaptation in germination timing is

typical of many naturalized and invasive species. Time

to germination is an important trait in the naturalization

of species of South African Iridaceae, being on average

15%shorter in 30 native South-African species that have

become naturalized elsewhere than in their congeners

that did not (van Kleunen and Johnson 2007). Compar-

isons of 14 congeneric pairs of invasive andnon-invasive

herbaceous species that were introduced into North

America also show that time to germination was

significantly shorter (by 10 days, on average) in invasive

than in non-invasive species (Schlaepfer et al. 2010).

In contrast, evidence of the importance of high

percentage germination as a useful preadaptation

acquired in the native range for promoting natural-

ization or invasiveness in the non-native range is

weak. Hock et al. (2015) examined germination

patterns of invasive and non-invasive species pairs on

the South Island, New Zealand (Echium vulgare vs E.

plantagineum; Verbascum thapsus vs V. nigrum),

using seeds from European native populations, and

found that invasive congeners germinated in higher

percentages and more rapidly than non-invasive

congeners. In contrast, comparisons of germination

patterns using seeds collected from native Spanish

populations of three Centaurea species alien to

California, invasive C. solstitialis and non-invasive

C. calcitrapa and C. sulphurea, show that the

percentage germination of the invader is intermediate

between that of C. calcitrapa and C. sulphurea

(Garcı́a et al. 2013), indicating that other traits

contribute to the invasiveness of this species.

Invasive versus native species

This type of comparison is useful to identify traits that

can provide alien species with a competitive advantage

over native species (Crawley 1997; Lake and Leish-

man 2004; Hamilton et al. 2005; Tecco et al. 2010).

This approach is more widely used than comparisons

between invasive and non-invasive species with

respect to germination traits. In general, invasive or

naturalized species germinate earlier or more rapidly

than native species, although exceptions are reported

(Danuso et al. 2012; Moore and Lacey 2009).

Many invasive species also germinate in higher

percentages thannative congeners.However, patterns in

percentage germination are strongly dependent on the

environmental conditions provided over the duration of

experimental studies (Table 2). This means that only

under certain environmental conditions an alien species

may benefit from a competitive advantage arising from

high germination. For instance, a light requirement is

reported for the invasive alien Ruellia nudiflora in

Yucatan, Mexico, where percentage germination for

this specieswas significantly lower at 20%ambient light

than that of the native R. pereducta, but higher at 80%

ambient light (Cervera and Parra-Tabla 2009). How-

ever, the invader germinated under a much broader

range of temperatures and water potentials than the

native species, suggesting that a capacity to germinate

under sub-optimal conditions for growth is more

important than high germination in promoting the

invasiveness of this species in open disturbed areas.

Native species are considered to be better adapted to

local environmental conditions (Tecco et al. 2010) and

often have more constrained germination cues than

alien or invasive species (see Marushia et al. 2010 and

references therein). In contrast, invasive species are

expected to respond more strongly than native species

to stressful conditions (Funk 2013). This could

increase the differences in the germination behavior

of invasive or alien species with native species. For

instance, Pérez-Fernández et al. (2000) showed that

low water availability increased the differences in

germination timing between seven alien and seven

native species that co-occur in southwestern Australia.

Low water availability delayed germination of alien

species less than that of natives (by 2 and 7 days,

respectively), suggesting that a drought event is likely

to increase the duration of the germination advantage

of alien species and thus their competitive advantage.

Wainwright and Cleland (2013) also found more

constrained germination cues in native than alien

species. These authors recorded robustness (measured

in terms of percentage germination under a variety of
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conditions) and plasticity (increase in percentage

germination in response to favorable conditions) in

response to environmental cues (temperature, day

length, and soil moisture) in 12 alien and 12 native

species that occur commonly in coastal sage scrub in

California. They found that both germination plas-

ticity and robustness are greater in alien species,

particularly annuals, which germinate earlier than

native species, in consistently higher percentages, and

respond more strongly to favorable conditions (warm

temperatures and high soil moisture).

The importance of phenotypic plasticity in germi-

nation traits as a determinant of the success of invasive

species over natives is also reported by Paudel and

Battaglia (2013). These authors assessed the effects of

elevated salinity on the initial recruitment of the

invasive woody species Triadica sebifera and two

native woody species, Baccharis halimifolia and

Morella cerifera, across five soil types characterizing

the dominant vegetation zones in coastal Mississippi.

Although the invader was in general more sensitive to

salinity than the native species, percentage germina-

tion in inland soils did not differ across salinity levels,

suggesting that plasticity in this trait under increasing

levels of salinity could contribute to the spread of this

species inland along coastal transition ecosystems

(Paudel and Battaglia 2013).

