
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by: [Mattana, Efisio]
On: 2 June 2011
Access details: Access Details: [subscription number 938287325]
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Plant Biosystems - An International Journal Dealing with all Aspects of
Plant Biology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713737104

Adaptation to habitat in Aquilegia species endemic to Sardinia (Italy): Seed
dispersal, germination and persistence in the soil
E. Mattanaa; M. I. Dawsb; G. Fenua; G. Bacchettaa

a Department of Botanic Sciences, Centre for the Conservation of Biodiversity (CCB), University of
Cagliari, Cagliari, Italy b Department of Seed Conservation, Royal Botanic Gardens, Ardingly, West
Sussex, UK

First published on: 01 June 2011

To cite this Article Mattana, E. , Daws, M. I. , Fenu, G. and Bacchetta, G.(2011) 'Adaptation to habitat in Aquilegia species
endemic to Sardinia (Italy): Seed dispersal, germination and persistence in the soil', Plant Biosystems - An International
Journal Dealing with all Aspects of Plant Biology,, First published on: 01 June 2011 (iFirst)
To link to this Article: DOI: 10.1080/11263504.2011.557097
URL: http://dx.doi.org/10.1080/11263504.2011.557097

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713737104
http://dx.doi.org/10.1080/11263504.2011.557097
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Adaptation to habitat in Aquilegia species endemic to Sardinia (Italy):
Seed dispersal, germination and persistence in the soil

E. MATTANA1, M. I. DAWS2, G. FENU1, & G. BACCHETTA1

1Department of Botanic Sciences, Centre for the Conservation of Biodiversity (CCB), University of Cagliari, 09123, V.le S.

Ignazio da Laconi 13, Cagliari, Italy and 2Department of Seed Conservation, Royal Botanic Gardens, Kew, Wakehurst Place,

Ardingly, West Sussex, UK

Abstract
The autecology of the Sardinian endemics Aquilegia barbaricina Arrigoni et Nardi and A. nugorensis Arrigoni et Nardi were
investigated. Peaks of anthesis and seed dispersal were recorded for five populations occurring in two distinct habitats, one
riparian and one rupicolous. Germination tests were carried out on seed lots belonging to each population by sowing seeds at
10, 15, 20, 25 and 25/158C. In addition, seeds were incubated for 2 months at either 258C (summer), 58C (winter) or 258C
for 2 months plus 2 months at 58C (summer followed by winter–SW), and then moved to the germination temperatures.
Embryo measurements were taken during pre-treatments and germination. Experimental seed burials were carried out for
two populations of each species. Both species dispersed in summer. The population of A. nugorensis occurring on rocky
outcrops differed in phenology from both the other A. nugorensis population from riparian vegetation and from A. barbaricina.
Both species showed morphophysiological seed dormancy, with550% germination under laboratory conditions. All riparian
populations germinated only after the SW pre-treatment, while the rupicolous population germinated at 258C, without any
pre-treatment. Low germination percentages were observed in the experimental seed burials, suggesting the ability for both
species to form a persistent soil seed bank.

Keywords: Mediterranean region, morphophysiological dormancy, narrow endemics, persistent soil seed bank, seed dispersal

Introduction

In the western Mediterranean region, narrow en-

demic species often have particular habitat require-

ments in local refuges that constitute ‘‘ecological

islands’’ in a landscape dominated by deciduous

or evergreen forest and shrubland (Lavergne et al.

2004). Medrano et al. (2006) found that local

populations of two European Aquilegia species

[A. vulgaris L. and A. pyrenaica DC. subsp.

cazorlensis (Heywood) Galiano et Rivas-Martı́nez]

are isolated by both the rugged topography of the

population areas and ecological barriers, since their

favourable, humid microhabitats occur as sparse,

small islands amongst an extensive dry Mediterra-

nean matrix. This distribution is similar to that

reported by different authors for Sardinian Aquilegia

species that are isolated both from each other (by

the intervening matrix of ‘‘typical’’ Mediterranean

vegetation) and from populations of their ancestors

that are not present on the Island (Pignatti 1982;

Arrigoni 2006).

