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UMR CNRS 6116, IUT Université d’Avignon, Site Agroparc BP 1207, Domaine Saint-Paul France, F-84914 Avignon, France
and 3Institut für Botanik, Universität Regensburg, Germany

Received: 19 February 2009 Returned for revision: 3 March 2009 Accepted: 19 May 2009 Published electronically: 23 June 2009

† Background and Aims Seed survival in the soil contributes to population persistence and community diversity,
creating a need for reliable measures of soil seed bank persistence. Several methods estimate soil seed bank per-
sistence, most of which count seedlings emerging from soil samples. Seasonality, depth distribution and presence
(or absence) in vegetation are then used to classify a species’ soil seed bank into persistent or transient, often
synthesized into a longevity index. This study aims to determine if counts of seedlings from soil samples
yield reliable seed bank persistence estimates and if this is correlated to seed production.
† Methods Seeds of 38 annual weeds taken from arable fields were buried in the field and their viability tested by
germination and tetrazolium tests at 6 month intervals for 2.5 years. This direct measure of soil seed survival was
compared with indirect estimates from the literature, which use seedling emergence from soil samples to deter-
mine seed bank persistence. Published databases were used to explore the generality of the influence of reproduc-
tive capacity on seed bank persistence estimates from seedling emergence data.
† Key Results There was no relationship between a species’ soil seed survival in the burial experiment and its seed
bank persistence estimate from published data using seedling emergence from soil samples. The analysis of
complementary data from published databases revealed that while seed bank persistence estimates based on seed-
ling emergence from soil samples are generally correlated with seed production, estimates of seed banks from
burial experiments are not.
† Conclusions The results can be explained in terms of the seed size–seed number trade-off, which suggests that
the higher number of smaller seeds is compensated after germination. Soil seed bank persistence estimates cor-
related to seed production are therefore not useful for studies on population persistence or community diversity.
Confusion of soil seed survival and seed production can be avoided by separate use of soil seed abundance and
experimental soil seed survival.

Key words: Arable weeds, Bifora testiculata, Carthamus lanatus, Centaurea solstitialis, longevity index, seed
bank persistence, soil seed bank.

INTRODUCTION

Soil seed banks are a key to understanding the dynamics of
plant populations, species and ecosystems (Silvertown, 1982;
Kalisz, 1991; Kalisz and McPeek, 1992; Günter, 1997;
Bekker et al., 1998a; Cabin et al., 1998). Notably, seed persist-
ence in soil has been shown to be an important correlate of
population persistence (Stöcklin and Fischer, 1999; Rees
et al., 2002). The importance of high seed survival in soil
seed banks to ensure persistence of local populations has
also been demonstrated in theoretical models (Pake and
Venable, 1995, 1996). Species coexistence in communities is
enhanced by the ‘storage effect’ of seeds (Chesson and
Warner, 1981; Warner and Chesson, 1985; Levine and Rees,
2004; Facelli et al., 2005). Thus, seed bank attributes such
as seed persistence or survival account for a considerable
part of diversity of plant communities via coexistence and
may be one of the traits corresponding to a-niche differen-
tiation (Silvertown et al., 1999, 2006). Additionally, it has
been shown that soil seed banks are important for community

composition in open and highly disturbed habitats (Thompson
et al., 1997; Hopfensberger, 2007) and on a smaller scale for
bare soil communities in particular habitats (Peco et al., 1998;
Wellstein et al., 2007). This explains the substantial practical
use of soil seed banks for restoration of these communities
(van der Valk and Pederson, 1989; Bakker et al., 1996a).
The correct identification of transient, short- and long-term
persistent species and levels of seed survival is therefore
crucial for the feasibility and success of restoration efforts
for plant communities (Poschlod, 1993; Hutchings and
Booth, 1996; Willems and Bik, 1998; Dutoit et al., 2003;
von Blanckenhagen and Poschlod, 2005) and populations
(Adams et al., 2005), and for understanding the maintenance
of rare species in man-made ecosystems. Evidently, the same
is true for more basic questions on vegetation and population
dynamics as well as on species coexistence.