Chrobock et al. (2011) argue that differences in the

germination behavior of invasive aliens and native

species could be due to an introduction bias resulting

from the selective introduction of plants with high

and rapid germination. To test this, they compared

percentage germination in 42 species of plants native

to Switzerland and 47 cultivated alien species,

including 26 cultivars, at two light levels. The results

of this study support this hypothesis, with cultivated

alien species germinating, on average, significantly

earlier and to greater percentages than related native

species at both light levels. Moreover, alien cultivars

germinated significantly earlier and in greater per-

centages than alien non-cultivars, with the responses

to shading not significantly different between these

two groups of cultivars (Table 2).

Invasive species in their native and non-native

distribution ranges

Examining differences in the behavior of a species in

its native and non-native distribution ranges can

provide important insights into ecological and evo-

lutionary processes associated with plant invasions

(Hierro et al. 2005). However, relatively few studies

have adopted this approach with respect to germina-

tion traits. These studies report a tendency for

invasive species to germinate earlier and/or faster,

and at greater percentages, in their non-native than

their native distribution ranges, and/or over a broader

range of germination conditions (Table 3).

These patterns are attributed to the fact that the

germination strategy (in terms of percentage, timing,

and speed) of a species or a population is often

associated with the degree of predictability of envi-

ronmental conditions in the native range, which

derives from variation in climatic conditions and in

the disturbance regime (Venable and Brown 1988;

Fenner and Thompson 2005; Venable 2007; Volis and

Bohrer 2013). For instance, seeds from native Chinese

populations of the invasive Ulmus pumila were found

to be more strongly affected by climatic conditions

than seeds from non-native North American popula-

tions (Hirsch et al. 2012). Seeds from non-native

populations germinated significantly faster than those

from native populations, while no significant differ-

ence in the percentage of germination was reported for

seed from both areas at moderate and warm temper-

atures. Mean time to germination in both ranges was

significantly negatively correlated with annual precip-

itation, and this relationship was stronger for seed from

native populations, whilemean time to germination for

non-native populations was less affected by climatic

conditions (Hirsch et al. 2012).

More constrained germination cues in the native

than in the non-native range are also reported for the

invasive herbaceous plant Ambrosia artemisiifolia.

Leiblein-Wild et al. (2014) found that seed from non-

native European populations of this species germi-

nated over a broader range of temperatures, at higher

percentages and faster (expressed as the number of

days required to achieve 50% germination) than seed

from native North American populations. The exten-

sion of the germination temperature niche of

Ambrosia artemisiifolia in non-native populations

was combined with an improved resistance to subzero

temperatures. Moreover, frost tolerance of seedlings

was strongly positively correlated with the probabil-

ity of spring frosts in the native distribution range,

while no correlation with environmental parameters

in the non-native range was found for this variable.
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These findings suggest that invasiveness in A.

artemisiifolia is associated with a competitive advan-

tage arising from a capacity to germinate early and

exploit an early window of opportunity under which

the competition from native species is low, despite

the increased risk of post-germination frosts.

Similar findings are reported for Rhododendron

ponticum by Erfmeier and Bruelheide (2005). In this

study, germination rates (but not percentage germina-

tion) differed significantly with respect to the origin of

the populations examined, with seeds of invasive Irish

populations requiring significantly fewer days to reach

10 and 50% germination than seeds of native Georgian

and Spanish populations. These patterns were strongly

affected by temperature, with seeds from non-native

populations germinating faster than those from native

populations at the coldest and warmest temperatures,

while at intermediate temperatures, the rate of germi-

nation recorded for non-Irish populations was similar to

that ofGeorgianpopulations and higher than for Spanish

populations. These germination patterns are consistent

with the lower degree of variability in post-germination

environmental conditions experienced by non-native

populations, for which the temperature range during the

growing season is lower than in the native range, as is the

risk of drought (Erfmeier and Bruelheide 2005).

Some invasive species, however, display stricter

germination cues in the non-native range and con-

trasting patterns for percentage germination in the

native and non-native range are reported (Table 3).

For instance, invasive Japanese strains of Cardamine

hirsuta are characterized by strong initial seed

dormancy and little germination at high temperatures

unlike native European strains (Kudoh et al. 2007).