Three species of Aquilegia are reported in Sardinia:

A. barbaricina Arrigoni et Nardi, A. nugorensis Arri-

goni et Nardi and A. nuragica Arrigoni et Nardi; all

are restricted to this Italian island (Arrigoni & Nardi

1977, 1978; Pignatti 1982; Arrigoni 2006). Two of

these species (A. barbaricina and A. nuragica) are also

included in the International Union for Conservation

of Nature (IUCN) Red Lists where they are classified

as Critically Endangered (Camarda 2006a, b).

Rare species conservation is closely related to

understanding the key factors determining their

distribution and abundance. Knowledge of their

life-cycle and reproductive traits (such as flowering

phenology, seed dormancy and germination and

seed persistence in the soil) is essential for identifying

limits to population growth and persistence (Bevill &
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DOI: 10.1080/11263504.2011.557097

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
M
a
t
t
a
n
a
,
 
E
f
i
s
i
o
]
 
A
t
:
 
0
7
:
4
5
 
2
 
J
u
n
e
 
2
0
1
1



Louda 1999). Information on survival strategies of

threatened species is critical for optimising and

determining the success of in situ and ex situ

conservation efforts. Knowledge of their germination

behaviour, in particular, is vital in promoting ex situ

conservation measures (Perez-Garcia et al. 1995;

Cerabolini et al. 2004; Flores et al. 2008; Kadis &

Georghiou 2010).

Under a Mediterranean climate, characterised by a

highly seasonal alternation of favourable and un-

favourable conditions, plant growth and reproduc-

tion must occur in a window of favourable conditions

that may vary in length and in which environmental

cues and constraints play a central role (Debussche

et al. 2004). For example, both flowering (Rathke &

Lacey 1985) and seed germination are highly

influenced by environmental conditions, such as

photoperiod, moisture and temperature.

Aquilegia seeds have rudimentary embryos (Martin

1946), and the recommended pre-treatment for

germination of seeds of Aquilegia spp. is stratification

at 3–58C for 2–4 weeks before sowing (Ellis et al.

1985). However, Grime et al. (1981) reported 4%

germination for freshly collected A. vulgaris seeds,

53% germination after 12 months of dry storage at

58C and 38% germination after 6 months of moist

stratification at 58C. Furthermore, pre-treatments,

such as pre-chilling, scarification and with gibberellic

acid (GA3), can lead to high germination percentages

(78–100%) in some seed lots of A. vulgaris (Liu et al.

2008). However, little is known about germination

patterns in endemic Aquilegia species.

The Ranunculaceae is reported to contain species

exhibiting both morphological dormancy (MD) and

morphophysiological dormancy (MPD) (Baskin &

Baskin 1994, 1998; Walck et al. 1999). The ‘‘move-

along experiment’’ (or double germination phenol-

ogy technique) is a method designed to determine

the temperature, or temperature sequence, for seed

dormancy break. This kind of ecophysiological

approach is likely to result in successful germination

based on mimicking the environment into which

dormant seeds are dispersed and subsequently

exposed and is applicable to both temperate and

tropical environments (Baskin & Baskin 2003; Hoyle

et al. 2008).

Germination patterns can differ between closely

related species due to habitat factors (Daws et al.

2002; Karlsson & Milberg 2008; Karlsson et al.

2008; Vandelook et al. 2008). Even within the same

species, several cues and responses may operate with

differing importance in distinct populations or

ecotypes (Milberg & Andersson 1998; Giménez-

Benavides et al. 2005; Mondoni et al. 2008).

The ability to form a persistent soil seed bank

(PSB) is crucial to the survival of many rare or

declining species (Keddy & Reznicek 1982;

Quilichini & Debussche 2000; Eckstein et al.

