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Abstract Acacia dealbata is an invasive south-

eastern Australian tree that produces a persistent soil

seed bank. In order to characterize the seed bank in

plots invaded by A. dealbata and to understand its

implications for management and re-invasion risk,

density, germinability, and viability of the seed bank

were evaluated in five sites in central Portugal. Soil

samples were collected in A. dealbata invaded plots

and adjacent areas and screened for seeds, which were

then quantified and germinated at 25 �C. A subset of

seeds was first exposed to 60 �C to assess the effect of

high soil temperature on dormancy breaking. Vari-

ables influencing differences between sites were

explored with generalized linear mixed models with

a Poisson distribution. Inside A. dealbata invaded

plots the seed bank averaged 4608 seeds/m2, reaching

up to 62,747 seeds/m2; in adjacent areas, up to 14 m

from the plots, only 9 seeds/m2 were found. Seed bank

densities were mostly influenced by stoniness, number

of fires in the last 10 years, and density of trees and

roots. Almost 90% of seeds were viable, but only 8.6%

germinated without treatment. Nearly 70% of seeds

exposed to 60 �C germinated without any physical

stimulation, suggesting that high soil temperatures can

effectively break seed dormancy. The high density and

viability of A. dealbata’s seed bank and its ability to

disperse seeds far from the parent plants contribute to

the species’ invasive success. These features com-

bined with heat events that can overcome seed

dormancy need to be considered in the management

of this species.

Keywords Seed bank � Seed germinability � Seed
viability � Invasive plants management � Seed
dormancy � Acacia dealbata

Introduction

Invasive species are considered as one of the major

threats to biodiversity (Richardson et al. 2008; Vilà

et al. 2011) with additional negative impacts on human

health, society, and economy worldwide (Andreu and

Vilà 2007). In the case of alien plants, prolific seed

production is one of the key features that significantly
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3040-316 Coimbra, Portugal

H. Marchante � E. Marchante (&)

Department of Life Sciences, Centre for Functional

Ecology, University of Coimbra, Calçada Martim de
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contributes to their successful invasion outside their

native range (Richardson andKluge 2008;Gibson et al.

2011). If, in addition, seeds are long-lived this can lead

to the accumulation of extensive soil seed banks that

may remain as a ‘‘hidden legacy’’ for a long time and

eventually jeopardize management efforts (Richard-

son andKluge 2008; LeMaitre et al. 2011;Gibson et al.

2011; Gioria et al. 2012; Wijayabandara et al. 2013).

In spite of considerable and increasing efforts to

manage invasive plants, management programs often

remove the existing stands (Le Maitre et al. 2011)

without considering the soil seed bank. However,

when dealing with species with large and long-lived

seed banks, this approach often fails to achieve

successful control (D’Antonio and Meyerson 2002;

Le Maitre et al. 2011; Marchante et al. 2011a) because

massive quantities of seeds germinate afterwards

(Marais et al. 2004; McConnachie et al. 2012). With

such species, control efforts can only be successful if a

significant reduction of the seed bank is achieved

(Marchante et al. 2011a; Gioria et al. 2012).

One of the most aggressive invasive plants in

Portugal is Acacia dealbata Link (silver wattle,

Fabaceae), which represents a major conservation

problem (Fernandes 2008; Correia et al. 2014;

Marchante et al. 2014). This fast growing south-

eastern Australian tree can grow up to 30 m and was

introduced in different parts of the world, predomi-

nantly for forestry and as an ornamental tree, becoming

invasive in some parts of Europe (Lorenzo et al., 2010;

Marchante et al. 2014), South America (Fuentes-

Ramirez et al. 2011), North America, southern Africa,

Indian Ocean islands, New Zealand, and evenWestern

Australia (Richardson and Rejmánek 2011). In its

native range, A. dealbata occurs in forests, woodlands,

grasslands, and riparian ecosystems on a wide variety

of soils (Maslin and McDonald 2004; DAISIE 2006).