Comparisons of germination patterns for the invasive

species Centaurea solstitialis using seed collected

from native (Turkey: summer drought; Georgia:

summer rain) and non-native populations (California:

summer drought; Argentina: summer rain) show that

percentage germination of seed from non-native

populations is strongly associated with variation in

winter precipitation (Hierro et al. 2009). Percentage

and rate of germination of seed from non-native

genotypes in Argentina (summer rain) were lower

than those of seeds from native populations, regard-

less of the seasonality of the rainfall in the region

where they occur, and from non-native populations in

regions characterized by summer droughts (Hierro

et al. 2009). In contrast, Garcı́a et al. (2013) found

that percentage germination for this species and two

non-invasive congeners was higher for non-native

Californian populations than for native Spanish

populations (C. solstitialis: +63%; C. calcitrapa:

+24%; C. sulphurea: +123%; Table 3), suggesting

that high germination is important for the establish-

ment of these species in their non-native range.

While differences in germination patterns between

native and non-native populations are often inter-

preted as evidence of the importance of rapid

adaptation in the success of invasive species outside

their native distribution range (Erfmeier and Bruel-

heide 2005; Garcı́a et al. 2013), other processes,

including plastic changes in germination traits, can

play a key role in the establishment and persistence of

alien species, and their capacity to spread and persist

in new areas (Grime et al. 1981; Reynolds et al. 2001;

Wainwright et al. 2012; Wainwright and Cleland

2013). Plasticity in germination traits represents a

means of habitat selection and niche construction

(Odling-Smee et al. 1996; Donohue 2003, 2005b),

which thereby influence the evolution of plasticity in

post-germination traits (Donohue 2003) and conse-

quently the invasive potential of a species.

Methodological issues: do not compare apples

with oranges

Anumber ofmethodological issues can produce under-

or overestimates of the importance of germination

traits in plant invasions. Comparative germination

studies provide useful information on potential germi-

nation-related mechanisms underlying successful

invasion but suffer the common limitation of experi-

mental work in not accounting for variation in the

biotic and abiotic conditions experienced by seeds in

the field. Because these results may be very different

from those occurring in nature (Verdú and Traveset

2005; Gioria andOsborne 2013; Gioria et al. 2016), the

findings of experimental studies comparing the germi-

nation behavior of invasive and non-invasive or native

species should be interpreted with caution.

Limitation of experimental studies: experimental

conditions

Germination patterns strongly depends on tempera-

ture and other environmental conditions, including
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water potential, light, and nutrient levels (Benech-

Arnold et al. 2000; Forcella et al. 2000; Donohue et al.

2010; Baskin and Baskin 2014). The germination

responses of a species to environmental factors are

complex and interactions among these factors compli-

cate the task of assessing the role of germination traits

in plant invasions. For instance, light is known to

influence the temperature range for germination

(Probert 2000; Dillon and Forcella 1984), with poten-

tial contrasting effects on the germination behavior of

the compared species. The conditions provided during

germination experiments can thus have major effects

on the magnitude and direction of differences in the

germination behavior of the compared species. This is

evident in studies comparing germination patterns

under different environmental conditions (e.g. Cervera

and Parra-Tabla 2009; Hsu and Kao 2014) or in

laboratory versus garden experiments (Perglová et al.

2009; Skálová et al. 2011).

Dormancy-related biases

Seed dormancy hampers our capacity to predict the

timing and extent of germination under natural condi-

tions (Benech-Arnold et al. 2000). Seed dormancy is a

common attribute of weedy and invasive species, often

resulting in the formation of large soil seed-banks

(Thompson and Grime 1979; Cavers and Benoit 1989;

Benech-Arnold et al. 2000; Forcella et al. 2000; Fenner

and Thompson 2005; Gioria and Pyšek 2016). Germi-

nation patterns are closely associated with the

dynamics of dormancy release (Benech-Arnold et al.

2000; Forcella et al. 2000; Batlla and Benech-Arnold

2007; Baskin and Baskin 2014). As the environmental

conditions that are needed to break dormancy differ

from those required for germination, dormancy and

germination patterns should be predicted separately

(Benech-Arnold et al. 2000).

Despite its importance in regulating germination,

dormancy is often filtered out in experimental studies,

which report germination patterns after dormancy has

been broken for the tested seeds. Moreover, dormancy

release is a gradual process: as dormancy is released,

the temperature range for germinationwidens until it is

maximal, while as dormancy is induced, the range of

temperatures over which germination can proceed

narrows, until full dormancy is reached (Forcella et al.

2000). Also, under natural conditions, the depth of seed

burial has major effects on the breaking of dormancy

and on germination patterns, so that studies testing

germination under conditions resembling the condi-

tions experienced by seeds on the soil surface (full

light), might produce erroneous estimates of the timing

and extent of seed germination in the field (e.g. Gioria

and Osborne 2013).