2006). In a study on persistence of 259 species of

the Italian flora, Cerabolini et al. (2003) found that

seed persistence in the soil for the Ranunculaceae

was generally associated with small seed size and a

low variance in seed dimensions. However, they were

unable to classify the two investigated Aquilegia

species (A. atrata W.D.J. Koch and A. einseleana

F.W. Schultz) in their proposed scheme owing to

insufficient or contradictory data.

In this study, the autecology of two of the three

Aquilegia species of Sardinia (A. barbaricina and

A. nugorensis) were investigated (A. nuragica was not

included in this study to avoid damaging the only

known population) by phenological observations,

germination tests and experimental seed burials.

These data may help to explain the narrow and

scattered distribution of the Sardinian Aquilegia

species and to implement conservation measures

for them.

Materials and methods

Study species and seed lot details

A. barbaricina is exclusive to the Gennargentu massif

and Supramonte region (CE-Sardinia), growing

from 1100 to 1400 m a.s.l. under riparian woods

(Arrigoni & Nardi 1977; Arrigoni 2006; Camarda

2006a). A. nugorensis is considered the most common

columbine of the Island; it is reported for the Tacchi

region and Mountains of Oliena (CE-Sardinia),

growing from 1000 to 1400 m a.s.l. under riparian

woods and on rocky outcrops (Arrigoni & Nardi

1978; Bacchetta et al. 2004; Arrigoni 2006).

A. barbaricina is reported to be a silicicolous species,

while A. nugorensis to be indifferent to substrate

(Arrigoni & Nardi 1978). Phenological data indicate

a similar behaviour for the two species, with a

flowering period from May to June and a fruiting

period from June to July (Arrigoni & Nardi 1977,

1978; Arrigoni 2006).

Seeds were collected in the summers of 2006 and

2007 from three populations of A. barbaricina and

two of A. nugorensis (Table I), and either buried

directly in the soil for experimental seed burials or

stored at 15% RH and 158C before use in laboratory

germination tests (commenced November 2007).

Seed mass was determined for each seed lot by

weighing three replicates of 50 seeds each. Details on

each seed lot and the average seed mass are reported

in Table II.

Phenological observations

In each of the five populations (Table I), 15 mature

individuals were monitored, following the
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semi-quantitative method of Montserrat-Martı́ and

Pérez-Rontomé (2002), to describe their phenology

of flowering and seed dispersal during the 2006–

2009 period. According to Milla et al. (2010), a

phenophase was present when 45% of the plants for

each population showed the same pattern. We

complemented the data with observations made on

other randomly selected individuals to provide a

more precise estimation of each phenophase. During

phenological observations, we also noted altitudinal

range, slope, aspect, substrate and habitat type for

each population (Table I).

Germination tests

Three replicates of 18 seeds each per treatment,

belonging to each investigated population (Table I),

were sown in November 2007, in 60-mm plastic

Petri dishes on the surface of 1% solid water-agar,

and incubated in the light for 6 months at a range of

germination temperatures (10, 15, 20, 25 and

25/158C). The water-agar substrate was chosen in

order to provide a solid, non-sterile medium for

germination. The light period was 8 h of irradiance

per day, with a ratio of red: far-red light of ca. 2.0,

and a light quantity of ca. 7 mmol m72 � s71; in the

alternating temperature regime, the 8-h light period

coincided with the high temperature period. In

addition, dishes were incubated for 2 months at

either 258C (S, to simulate summer), 58C (W, to

simulate winter) or 258C, for 2 months, followed by

an additional 2 months at 58C (SW, to simulate

summer followed by winter), and then moved to the

germination temperatures listed above (see Table III

Table I. Geographical location and habitat characteristics of the studied populations of Aquilegia.

Taxon Population Code

Altitude

(m a.s.l.)