In its invaded range, it is capable of occupying a vast

altitudinal range and a great variety of soil types and

habitats, from sand dunes to forests and urban areas

(Lorenzo et al. 2010;Marchante et al. 2014). Likemost

Acacia species,A. dealbata produces a large number of

seeds and a larger seed crop every 2–3 years, starting to

produce seeds within 4 or 5 years (Maslin and

McDonald 2004; Richardson and Kluge 2008). The

seeds are probably dispersed into the soil by ants, i.e.,

myrmecochory (Richardson and Kluge 2008). Pub-

lished data about the seed bank of A. dealbata are

scarce (Lorenzo et al. 2010; Gioria et al. 2012), but

Gibson and colleagues (2011) refer to seed rain of 2553

seeds/m2/year, and a stored seed bank ranging from

10,000 to 22,500 seeds/m2. Almost 80% of these seeds

are stored within the first 10 cm of soil and can remain

viable for over 50 years due to a water impermeable

coat, which confers them the ability to remain dormant

(Richardson and Kluge 2008). The germination of A.

dealbata seeds is most often triggered by heat (Adair

2008a), which is known to break dormancy of Acacia

seeds (Richardson and Kluge 2008; Wilson et al.

2011). Additionally, germination may be promoted by

positive plant–soil feedbacks resulting from changes in

soil conditions (Rodrı́guez-Echeverrı́a et al. 2013).

These features give the species a very high potential for

regeneration, especially in fire prone habitats.

Most wildfires can reach very high temperatures,

and during these events, soil can reach temperatures

from about 60 �C to over 800 �C (Stoof et al. 2013). In

the daytime in summer and during heatwaves, high soil

temperatures (40–60 �C) can also be reached and have
already been documented to break seed dormancy of

some species (Ooi et al. 2012, 2014; Santana et al.

2010, 2013). Some authors suggest that 60 �C is

enough to break the seed coat of Acacia species

(Bradstock and Auld 1995) while others state that such

a temperature is not high enough (Saharjo and Watan-

abe 1997; Ooi et al. 2014). Germination of Acacia

seeds is also associatedwith other disturbances, such as

vegetation clearing, construction activities, roads,

vehicle traffic, and trampling (D’Antonio and Meyer-

son 2002; Gibson et al. 2011; Le Maitre et al. 2011).

Acacia dealbata has also been identified in sites with

no signs of recent fires or other kinds of disturbances

(Fuentes-Ramirez et al. 2011; Lorenzo et al. 2012),

suggesting the existence of additional stimuli that may

work as facilitators of seed germination.

Control of A. dealbata is usually done by removing

the existing plants, by either mechanical or chemical

methods. However, even when the most effective

control methods are applied, successful control is

seldom achieved because follow-up treatments are

often insufficient to deal with regeneration from seeds

or resprouting and the accumulated soil seed bank is

ignored (Fernandes, 2008; Sanz-Elorza et al. 2004;

authors personal observation).

In order to support the sustainable management of

A. dealbata and considering its long-lived seed bank, it

is essential to study the density of this seed bank and

the factors that influence it. In this context, the main
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goal of our work was to quantify and characterize the

seed bank in plots invaded by A. dealbata, and to

understand its implications in terms of management

and risk of re-invasion. Furthermore, as seeds are

known to be dormant, we wanted to understand if high

temperatures or heat waves (around 60 �C) were

enough to stimulate seed germination, as this can

trigger invasions without the need of further distur-

bances. As a secondary goal, we also explored if there

were seeds outside the plots of A. dealbata, since the

existence of seeds in these areas can promote new

invasions thereby increasing the invaded area.

Because A. dealbata produces many long-lived seeds

that can be dispersed by ants, we expect to find a

numerous and viable seed bank under and close to the

invaded plots and at least some seeds outside these

areas. Furthermore, since new invasions by this

species occur in non-disturbed and non-burned areas,

we expect high soil temperatures to be able to break

dormancy and promote seed germination.

Methods

Study area

This study took place in central Portugal (Fig. 1)

where A. dealbata has been present for a long time and

where it has been spreading rapidly in recent years,

dominating large areas. New invasions are frequent,

some of them near important conservation areas, such

as the Natural Park of Serra da Estrela or Serra da

Gardunha, where important populations of rare plant

species and endemic habitats are known (ICN 2006;

Meireles et al. 2013).

The climate is Mediterranean with large daily

temperature amplitude. The annual mean temperature

varies between 11.2 �C (Weather station no. 082,

Guarda, Lat.: 40�320N; Lon.: 07�160W, period

1981–2010) and 15.9 �C (Weather station no. 507,

Castelo Branco, Lat.: 39�500N; Lon.: 07�280W, period

1981–2010). It can rise up to a maximum of 41.6 �C in

the summer with a minimum of -10.8 �C in the

winter. The annual average precipitation ranges from

780 to 920 mm. Soils are acid, dominated by granite

and shale. Maximum soil temperature at 5 cm deep

has been registered up to 49 �C during summer (Horta

2014).