Seed heteromorphism, defined as the production of

different types of seed by a single individual, which is

a common characteristic of weedy species (Cavers

and Harper 1966; Harper 1977), can also bias the

results because the different seeds vary in dormancy-

breaking requirements and germination (Crawley

1997; Gerlach and Rice 2003; Garcı́a et al. 2013;

Table 2). Seed heteromorphism occurs in 18 families,

most frequently in the Asteraceae and Chenopodi-

aceae (Imbert 2002). Whether seed heteromorphism

contributes to the invasiveness of members of these

two families, which include many invasive species

(Daehler 1998), and those of other families with

heteromorphic seeds deserves further study.

Maternal effects

As ‘the pathway’ that completes the life cycle of a plant

(Donohue 2009), the maternal environment strongly

influences seed dormancy and germination patterns

(Cavers and Harper 1966; Steadman et al. 2004;

Donohue 2005a, b; Campbell et al. 2015). Probert et al.

(1985) report a negative relationship between temper-

ature during seed development andmaturation, and the

degree of dormancy. Conditions during seed matura-

tion also interact with post-dispersal environmental

conditions in determining germination phenology

(Donohue 2005b). Such interactions have a genetic

basis (Donohue 2005b), and their effects extend

beyond one generation (Kendall and Penfield 2012).

Moreover, maternal effects on seed traits can affect

generation time and projected population growth rates

(Donohue 2009). For the invasive annual species

Raphanus raphanistrum, Campbell et al. (2015)

reports significant differences in size and fecundity

among offspring generated from parents grown under

different soil moisture conditions and suggest that

shifts in maternal environments may alter the invasion

potential of this species.

The use of seed collected from different habitats/

ecosystems or from regions with different climatic

conditions can thus differ in the degree of dormancy

and in their germination requirements regardless of
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their native (native vs alien) or invasive (invasive vs

non-invasive) status (Fenner and Thompson 2005;

Gioria and Osborne 2009a, 2013). Despite their

significance in determining the colonization ability of

a species (Campbell et al. 2015), maternal effects on

germination traits are rarely included in comparative

studies assessing the role of germination in plant

invasions. Studies accounting for these effects have

done so by using seeds produced by plants grown under

controlled conditions from seeds collected in the field

(e.g., Kudoh et al. 2007; Hierro et al. 2009).

Storage conditions and sampling effects

Storage conditions can strongly influence seed germi-

nation. Physiological changes during dry storage are

known to make germination requirements less specific

and decrease the level of primary dormancy (Probert

et al. 1985). Prolonged chilling is reported to widen the

range of temperatures suitable for germination (Niko-

laeva 1977), facilitate germination at suboptimal

temperatures (Roberts and Totterdell 1981), and reduce

dependence on other environmental factors (Probert

et al. 1985), although it can also induce dormancy

(Baskin and Baskin 1988). A strong effect of storage

conditions on germination timing and percentage ger-

mination is evident in a comparison of germination

patterns of the invasive Impatiens glandulifera and less

invasive or native congeners (Perglová et al. 2009;

Tables 1, 3). Additional experimental artifacts poten-

tially affecting germination patterns and assessments of

their importance in plant invasions include whether

seeds are collected from one or more individuals in a

population orwhether there are substantial differences in

the timing of seed collection from different populations.

Role of the species compared in plant

communities

Studies comparing the germination behavior of

invasive and native species should state whether the

latter are dominant in native communities and how

wide or restricted their distribution is in their native

range. If the aim is to identify traits that can explain

differences in abundance between closely related

invasive and native congeners, invasive (dominant)

species should be compared with native species that

are dominant in such communities prior to an

invasion (Hamilton et al. 2005; Gioria and Osborne

2014; Hejda et al. 2016). For meaningful compar-

isons between invasive and non-invasive or less

invasive species, information on residence time and

propagule pressure is also necessary, as the differ-

ences in the invasive status (invasive vs non-invasive)

of such species could be due to differences in their

introduction history and not in their germination traits

(Hamilton et al. 2005; Colautti et al. 2006).

Discussion: emerging patterns and global change

Experimental studies indicate that invasive species

tend to germinate earlier (shorter time to germination)

and/or more rapidly (higher degree of germination

synchrony) than non-invasive and native species. This

is consistent with studies showing that a germination

advantage or priority is a key factor facilitating many

plant invasions, especially those by annual plants, in

many ecosystems (Grime et al. 1981; Reynolds et al.

2001; Abraham et al. 2009; Godoy et al. 2009; Stevens

and Fehmi 2011;Dickson et al. 2012;Wainwright et al.