Slope

(8)
Aspect

(8) Substrate Habitat (plant community)

A. barbaricina Monte Spada,

Fonni (NU)

ABA1 1340–1345 0–20 NW 340 Metamorphites Riparian woods with Alnus

glutinosa (L.) Gaertn. and Ilex

aquifolium L. (Salici purpureae-

Populetea nigrae Rivas-Martı́nez

et Cantó ex Rivas-Martı́nez,

Báscones, T.E. Dı́az,

Fernández-González et Loidi

2001)

A. barbaricina Rio Olai,

Orgosolo

(NU)

ABA2 849–961 0–10 NE 65 Metamorphites Riparian woods with Alnus

glutinosa (L.) Gaertn. and

Rhamnus persicifolia Moris (Salici

purpureae-Populetea nigrae Rivas-

Martı́nez et Cantó ex Rivas-

Martı́nez, Báscones, T.E. Dı́az,

Fernández-González et Loidi

2001)

A. barbaricina Pischina

Urtaddala,

Urzulei (OG)

ABA3 700 0 – Limestones Riparian vegetation (Phragmito-

Magnocaricetea Klika in Klika et

Novák 1941)

A. nugorensis Monte Corrasi,

Oliena (NU)

ANS1/2 1331 5 E 80 Limestones Rupicolous vegetation [Asplenietea

trichomanis (Br.-Bl. in Meier et

Br.-Bl. 1934) Oberd. 1977]

A. nugorensis Funtana Sa

Cerasia, Seui

(OG)

ANS3 905–1058 20–50 N 5 Travertines Riparian mesophilous woods with

Ostrya carpinifolia Scop. (Querco

roboris - Fagetea sylvaticae Br.-Bl.

et Vlieger in Vlieger 1937)

Table II. Seed lot details and experimental trials carried out for each seed lot.

Population Code Collection date Seed mass (mg) Viability (%) Initial E:S ratio Trials

Monte Spada, Fonni (NU) ABA1 18/07/07 1.43+0.05 99.5+1.6 0.10+ 0.02 GT/SB

Rio Olai, Orgosolo (NU) ABA2 01/07/07 1.36+0.06 97.8+6.2 0.12+ 0.06 GT/SB

Pischina Urtaddala, Urzulei (OG) ABA3 23/07/07 1.15+0.06 89.5+6.7 0.10+ 0.01 GT

Monte Corrasi, Oliena (NU) ANS1 29/07/06 1.37+0.09 96.2+4.7 0.10+ 0.02 GT

Monte Corrasi, Oliena (NU) ANS2 04/08/07 1.47+0.09 SB

Funtana Sa Cerasia, Seui (OG) ANS3 18/07/07 1.00+0.04 94.5+5.6 0.11+ 0.03 GT/SB

Note: GT, germination test; SB, experimental seed burial.
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for experimental design). The low number of seeds

per replicate (18) was due to limited seed availability

resulting from these species being rare with small

populations. All pre-treatment/germination combi-

nations ran for a total of 180 days, with germination

defined as visible radicle emergence. During germi-

nation scoring, minimal microbial growth was

observed. At the end of germination tests, the

viability of any remaining seeds (Table II) was

checked using a cut test (ISTA 2006), and the final

germination percentage calculated as the mean of the

three replicates (+1 standard deviation) on the basis

of the total number of filled seeds.

Embryo growth

To examine growth of the embryo during pre-

treatments and during germination conditions, an

additional five seeds per treatment were included for

embryo measurements; timing of measurements is

reported in Table III. Seeds were sectioned at

7208C using a cryotome (Leica CM3050S)

to expose the embryo. Images were taken at

6.66magnification using a Stemi SV 11 Micro-

scope (Carl Zeiss, Welwin Garden City, Herts, UK)

equipped with a Carl Zeiss Axiocam Colour, and

measurements were carried out using the image

analysis software Axiovision 3.1.2.1 (Carl Zeiss

Vision GmbH). The embryo/seed (E:S) ratio was

calculated as embryo length/seed length. Total seed

length was determined as mean length of 100 seeds

for each seed lot. The E:S Ratio for seeds that had

visibly germinated during the treatments was as-

sumed to be 1.

Experimental seed burial

Experimental seed burials were carried out at the

time of natural seed dispersal following a modifica-

tion of the protocol described by Arroyo et al.