Within the study area, five sites were selected (A, B,

C, D, and E, Fig. 1), based on five criteria: (1) only one

Acacia species (A. dealbata) was present to avoid

confusion with seeds of other Acacia species that have

similar seeds; (2) plots were well individualized so

that the limits could be easily identified, assuring that

there were no scattered A. dealbata individuals outside

the plots that may work as sources of seeds; (3) plots

were at least 300 m2 in order to guarantee that the

inner soil samples were central to the plot; if plots

were smaller, the inner samples may have been located

near the opposite margin of the plot; (4) vegetation

surrounding the A. dealbata plot was scrubby vege-

tation, mostly dominated by Cytisus spp., and at least

20 m wide; and (5) accessibility to the site was easy

considering the need to carry heavy soil samples. Soil

samples were collected in plots of A. dealbata where

cover reached between 80 and 100% (hereafter called

‘‘acacia plots’’) and in contiguous areas without A.

dealbata outside these plots (hereafter termed ‘‘adja-

cent areas’’). There were no records or evidence of

planting of A. dealbata in any of the study sites and as

such it was assumed that the species spread by its own

means to these areas. Fire is a constant element

throughout the study area and all sites had burned in

the last 10 years, the most recent being a fire in 2008 in

sites B and C (Table 1). Consequently, individuals

present in these areas were not very old or big. Acacia

plots with these characteristics are very prevalent in

Portugal, due to the high frequency of fires. Several

parameters were registered for each study site in order

to explore the variables influencing seed bank density

(Table 1).

Seed bank density

Soil sampling was conducted between February and

April 2013, during flowering of A. dealbata and before

seed rain. In each sampling site, three 30-m-long

transects were set (Fig. 2), in different directions, at

least 4 m apart from each other, but generally more.

The point under the first A. dealbata branch was

considered the limit of the acacia plot (0 m). To

evaluate the seed bank inside acacia plots, 10 samples

were collected under the trees, in each transect, at 1-m

intervals (samples designated as ‘‘-’’). In adjacent

areas, 10 soil samples were collected, at 2-m intervals

(samples designated as ‘‘?’’), in order to access seed
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dispersion distance (Fig. 2). Sampling in adjacent

areas was not intensive, aiming only to detect the

presence of seeds in these areas and not to fully

characterize the A. dealbata seed bank outside the

plots; considering the extent and heterogeneity of such

areas a full characterization of the seed bank would

require a much greater sampling effort. In each

transect 20 samples were collected, totalling 60 sam-

ples per site (30 inside the acacia plot and 30 in the

adjacent area). The first three samples collected inside

the acacia plot were considered as the margin of the

plot (samples -1, -2, -3) and the remaining were

considered as the center (-4 to -10; Fig. 2).

For each sample, the top 10 cm of soil, including

leaf litter, was collected using an 11-cm-diameter

core. The samples were then dried and screened and

the number of seeds counted; for that, soil was first

passed through a 4-mm sieve, to remove rocks and

plant remains, and the remaining soil was spread on

white trays where the seeds were carefully searched

for—A. dealbata seeds are black, have a regular shape,

and are relatively large (ca. 4–5 mm long and 2–3 mm

wide) and very easy to detect after some training; as

such, we were confident that no seeds were missed.

Germinability and viability

Seeds extracted from soil samples were tested for

germinability (for this, we considered seeds germi-

nating without any physical stimulus) and viability

Fig. 1 Location of Acacia dealbata sampling sites (A, B, C, D, E) in central Portugal
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(considering seeds germinating with and without

physical stimulus) in 90-mm sterilized Petri dishes

containing filter paper moistened with distilled water

and kept in the dark. When more than 50 seeds were

found per sample, a maximum of 50 seeds were tested

(i.e., one Petri dish per sample). Germinability was

assessed after seeds sterilization (Crisóstomo et al.

2007) at 25 �C with no further treatment, for 30 days.

In addition, to check the influence of high soil

temperatures in germination, a subset of the seeds

from 36 samples, randomly selected, were submitted

to an initial temperature of 60 �C for 10 h. After this

initial heat treatment, seeds were incubated at 25 �C to

allow normal germination. Seeds were checked out

every 2 days, and germinated and rotted seeds were

counted and eliminated. Seeds were considered ger-

minated when the radicle was at least 2 mm long.