2012; Kardol et al. 2013; Wainwright and Cleland

2013; see Gioria et al. 2016 for a review). Early-

germinating species may benefit from reduced com-

petition and begin to use resources before other

species, often with detrimental effects on the estab-

lishment and diversity of later-germinating species

(Ross and Harper 1972; Seabloom et al. 2003; Abra-

ham et al. 2009; Grman and Suding 2010; Fig. 1),

through size-asymmetric competition (Weiner 1990;

Abraham et al. 2009), resource pre-emption (Ross and

Harper 1972), and soil legacies (Grman and Suding

2010), mechanisms by which they can exert a founder

control over native species that emerge later in the

season (Körner et al. 2008). This strategy is particu-

larly important in ensuring the persistence of annual

plants in communities dominated by perennials (Rees

and Long 1992; Verdú and Traveset 2005).

Early germination can thus be highly beneficial to

the initial establishment of invasive species (Gioria

and Osborne 2014). However, this is a risky strategy

because those conditions that have promoted early

germination (e.g., pre-growing season rainfall events

or warm spells) might not last until the actual start of

the growing season (Lambrinos 2006; Wainwright

et al. 2012). Moreover, early germination might

increase seedling mortality by herbivores or patho-

gens (Lambrinos 2006; Ruxton and Schaefer 2012;
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Wainwright et al. 2012; Gioria et al. 2016). Despite

the benefits derived from early access to available

resources, early germination does not necessarily

result in the establishment of a large proportion of

seedlings; other factors such as the competitive

ability of an alien species and resource availability

in later phases of seedling development can be more

important in determining its establishment in novel

environments (Sans et al. 2004). The long-term

implications of early germination in the persistence

of invasive plants also remain unclear (Corbin and

D’Antonio 2004; Gioria et al. 2016).

A capacity for rapid germination is a useful

strategy to mitigate the effects of inter-specific

competition (Grime et al. 1981; Miller et al. 1994;

Dyer et al. 2000; Verdú and Traveset 2005; Dürr

et al. 2015), as it can suppress the germination or

establishment of later germinating seedlings of

neighboring species (Fenesi et al. 2014; Gioria

et al. 2016). Highly synchronous germination is

beneficial in more predictable environments, where it

increases the probability of establishment (Fenner

and Thompson 2005; Venable 2007), and is thought

to play an important role in determining invasiveness

of many annual and perennial invasive herbaceous

plants (e.g. Beerling and Perrins 1993; Navie et al.

2004; Gioria and Osborne 2009b; Pucheta et al.

2011). However, this is a high-risk strategy in

unpredictable environments (Crawley 1997; Gioria

et al. 2016), especially when occurring early in the

season. In such environments, asynchronous germi-

nation might be more beneficial to the persistence of

Fig. 1 Conceptual diagram representing potential germination

niches or windows of opportunity during which competition for

resources is null or low, for four groups of species. Species A,

which germinates asynchronously, under a broader range of

conditions than species B, can take advantage of both early and

late windows of opportunity as well as of potential vacant

niches arising from differences in germination timing to gain a

competitive advantage over species B. Species C are species

that germinate earlier and/or later in the growing season than

species B and D, and can thus benefit from early and/or later

germination niches or windows of opportunity. The germina-

tion strategy of species C carries the risks that those conditions

promoting germination do not reflect the start of the growing

season, or that germination occurs past when conditions for

growth and development are no longer suitable. Low or null

establishment will follow germination of the majority of seeds

if this occurs too early or too late in the growing season. In

contrast, asynchronous germination mitigates mortality risks

associated with too early and/or too late germination. Climate

change resulting in shorter winters and/or extended growing

season could favor the successful establishment of species A

and species C, although factors other than low competition may

affect seedling establishment, such as herbivory or disturbance.

Many invasive species that belong to species A and C

germinate earlier than their native and/or non-invasive

congeners (species C and D), and exploit germination niches

under which competition for resources is low (marked by

arrows). Germination during early or vacant germination

niches could result in potential invasions if they lead to the

successful establishment of adult individuals
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a species in a community, as it spreads the risks

associated with unfavorable post-germination envi-

ronmental conditions and increases the probability of

recruitment from the seed bank at times when

competition from other species with seasonal germi-

nation patterns is low (Venable 2007; Donohue et al.

2010; Gioria et al. 2016). Asynchronous germination

is regarded as a major determinant of the ecological

niche and distribution range of different plant species

(Donohue et al. 2010), including weedy (Brändle

et al. 2003) and invasive species (Gioria and Osborne

2013).