(2004). Sets of five replicates containing 10 fresh

seeds each were put into fine nylon mesh envelopes,

which were then placed in plastic nets. The five

envelopes were filled with sieved local soil and buried

at the original population locations (Table II), so that

they were at a 5-cm depth at the four vertices and at

the centre of a square (1-m sides). Seeds were buried

at this depth rather than closer to the surface since

the purpose was to test whether or not they remained

viable. After 1 year, the replicates were exhumed. All

intact, non-germinated seeds were sown immediately

in 60-mm plastic Petri dishes on the surface of 1%

solid water-agar and incubated in the light at 25/

158C to check their viability and germination

capacity.

Statistical analysis

Arcsine transformed germination percentages were

analysed using analysis of variance (ANOVA) within

and across treatments (one-way ANOVA), followed

by Fisher’s post hoc least significant difference test.

The non-parametric Mann–Whitney U test was used

to analyse E:S ratio values using Minitabª release

11.21 (Minitab Inc.). As a result of multiple

comparisons, a Bonferroni correction was applied

to the critical value of a for the Mann–Whitney U test

(Sokal & Rohlf 1995). Sigmoidal regressions of the

germination curves were fitted by using SigmaPlotª

2002 for Windows version 8.0 (SPSS Inc.).

Results

Phenological patterns

The two species showed a different behaviour in

their flowering periods (Figure 1). For all three

A. barbaricina populations, anthesis peaked in May,

whereas in the two A. nugorensis populations it

peaked 1 month later. No differences were

detected among populations for this phenophase

in either species. The peak of seed dispersal was in

July in all A. barbaricina populations and in the

ANS3 population (see Table I for population

codes), whereas for plants of ANS1/2 it peaked

in August (Figure 1). The time between the peak

of flowering and seed dispersal (seed development

period) was 3 months for all the A. barbaricina

Table III. Experimental designs used in the germination phenology experiments.

Pre-treatments Germination temperatures (8C) Embryo growth measurements

0 None 10, 15, 20, 25 or 25/15 for 6 months 2 measurements: before sowing

and after two months

S 2 months at 258C (warm

stratification¼ summer)

10, 15, 20, 25 or 25/15 for 4 months 1 measurement after 2 weeks at the

germination conditions

W 2 months at 58C (cold

stratification¼winter)

10, 15, 20, 25 or 25/15 for 4 months 1 measurement after 2 weeks at the

germination conditions

SW 2 months at 258C and 2 months at 58C
(warmþ cold stratification¼ summer

and winter)

10, 15, 20, 25 or 25/15 for 2 months 1 measurement after 2 weeks at the

germination conditions

4 E. Mattana et al.
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populations and ANS1/2 and 2 months for ANS3

(Figure 1).

Germination requirements

All populations germinated best after the SW pre-

treatment (p5 0.001), while there was no statistical

difference (p4 0.05) between control (0) and S or W

pre-treatments (Figure 2). All three A. barbaricina

seed lots showed similar germination patterns, even

if they exhibited different final germination percen-

tages. Whereas510% germination was recorded

after the 0 (control), S and W pre-treatments, the

three A. barbaricina populations germinated to high-

er percentages after SW (summerþwinter), reaching

about 40% germination and showing a preference

(p5 0.05) for the lower temperatures (10 and 158C).

Alternating temperatures did not significantly im-

prove the final germination percentages (p4 0.05)

(Figure 2).

A seed lot of A. nugorensis (ANS3) showed a

similar pattern of response to temperature as

A. barbaricina populations, while ANS1 germinated

at 258C and 25/158C without any pre-treatments

(38.9+ 5.6% and 35.2+ 12.8%, respectively). After

S and W, this seed lot germinated at all conditions

with a preference (p5 0.05) for the warmer tem-

peratures (48.1+ 12.8% after S and 50.0+ 5.56%

after W); after SW, it germinated quite well at all the

conditions without significant differences (p4 0.05)

between temperature. While A. barbaricina seed lots

and ANS3 generally started to germinate during

incubation at the germination temperature after the

pre-treatments, ANS1 started to germinate during

warm stratification at 258C both during the S and

SW pre-treatments (Figure 3).