After 30 days, non-germinated seeds were considered

dormant and scarified (cut at the micropylar end with a

scalpel) to test viability, and were observed for another

30 days. Seeds not germinated after this time were

considered non-viable. Total viable seeds were the

sum of all germinated seeds, without (first 30 days) or

with physical stimulus (after the first 30 days).

Statistical analysis

An initial exploratory analysis of the density of seeds

was performed to observe the distribution of seeds

along transects. This analysis suggested differences

between the center and the margin of the acacia plots

and consequently the subsequent analyses were per-

formed considering these two areas. Two distinct

analyses were performed. Firstly, taking into account

the number of seeds (density), germinability, and

viability as dependent variables, we tested for differ-

ences between: (i) the number of seeds in the acacia

plots and the adjacent areas, (ii) the number of seeds in

the margin and the center of the acacia plots, and (iii)

seeds germinating at different temperature treatments

and with and without physical stimulus. For each

response variable, an analysis of deviance (GLM) with

Poisson distribution was used. Percentage data were

arcsine transformed.

Table 1 Characterization of study sites, acacia plots, and soil samples

Variables Site A Site B Site C Site D Site E

Location Altitude (m) 490 580 340 430 510

Exposure E S E NE NE

Slope (8) 18 24 18 6 10

Soil Granite Shale Granite Granite Granite

Acacia plots Tree density (tree/m2) 9 7 5 6 6

Acacia dealbata coverage (%) 100 100 80 100 100

Total vegetation coverage (%) 100 100 80 100 100

Average trunk diameter at base (cm) 2.4 1.9 2.2 3.2 2.1

Maximum trunk diameter at base (cm) 11.7 5.2 6.1 9.9 12.6

Soil samples characterization

(mean)—see scale belowa
Acacia dealbata pods 1.6 0.9 0.6 1.7 1.2

Acacia dealbata leaves 1 1.2 0.8 1.2 1.2

Root density 1.8 1.6 1.5 1.1 1.3

Stoniness 0.8 1.3 1.4 1.1 1.3

Site disturbances Last fire 2003 2008 2008 2003 2003

Number of fires in the last 10 years 1 2 1 1 1

Signs of previous cutb 1 0 0 0 1

Data were collected during sampling and used in the statistical analysis
a A qualitative scale was used to classify each sample and the mean value of the plot was then calculated (0—none; 1—few; 2—

plenty)
b Only presence (1) or absence (0) was considered
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To explain differences in seed density between

study sites, we fitted a generalized linear mixed model

(GLMM) with a Poisson distribution. Given that the

response data were non-independent, we fitted all

models using ‘‘transect’’ as a random factor (Bolker

et al, 2008). A set of 17 explanatory variables were

initially considered as potentially influencing seed

density (Table 1). Given the large set of explanatory

variables, we first fitted univariate models to test

individual parameters following the Wald test. We

discarded all explanatory variables considering a

p value cut-off point of 0.25 (Hosmer and Lemeshow

2000). Also, to ensure that highly correlated variables

were not both used in the models, we tested for

correlations using the Spearman’s rank coefficient

(Spearman 1907), and measured collinearity for all

explanatory variables consisting of continuous data

(threshold r[ 0.7; Dormann et al. 2013). With the

remaining set of explanatory variables, we fitted a

multivariate model, including testing for interactions

between variables. Model selection was performed

through a backward stepwise procedure, starting from

the complete model and the final model was selected

based on the Akaike Information Criterion (AIC)

(Akaike 1974). Finally, goodness-of-fit measures were

estimated through Likelihood Ratio Tests and the

residuals for the final fitted model were analyzed.

Statistical analysis was performed with R 2.15.3

software, using the glmmADMB package (Fournier

et al. 2012). Confidence level was set at 95%

(a = 0.05).

Results

Seed bank density

Exploratory analysis showed that the number of seeds

was disproportionately higher in acacia plots than in

the adjacent areas. In addition, it revealed that the

number of seeds was higher in the center than in the

margin of the acacia plots (Fig. 3).