The breadth of germination requirements is asso-

ciated with the ecological demands and geographical

distributions of plants, and limits the occupied niche

and establishment in novel environments (Donohue

et al. 2010). A capacity to germinate under a broad

range of environmental conditions reported for inva-

sive species compared to their non-invasive or native

counterparts supports the notion that this is an

important feature promoting weediness (Baker

1974) or invasiveness (Pyšek and Richardson 2007).

Not surprisingly, percentage germination is not a

reliable predictor of invasiveness. Contrasting patterns

for this trait occur in each comparison category,

suggesting that the germination of a large fraction of

seeds produced in a given season is not a requirement (or

a safe strategy) for success in a novel environment. High

percentage germination in a given season can be

regarded as a dimension of propagule pressure, which

is known to have important implications for species’

invasiveness and/or the invasibility of the recipient

communities (Von Holle and Simberloff 2005; Sim-

berloff 2009). This strategy can result in invasive plants

preventing the germination of the seed of native plants,

especially when they germinate earlier or later than the

seed of native species (Gioria et al. 2016), and/or

outcompeting seedlings of native plants (Gioria et al.

2012). However, high germination increases a species’

vulnerability to unfavorable post-germination condi-

tions, especially if occurring early or rapidly (Lambrinos

2006; Wainwright et al. 2012; Gioria et al. 2016).

In unpredictable environments, the incorporation

of a larger fraction of seeds into the soil seed bank

might be a better strategy for ensuring the persistence

of a species, as it mitigates the effects of unfavorable

environmental conditions for growth and inter- and

intra-specific competition (Thompson and Grime

1979; Venable and Brown 1988; Gioria et al.

2012). This is evident in studies that show that the

level of dormancy recorded for certain invasive

species is higher than that of non-invasive congeners

(Gerlach and Rice 2003; Mandák 2003) or in their

non-native compared to their native range (Kudoh

et al. 2007). These studies suggest that, for certain

species, lower percentage germination in their non-

native distribution ranges and potentially resulting in

the formation of a larger seed bank might be a more

successful strategy for dealing with a novel environ-

ment and competing with the native vegetation.

These patterns are consistent with recent findings that

a persistent soil seed bank (sensu Thompson et al.

1997) is an important determinant of naturalization

(Pyšek et al. 2015) and invasiveness in many species

(Gioria and Pyšek 2016).

Climate change can strongly affect germination

patterns and population dynamics (Walck et al. 2011;

Johnson 2014) of native and invasive alien species, and

thus may alter the role of germination in the invasion

process. Climate change is expected to favor species

with broad germination requirements (Walck et al.

2011). It is predicted that the species that detect and

respondmore rapidly to such changes, at the ecological

level, including plastic changes within existing popu-

lations or changes in a species’ distribution range

(Nicotra et al. 2010; Volis et al. 2015), or at the genetic

level, such as adaptation (e.g. Davis et al. 2005;

Wolkovich and Cleland 2014; Volis et al. 2015), will

have a selective advantage over slowly-responding

species (Willis et al. 2010; Dickson et al. 2012).

Information on the germination responses of

invasive (and potentially invasive) species and native

species to variation in environmental conditions,

including climate change, could greatly improve our

ability to predict future invasions. Shorter winters,

with spring temperatures occurring earlier in the year

in many regions (e.g. Walther et al. 2002; Schwartz

et al. 2006), could promote the establishment and

spread of alien species with shorter stratification

requirements for breaking dormancy (Walck et al.

2011; Fig. 1). In a recent experimental study on the

effects of chilling and photoperiod on the spring

phenology of 36 woody species, Laube et al. (2014)

show that invasive and pioneer species have lower

chilling requirements than climax species, suggesting

that invasive species could profit from increasing

winter temperatures, provided that late spring frosts

occur earlier.
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That many of the invasive species included in this

study germinated earlier and/or more rapidly, over a

broader range of conditions, and required shorter

period of stratification than non-invasive or native

species or congeners indicates that shorter winters

and less predictable rainfall due to changing climate

could promote the establishment of many invasive

species. However, the long-term benefits of such

changes remain unclear. Moreover, short winters

could delay rather than advance germination in

species with stricter chilling requirements (Walck

et al. 2011). It is possible that narrow germination

requirements, which are more often reported for

native species compared to invasive alien species,

including invasive species in their native range

(Table 3), could be a more successful strategy in

determining the long-term persistence of invasive

species in novel environments.

Whether the germination response of invasive

species to variation in environmental conditions is

important only in the initial stages of establishment or

over the entire invasion process also remains unclear.