Embryo development

Before starting germination tests, seeds had an initial

E:S ratio of 0.10+ 0.03 and 0.11+ 0.02 for

A. barbaricina and A. nugorensis, respectively

(Figure 4). These values were not statistically

different between species and seed lots (p4 0.05).

Final E:S ratios increased significantly for all seed

lots and treatments (p5 0.0001, with a¼ 0.0083)

achieving mean values ranging from 0.15+ 0.02 and

0.16+ 0.04 (control) to 0.19+ 0.03 and 0.21+
0.02 (after SW pre-treatment) for A. barbaricina

and A. nugorensis, respectively (Figure 4). Final E:S

ratios were not statistically different (p4 0.05

and p4 0.01, respectively, with a¼ 0.0083) for

A. nugorensis after S (0.16+ 0.04) and W (0.21+
0.20) to the control treatment, while they were

significantly higher (p5 0.01 with a¼ 0.0083) for

A. barbaricina, with a mean value of 0.16+ 0.03 and

0.16+ 0.02 for S and W, respectively (Figure 4).

Seed persistence in the soil

After 1 year of burial, 76 to 94% of the seeds were

retrieved intact for ABA1, ANS2 and ANS3, but

only 32% for ABA2 (Figure 5). Between-population

differences were detected in the laboratory germina-

tion percentages of intact seeds after incubation at

25/158C (Figure 5). Germination percentages for

ABA2 (95.0+ 11.2%) and ANS2 (87.3+ 12.9%)

were high, with510% of the seeds failing to

germinate at the end of the test. ABA1 and ANS3

achieved 23.3+ 22.4% and 14.9+ 12.5% germina-

tion, respectively, with ca. 70% of seeds not

germinating but still appearing to be viable (assessed

by a cut-test). There were no statistical differences

(p4 0.05) in the final germination percentages at 25/

158C after SW pre-treatment and 1 year burial in the

field in ABA1 and ANS3, whereas final germination

differed significantly (p5 0.001) for ABA2 (Figure

6). No comparison was carried out for the Monte

Corrasi population (ANS1/2), as two different seed

lots were used for laboratory germination tests and

experimental seed burial (Table II).

Figure 1. Flowering and seed dispersal periods for each of the five

monitored populations in 2006–2009. Data are the mean of 4

years, calculated on the basis of 15 individuals. In the inset plot,

time between the peaks of flowering and seed dispersal for each

population is reported.
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Discussion

Phenological trends

Flowering period may vary between years, and onset of

flowering may be strongly affected by yearly climatic

variability (Stenström et al. 1997; Price & Waser 1998;

Makrodimos et al. 2008). Temperature may also

change drastically along elevation gradients resulting

in phenological shifts, such as a delay in the onset of

flowering along elevation gradients (Reader 1984;

Blionis et al. 2001). Nonetheless, the peak of anthesis

was in May for all A. barbaricina populations and in

June for all A. nugorensis populations (Figure 1), with

no correlation with altitude (see Table I). Our

observations confirm the data already reported by

Arrigoni and Nardi (1977, 1978), highlighting a

similar trend for all the populations. ABA3, a popula-

tion which occurs below the altitudinal range pre-

viously reported for A. barbaricina (Arrigoni & Nardi

1977; Arrigoni 2006), confirmed this trend as well.

The overlap period detected between the two flowering

peaks (June to July, with more than 20% of individuals

per population flowering) suggests the absence of

phenological barriers between the two species.