On average, considering all sites, the number of

seeds stored in the soil was significantly (p\ 2.2e-16)

Fig. 2 Experimental set-up of transects established to evaluate

the seed bank, with 10 m lying inside the acacia plot (0 to

-10 m) and 20 m in the adjacent area (0–20 m); the point under

the first A. dealbata branch was set as the limit of the plot (point

zero) and the margin of the plot considered from -3 to 0 m.

Samples were collected with 1-m interval inside the acacia plot

and 2-m interval in the adjacent area. Transects were established

in different directions and the minimum distance between

transects was 4 m
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higher under the acacia plots (4608 seed/m2 ± 820)

than in the adjacent shrubby areas (9 seeds/m2 ± 5).

Outside the acacia plots, seeds were found up to 14 m

away but only in six samples.

There were significant differences observed in seed

bank density between the different acacia plots, with

site A and D having more seeds than sites B, C, and E

(p = 1.95e-5), and sites B and E having less seeds

than site C (p = 0.02). The highest average seed bank

density was found in site A, where 12,507 seeds/m2

(± 2781) were counted, while the lowest was regis-

tered in site B, with 319 seeds/m2 (± 238). The

maximum number of seeds collected was 62,747

seeds/m2, in site A at -8 m (Fig. 4).

Statistical analysis revealed that inside the acacia plots

seeds were not evenly distributed: the samples collected

at the margins (samples -1, -2, and -3 m) had

significantly fewer seeds (average 1444 seeds/

m2 ± 513) than the central ones (samples -4, -5, -6,

-7, -8, -9, and -10 m; average 5965 seeds/

m2 ± 1127; p\2.2e-16).

According to the univariate model, several variables

contributed significantly to the differences in the seed

bank density in the different study sites, the most

significant being stoniness and time since last fire.Other

variables, such as the number of fires occurring in the

last 10 years, type of soil, A. dealbata trunk diameter,

and density of trees, were also significantly related to

seed bank density. Specifically, seed density increased

with increasing time since last fire, trunk diameter and

tree density; and decreased in sites withmore stones and

fires, southern exposure and shale soils (Table 2).

Although several variables contributed to the

differences between sites, some of them were highly

correlated and as such not all were included in the

multivariate linear model. The final model included

the four explanatory factors that together best

explained the differences in the number of seeds

found in each sampling site: stoniness, number of fires

that had occurred in the last 10 years, and density of

trees and roots (Table 3). Seed density decreased in

areas that experienced a greater number of fires, and
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where higher stoniness and root density were

observed; on the other hand, seed density increased

with higher A. dealbata density.

Germinability and viability

Fewer seeds germinated without physical stimulus

when incubated at 25 �C (first 30 days of the exper-

iment) than seeds exposed to 60 �C for 10 h [69.0%

(±4.6) vs. 8.6% (±3.8), respectively; W = 1720.5;

p = 1.493e-06]. Thirty days after physical stimulation

significant differences were noted (W = 706.5;

p = 0.00668), but in this case seeds exposed to a

constant 25 �C temperature had higher germination

than seeds kept at 60 �C for 10 h [81.1% (±2.9) vs.

14.1% (±8.2)]. In the end, between 83.4% ± 2.2 (for

seeds incubated at 25 �C) and 89.7% ± 3.7 (for seeds

incubated initially at 60 �C) of the seeds collected

from the soil seed bank were viable, with only a small

percentage of seeds decaying or being non-viable

(Fig. 5).

When analyzing germination during the 2 months

period (Fig. 6), a few seeds exposed to 25 �C germi-

nated in the first 12 days, but most seeds germinated

up to 4 days after scarification (day 30). On the other

hand, seeds exposed initially to 60 �C germinated

mostly in the first 6–12 days of the experiment, and

2 days after the physical stimulation there was a new

germination peak (Fig. 6).

Discussion

In general, the density of A. dealbata seed bank

observed in our study was lower than values referred

by Gibson et al. (2011) either in Chile (10,000 seeds/

m2) or in Portugal (22,500 seeds/m2). The values

reported by these authors for Portugal refer to a site

(Serra do Açor, Central Portugal) that had not burnt for

more than 20 years (H Marchante et al. unpublished

data) and as such the lower densities found in our

study are probably explained by the occurrence of

recent fires. These fires have probably depleted, at

least partially, the seed bank that is known to be fire

stimulated (Richardson and Kluge 2008) and as such

the observed seeds have been accumulated only in the

last 10 years of less (see discussion below). On the

other hand, fires also imply that trees present are

younger, producing fewer seeds, which results in

lower densities of the seed bank. Additionally, we

observed that soil was compacted in all the plots,

Table 3 Final model obtained through the GLMM analysis for the density of A. dealbata seed bank (significance level: *p\ 0.05,