Naturalized but non-invasive species differ from

invasive species in many comparisons of their

germination in their native distributions, suggesting

that certain germination traits are important also in

the invasion phase (Schlaepfer et al. 2010; Hock et al.

2015). That invasive species tend to germinate earlier

and/or more rapidly than their non-invasive con-

geners in their non-native range also suggests that a

capacity for early or rapid germination plays an

important role not only in the establishment phase but

also in the invasion phase. Clearly, the generality of

these patterns should be tested for a large number of

species belonging to different functional groups

reared under a broad range of environmental condi-

tions that closely resemble those encountered by a

species in the field, any potential effect of experi-

mental artifacts being minimized.

Future research directions

Despite the importance of the germination behavior

of a species in determining its colonization potential

(Beckmann et al. 2011), comparative studies exam-

ining its importance in plant invasions are scarce.

Below we highlight some promising research avenues

that could improve our understanding of the role of

germination as a critical stage promoting species

invasiveness.

● Research under natural conditions There are

virtually no field studies aimed at assessing

germination dynamics of seeds of native, invasive

alien, and non-invasive alien species under nat-

ural conditions (Gioria et al. 2016). There is a

great potential for field studies to build up on the

results of experimental studies and explore the

importance of the germination stage in the

invasion process. Because a range of environ-

mental factors and species interactions are known

to modify the outcomes of germination and early

population development, insights into the impor-

tance of germination traits in plant invasions

relative to other factors can be obtained only by

manipulating conditions in the field. Assessments

of the seed banks of invaded communities based

on the seedling emergence approach (Thompson

et al. 1997), using soil extracted under the

sampled communities and grown under condi-

tions that resemble those encountered in the field,

are also useful to reveal the degree of germination

synchrony and identify germination peaks as well

as potential early or late windows of opportunity

that can arise from differences in dormancy and

germination behavior between alien and native

species (Gioria and Pyšek 2016). While field

germination patterns are known for many weeds

in agricultural systems, many of which are

invasive in their non-native range (e.g. Benech-

Arnold et al. 2000; Batlla and Benech-Arnold

2007; Gardarin et al. 2011; Guillemin et al. 2013;

Dürr et al. 2015), rigorous dormancy and germi-

nation studies are needed for species that invade

natural and semi-natural ecosystems, as they can

have strong effects on biodiversity and ecosystem

functioning. These studies should be comple-

mented by theoretical research aimed at

predicting field germination dynamics of species

differing in their native and invasive status.

● Accounting for biases As the differences in

germination patterns of the groups of interest

(invasive vs non-invasive; invasive vs native;

invasive in invaded vs native distribution ranges)

are often subtle and difficult to detect, it is

necessary to take into account potentially biasing

factors such as maternal effects, seed collection
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biases, seed origin, residence time, dominance

status, and the other factors dealt with in

Section III. While these problems cannot be

completely avoided, their potential effects on

germination patterns and dormancy must be

minimized in order to arrive at unbiased conclu-

sions. To account for these biases, studies

comparing the germination behavior of invasive

and native species should include information on

residence time, on whether native species are

dominant in native communities, and how wide or

restricted their distribution is in their native range.

● Context-dependence of plant invasions To account

for the context-dependence of the role of species

traits in plant invasions (Pyšek and Richardson

2007; Pyšek et al. 2009), germination traits

should be explored in relation to other biological

traits of invasive species. This would improve our

understanding of how the relative importance of

germination traits varies at different stages of an

invasion process. Complex models are needed to

link seed germination dynamics of alien and

invasive species in their native and non-native

distributions with physiological traits, such as

efficiency of water-use and relative growth rate

(Kimball et al. 2011), morphological traits, mode

of reproduction (sexual vs combination of sexual

and asexual), plasticity, and genetic variation, in

order to improve our predictions based on the

interaction of species traits with other factors

(Pyšek et al. 2015). For species reproducing both

sexually and asexually, information on the rela-

tive importance of these strategies at different

stages of the invasion process is needed. Clearly,

the importance of recruitment from the seed bank

(and thus of dormancy and germination traits)

versus vegetative propagation for a species will

depend on the environmental conditions in the

novel range (Gioria and Osborne 2013). Under

stressful conditions, many species rely on vege-

tative propagation rather than seed production for

maintaining their population size at a locality or

for rapid expansion (see Gioria and Osborne 2010

and references therein). Differences in the germi-

nation responses of alien and native species to

such conditions can strongly affect the invasive

potential or persistence of alien species (Pérez-

Fernández et al. 2000; Cervera and Parra-Tabla

2009; Luo and Cardina 2012).