While no differences were detected among dis-

persal periods for any of the A. barbaricina popula-

tions, the two A. nugorensis populations showed

different trends for dispersal. In particular, while

ANS3 dispersed in July, similar to A. barbaricina,

ANS1/2 did so in August. Also in this case, no

correlation was found with altitude and timing of

dispersal. Instead, these trends may be explained by

their different habitats. Kadis and Georghiou (2010)

detected a delayed seed dispersal for three endemic

plants of Cyprus. These authors found that although

seeds matured by mid to late summer, dispersal was

delayed until after the beginning of the rainy season in

mid-autumn, when chances for seedling survival

under Mediterranean climates are maximal. In

contrast, all Aquilegia populations in our study

dispersed in summer (July to August). In all

A. barbaricina populations and for ANS3, plants

occur in habitats characterised by riparian vegetation,

with high water availability even during the harsh

Mediterranean summer, while ANS1/2 occurs in

limestone rocky slopes characterised by rupicolous

vegetation.

Germination requirements

Seeds of these two species have underdeveloped

embryos and, therefore, are morphologically

Figure 2. Final germination percentages after each pre-treatment (0, S, W and SW refer to the control, simulated summer, simulated winter

and simulated winter after summer, respectively; see Table III) for the Aquilegia populations. ANOVA between pre-treatments: p50.001 by

one-way ANOVA followed by Fisher’s post hoc LSD test; graphs with the same letters in brackets are not significantly different at p4 0.05.

Within each pre-treatment, bars with the same letters are not significantly different at p40.05 by one-way ANOVA followed by Fisher’s post

hoc LSD test. Data are the means of three replicates (+1 standard deviation).
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dormant (MD) sensu Baskin and Baskin (2004).

However, the positive effect on embryo growth and

germination detected after pre-treatment with warm

and cold stratification (SW) indicates a physiological

component sensu Baskin and Baskin (2004); hence,

these seeds have a MPD.

The three A. barbaricina seed lots and ANS3

showed an intermediate or deep (depending on the

ability of GA3 to overcome the physiological dor-

mancy) simple MPD. The combination of both

warm and cold pre-treatment (SW) was needed to

break dormancy, and germination started after

transfer of the seeds to the germination conditions.

In addition, no germination was detected after the

control, S or W pre-treatments, whereas after SW,

the four seed lots germinated at all temperatures,

with a preference for the lower temperatures (10–

158C). Seeds of these populations germinate in

spring/early summer after seed dispersal in the

previous summer (i.e. after dispersal, seeds experi-

ence warm stratification during the summer/autumn,

cold stratification during the autumn/winter and then

germinate during the early spring before tree canopy

closure). From an ecological perspective, the low

temperature requirement for dormancy loss and

germination ensures that seedlings emerge only in

late winter or early spring and grow during the

summer under the closed canopy of Alnus glutinosa

(L.) Gaertn. (A. barbaricina) and Ostrya carpinifolia

Scop. (A. nugorensis) where, presumably, seedlings

are buffered against the dry summer. Summer

drought is a limiting factor in Mediterranean regions

for plant growth and reproduction, and is more

severe at lower altitudes, with higher temperatures,

higher evapotranspiration and lower soil water

content (Giménez-Benavides et al. 2007).

ANS1 showed different germination require-

ments. Seed germination largely occurred at warm

temperatures, also without any pre-treatment; on

account of the fact that embryos were underdeve-

loped before sowing, seeds of this population could

be considered as MD. This response to high

temperatures confirms the warm preference for

germination detected for Mediterranean orophytic

plants by Giménez-Benavides et al. (2005), as

opposed to the cold adaptation of ‘‘typical’’ Medi-

terranean plants (Thanos et al. 1989, 1995).

Germination of alpine species is restricted to short

periods in early summer, when temperatures are high

enough, and soil water from snowmelt is still

available (Bliss 1971). However, in the very dry

habitat of ANS1 (limestone rocky cliffs with Asple-

nietea trichomanis vegetation), there may be insuffi-

cient water availability during summer despite

Figure 3. Germination trends at 25/158C after each pre-treatment for the Aquilegia populations. Points correspond to the actual data, and

solid lines indicate the fitted lines from the sigmoidal regressions. Data are the means of three replicates (+1 standard deviation).
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suitable germination temperatures. Consequently,

these seeds may not actually germinate until autumn

or the following spring when, after experiencing

warm or cold stratification, respectively, they can

germinate at lower temperatures.