**p\ 0.01, ***p\ 0.001)

Variable Estimate SE z value Pr([ |z|)

(Intercept) 10.4721 2.0763 5.044 4.57e-07***

Tree density 0.6804 0.2117 3.213 0.0013**

Root density -2.8622 0.8970 -3191 0.0014**

Stoniness -2.8442 1.1072 -2.569 0.0102*

Number of fires -2.6582 0.7201 -3.691 0.000223***

Table 2 Univariate model

results for the density of A.

dealbata seed bank

(significance level:

* p\ 0.05, **p\ 0.01,

***p\ 0.001)

Variables Estimate SE z value Pr([ |z|)

Exposure South -3.3238 1.4557 -2.283 0.0224*

Soil Shale -3.192 1.3377 -2.385 0.0171*

Trunk diameter 0.855 0.3764 2.272 0.0231*

Tree density 0.6669 0.314 2.124 0.0337*

Number of fires -3.192 1.338 -2.385 0.0171*

Root density -1928 1.88 -1.025 0.3053

Stoniness -5.831 1.227 -4.752 2.02e-06***

Time since last fire 0.54096 0.20745 2.608 0.00911**
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which probably hindered seed infiltration into the soil,

and subsequent accumulation in the seed bank.

The significant differences between sites, ranging

from 319 seeds/m2 to 12,507 seeds/m2, may partially

be explained by site characteristics. The lower num-

bers of seeds in sites with higher stoniness and root

density may be explained because such features

probably hinder seed infiltration in the soil. The

number of seeds also decreased with increasing

number of fires and with less time since last fire (time

since last fire was more significant in the univariate

model, while the number of fires was more influential

in the multivariate model); accordingly, the seed bank

density was higher in sites A and D and the last fire in

both sites was more than 10 years ago. This was

expected since fire is known to break seed dormancy

of Acacia species, promotingmassive germination and

thus reducing soil seed bank size (Richardson and

Kluge 2008). In Portugal, despite the lack of refer-

ences, field observations suggest that A. dealbata first

produces seeds at four to five years, similar to in its

native range (Maslin and McDonald 2004), at least in

some situations. Taking that into account, the occur-

rence of fires in older acacia plots every 4 years or less

can considerably reduce the soil seed bank. Even so,

mature individuals (i.e., flowering) and pods were

found in every sampled site, even in sites B and C

which burned in 2008, showing that in these sites seeds

were produced between 2008 and 2012 (sampling was

done during flowering period in February–April

2013). This suggests that either some adult trees

survived the fire and keep producing seeds or sexual

maturity was reached before plants reached 4 years of

age (germination would probably have occurred only

months after the fires, which occurred in July–

September 2008, and fructification occurs in June–

July in the northern hemisphere).

As expected, higher density of A. dealbata and

bigger trees contributed to higher densities of seeds

stored in the soil, and consequently higher seed density

Fig. 5 Percentage of A. dealbata germinated seeds in two

temperature treatments—constant exposure to 25 �C and initial

exposure to 60 �C, with and without physical stimulation. Bars

represent mean ± standard error. 25 �C N = 29, 60 �C
N = 36. Bars with the same letters are not significantly different
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was found in the center of acacia plots and in areas that

burned longer ago (longer-invaded areas).

In addition to the high number of seeds in the seed

bank, it is important to stress that the seeds stored in

the soil were highly viable (up to 89.7%). But, as

expected, only a small portion germinated without

stimulus (8.6%), confirming that seeds of this species

remain dormant in the soil for a long time (Richardson

and Kluge 2008). For many species, the break-down of

seed dormancy can occur as a result of natural soil

heating during the dry season or due to a brief

exposure to intense heat during fires (Probert 2000).

One of the most interesting results of our study was

that the dormancy of A. dealbata seeds was effectively

broken by exposure to 60 �C, with almost 70% of the

seeds germinating without any other stimulation. In

Portugal, temperatures of 49 �C have been registered

at 5 cm above the soil surface in the study area (Horta

2014), and soil temperatures above 60 �C have been

recorded 1-cm beneath soil surface in other areas of

the Iberian Peninsula (Santana et al. 2013). This

suggests that high temperatures (e.g., occurring during

summer heat waves) can contribute to the germination

of A. dealbata seeds, consequently explaining the

expansion of the species in areas where no fire or other

disturbances occur and where the species is present

only in the seed bank. This needs to be taken into

consideration in management programs, particularly

when monitoring areas surrounding invaded plots.