● Interactions with other trophic levels The effects

of indirect interactions on the invasiveness of

alien plants via their effects on germination have

been little explored, yet they could have major

implications for the establishment or the long-

term persistence of invasive species in novel

environments. Organisms such as herbivores or

pathogens can limit the benefits of a species’

capacity for early, rapid, or high percentage

germination (Lambrinos 2006; Ruxton and

Schaefer 2012). Animal dispersers can affect the

timing and extent of germination of invasive or

native species (Jordaan and Downs 2012; see

Ruxton and Schaefer 2012 for a review).

Reported effects of breeding system and pollen

vectors (wind- vs animal-pollinated species) on

genetic variation (Berge et al. 1998) could also

influence germination patterns.

● Age- and genetic structure of seed banks as a

predictive tool Soil seed banks are composed of

seeds in varying degrees of dormancy (Benech-

Arnold et al. 2000). The age structure of seeds in

the seed bank also affects the requirements for

germination (Rice and Dyer 2001; Gioria and

Osborne 2013). Knowledge of seed production,

seed dormancy, and of the density, type (transient

vs persistent, sensu Thompson et al. 1997), and

age structure of the seed bank can greatly

improve our ability to predict the size of the seed

pool that can germinate when certain environ-

mental conditions occur (Gioria and Pyšek 2016).

If such information is available from both the

native and non-native distribution ranges of a

species, it can provide important insights into the

germination strategies that are more successful in

novel environments and adaptive processes. As

potential reservoirs of genetic diversity, seed

banks can play an important role in maintaining

or even increasing genetic variation over time

(Levin 1990; Baskin and Baskin 2014), and those

with a persistent seed bank are expected to be

capable of more rapid or substantial responses in

their timing of germination to year-to-year vari-

ation, climatic, or other global or local changes

(Gioria and Pyšek 2016).

● Temperature and water potential thresholds Min-

imum temperature and water potential for

germination are key variables for assessing pop-

ulation dynamics (Bewley and Black 1994;
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Gardarin et al. 2011; Guillemin et al. 2013; Dürr

et al. 2015) and are essential for predicting the

timing and extent of seed germination as factors

affecting the potential distribution of a species

(Benech-Arnold et al. 2000; Gardarin et al. 2011).

However, there is surprisingly little information

on such thresholds for species that are invasive in

non-agricultural systems (Dürr et al. 2015).

Knowledge of these thresholds for a large number

of species is also necessary to compare the results

of different studies on the same species, as they

would not depend on the specific conditions

provided in each study.

Conclusions

Comparative examinations of germination traits

reveal that differences in the germination behavior

of alien and native species represent a mechanism

that has likely contributed to the naturalization and

invasiveness of many alien species. That differences

in germination timing and speed are more pro-

nounced in the invasive rather than in the native

range of invasive species further indicates the

importance of these germination traits as a post-

introduction invasion mechanism. A capacity to

germinate under a broad range of environmental

conditions, allowing the exploitation of germination

niches during which competition for resources is low,

is more pronounced in invasive than native or non-

invasive species. In contrast, the germination of a

large component of seeds produced in a given season

within a relatively short period is not a good indicator

of invasiveness.

This knowledge has important implications for

predicting the identity of alien species that could

become invasive in future, as well as for identifying

the conditions that are more likely to promote the

germination of such species. It is also crucial for the

development of sustainable control strategies of

invasive species and restoration measures that pre-

vent germination of seeds of invasive and alien

species, while promoting that of seeds of desirable

native species. Given rapid climatic changes, knowl-

edge of the germination behavior of native and alien

species under natural conditions is crucial for

predicting future plant community dynamics. In this

respect, invasion ecology would greatly benefit from

rigorous studies of the dormancy and germination

patterns of invasive species and from theoretical

approaches that have been developed to improve

weed management and crop protection. Long-term

monitoring programs are required to assess the actual

benefits and risks associated with different germina-

tion strategies and their long-term impact on plant

community dynamics.
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Tichý L, Kühn I (2015) Naturalization of central Euro-

pean plants in North America: species traits, habitats,

propagule pressure, residence time. Ecology 96:762–774.

doi:10.1890/14-1005.1

Radford IJ, Cousens RD (2000) Invasiveness and comparative

life-history traits of exotic and indigenous Senecio species

in Australia. Oecologia 125:531–542. doi:10.1007/

s004420000474

Ranal MA, Santana DG (2006) How and why to measure the

germination process? Rev Bras Bot 29:1–11. doi:

10.1590/S0100-84042006000100002

Rees M, Long MJ (1992) Germination biology and the ecology

of annual plants. Am Nat 139:484–508. doi:10.1086/

285340
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