Soil seed bank persistence

The experimental seed burials carried out on four

populations were in accordance with the results

achieved in the laboratory germination experiments.

Seeds of both species had very low germination in the

soil before being exhumed except for the ABA2

population. After 1 year of burial, seeds of ABA1 and

ANS3, both from populations growing in deciduous

woodland (Salici purpureae-Populetea nigrae and

Querco roboris-Fagetea sylvaticae classes, respectively)

reached similar germination percentages to those

obtained in the laboratory under the same germina-

tion conditions, after SW pre-treatment. Non-

germinated seeds were still viable, confirming the

ability to form a PSB for more than 1 year. Seeds

from ANS2 germinated quite well in the laboratory

after 1 year of burial, confirming the ability to form a

soil seed bank for at least 1 year. The lower

germination percentage detected for ANS3 as

compared with ANS2 may be explained by an

adaptation to the Mediterranean climate, charac-

terised by considerable unpredictability of tempera-

ture and, particularly, rainfall between consecutive

years (Doussi & Thanos 2002).

Seed burial results for the ABA2 population could

not be explained by the germination requirements of

this species, suggesting that the high germination

percentage in the soil before exhumation and then

during the germination test may due to unknown in

situ events occurring during burial (e.g. excavation by

Figure 6. Germination tests at 25/158C after the SW pre-treatment

and after 1 year of burial in the soil (germinated in the lab). Data

are the mean of 15 replicates (+1 standard deviation) for the

germination test after SW and five replicates for the test after

burial. (ns: p4 0.05 and ***: p50.001, by one-way ANOVA

followed by Fisher’s post hoc LSD test).

Figure 5. Cumulative seed germination and seed viability after 1

year burial and germination at 25/158C in the light carried out in

the laboratory on the retrieved seeds. Viability was assessed by a

cut-test. Data are the means of five replicates.

Figure 4. E:S ratio after each pre-treatment, 0: Control, S: 2

months at 258C, W: 2 months at 58C and SW: 2 months at 258C
then 2 months at 58C (Table III). Data are the means of five seeds

for initial values, and for 75 seeds after the pre-treatments; points

represent outliers. Within each species, values after pre-treatments

with the same letters are not significantly different at

p4 a¼0.0083 (Bonferroni’s correction critical value).
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animals, temporary floods, etc.). Consequently,

further investigation of the regulation of seed

germination in these species may be necessary.

Experimental seed burial results were also con-

sistent with the seed mass of these species. Thomp-

son et al. (1993) found that compact diaspores

weighing less than 3 mg were all persistent in the

soil, and fresh seed mass of the seed lots investigated

in this study ranged from 1.00 to 1.47 mg.

Conclusions

Although further studies, particularly on fresh seeds

(Baskin & Baskin 1998), are needed to characterise

seed dormancy and germination in these two

species of Aquilegia, the identified phenological

patterns and germination requirements, which

differ from those of ‘‘typical’’ Mediterranean

plants, and the intraspecific variability detected

among populations, suggest that they are strictly

adapted to their microhabitat. Seed dispersal time

and germination traits, particularly the germination

season, could explain the narrow and scattered

distributions of A. barbaricina and A. nugorensis

with plants being restricted by the need for water

availability during the warmer season, when seed

development and seed germination/seedling estab-

lishment occur.

Furthermore, the adaptation of these two species

to their microhabitats confirms the findings of

Medrano et al. (2006) and Bastida et al. (2010)

on the pivotal role of abiotic factors, as compared

with pollination-related ones, in species differentia-

tion of the Aquilegia genus in Europe, and in the

Mediterranean region in particular, despite

the overlap detected in the flowering periods of

the two species.

The data reported in this study, particularly the

seed dispersal period and germination require-

ments for different populations, may be useful

in activating a long-term effective conservation

programme for these threatened species by ex situ

seed conservation and subsequent reinforcement

measures.
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