Although our sampling in areas adjacent to invaded

plots was only exploratory and insufficient to fully

quantify the seed bank outside the acacia plots, it

clearly showed that A. dealbata seeds are present

outside the acacia plots, possibly dispersed by ants

(Richardson and Kluge 2008), winds or birds.

Although the number of seeds found in adjacent areas

was low and detected at a maximum distance of 14 m

beyond the plot, seeds were viable which is enough to

produce new foci of invasion. As the species has the

ability (albeit low) to self-pollinate spontaneously

(Correia et al. 2014) even if only one seed was found

away from an acacia plot, this would be sufficient to

start a new invasion.

Implications for management

In Portugal, control of invasive plants is often the

result of isolated control programs, with limited funds

and currently without a coordinated national plan.

Control of A. dealbata is usually based on removing

standing plants, either with or without stump applica-

tion of herbicide, and sometimes debarking, often in

small areas and leaving adult individuals in nearby

areas (Fernandes 2008). In many cases, follow-up

measures are not considered, both as a result of

financial constraints or lack of knowledge, jeopardiz-

ing the initial control efforts and leading to massive

seed germination and resprouting after clearing (Fer-

nandes 2008; authors, personal observation). If suc-

cessful control of A. dealbata is to be achieved, the

prolific soil seed bank needs to be reduced, especially

in large and long-invaded areas, but also where seeds

are less numerous. Additionally, seeds found outside

acacia plots emphasize the need to define follow-up

and monitoring protocols that allow early detection of

new individuals of the species (before tree maturity),

not only inside the acacia plots but primarily in

adjacent areas in order to contain expansion. Finally,

the fact that seeds remain dormant for a long time

(Richardson and Kluge 2008) highlights the need for

follow-up measures to be assured for several years

after the initial control is undertaken.

A number of methods have already been described

for the management of Acacia species seed banks,

including litter removal, earth covering, soil inversion,

removal of the top soil, solarization, prescribed fire

and biological control (Wilson et al. 2011). Biological

control is considered one of the most cost effective,

sustainable, and reliable long-term options (Adair

2008b; Marais et al. 2004; Marchante et al. 2011b;

Wilson et al. 2011). In South Africa, the seed feeder

Melanterius maculatus (Coleoptera) is being used for

A. dealbata control (Adair 2008b; Wilson et al. 2011),

and other agents are being tested. However, in

Continental Europe, biological control for invasive

plants has not been an option until recently when, after

several years of testing and risk assessment proce-

dures, an Australian gall wasp (Trichilogaster acaci-

aelongifoliae) was first released in 2015 to control

Acacia longifolia (Marchante et al. 2017). Even so, the

use of a biocontrol agent to control A. dealbata is not

yet an option, as required testing is only now starting

and needs to be completed and successful before any

release occurs (H Marchante personal communica-

tion). Fire (prescribed or post wildfire-integrated

interventions) may be an effective method to control

the seed bank, but it needs to be carefully planned and

assuring that adult trees are also removed (either
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mechanically or by fire), since the non-elimination of

these implies constant renewal of the seed bank.

Follow-up actions are also critical for the success of

seed bank management, since it is extremely impor-

tant to prevent re-invasion.

Conclusion

Acacia dealbata accumulates a large soil seed bank

that is highly viable. Most seeds remain dormant in the

soil, but 60 �C (attainable on very hot days or during

heat waves) is enough to stimulate germination of a

considerable part of the seed bank. Although seed

banks are mostly concentrated under the canopy of the

acacia trees, some seeds are found in adjacent areas,

outside invaded areas. As a result, we stress the need to

consider areas surrounding invaded plots in manage-

ment plans, with particular attention not only after

fires but also after heat events which may trigger

germination. The seed bank functions as a hidden

legacy: seeds can remain in the soil for a long time,

with removal of adult trees being only a temporary

solution. Our results highlight that the seed bank of

species accumulating numerous and long-lived seeds

need to be seen as a significant part of the invasive

ability of the species, and must therefore be incorpo-

rated into management programs.
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