There are various methods to study soil seed bank persist-
ence of seeds, which can be classified into: (a) direct age
determination by 14C dating (McGraw et al., 1991; Moriuchi
et al., 2000); (b) burial experiments of seeds and subsequent
testing of germinability or viability (e.g. Telewski and* For correspondence. E-mail arnesaatkamp@gmx.de
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Zeevart, 2002); (c) determination of the depth distribution of
germinable seeds in the soil (Bekker et al., 1998b); (d ) deter-
mination of soil seed banks along successional seres (Poschlod
et al., 1998; Wäldchen et al., 2005); and (e) comparative
analysis of seasonal dynamics of seed rain and seed bank
(Thompson and Grime, 1979; Poschlod and Jackel, 1993).
However, the methods are not equivalent with respect to
quality of results. Whereas methods (a) and (b) accurately
identify soil seed bank survival, methods (c) to (e) produce
results which are not accurate for several reasons. First, they
may be affected by seed input – only species which are fre-
quent and/or have a high seed production will be found.
Secondly, the results of using depth distribution will depend
on the importance of soil movement and disturbances.
Finally, methods (c) to (e) are based on the so-called seedling
emergence method, where soil samples are exposed to ‘favour-
able’ conditions for germination in order to identify and count
seedlings. Since ungerminated but viable seeds are not quanti-
fied, levels of dormancy can influence the results of these
methods. For data from the indirect methods (c–e) based on
seedling emergence we use the term ‘seed bank persistence’
and for direct measures coming from burial experiments (b),
we use the term ‘soil seed survival’.

Methods that determine seed survival (a and b) are expens-
ive and time consuming, therefore Thompson et al. (1998) pro-
posed the calculation of a ‘longevity index’ (LI) which
summarizes seed bank persistence and soil seed survival
data from different studies (methods b–e) for a species and
is measured on a continuous scale. LI is the proportion of
the number of records in a database that report species as
having a persistent seed bank relative to all records, including
those classifying the species’ seed bank as transient. LI is now
widely used in fundamental ecological studies when a single
continuous value is needed to describe the soil seed bank
type for a given species, e.g. to study ecological correlates
of seed bank persistence at species (Hodkinson et al., 1998;
Thompson et al., 1998) and community levels (Thompson
et al., 1998) or even searching trade-offs to other traits
(Ozinga et al., 2007).

For several local floras, the use of seedling emergence data
to determine soil seed bank persistence has revealed that per-
sistent seeds tend to be smaller, more compact, dormant and
dependent on light for germination, while transient seeds are
larger, often elongated or bear appendages (Thompson and
Grime, 1979; Thompson et al., 1993; Bekker et al., 1998b;
Moles et al., 2000; Cerabolini et al., 2003; Peco et al., 2003;
Funes et al., 2007). In contrast, no seed size–seed longevity
relationship was demonstrated for the Australian flora by
Leishman and Westoby (1998), who used dormancy patterns
to estimate soil seed bank persistence.

The seedling emergence method to study seed bank persist-
ence can, even in intensive studies, fail to pick up species with
short dispersal distance, short seed shedding period or short
germination season and with primary dormancy (Thompson
and Grime, 1979). Indeed, Bakker et al. (1996a) and
Thompson et al. (1997) have already pointed out that rare
species can be absent in seed bank studies even if the
species is present in the above-ground vegetation and although
its seed bank may be persistent. These aspects raise the ques-
tion of whether seed bank persistence measured by seed counts

from soil seed samples is reliable, and thus correlated to inde-
pendent measures of seed longevity, such as soil seed survival
in burial experiments.

It is widely acknowledged that seed size is related to seed
production by a fundamental trade-off (Shipley and Dion,
1992; Turnbull et al., 1999; Jakobsson and Eriksson, 2000).
High seed production enhances dispersal efficiency
(Tackenberg et al., 2003; Poschlod et al., 2005; Bruun and
Poschlod, 2006) and it has also been suggested to increase
seed bank persistence (Thompson, 2000). Surprisingly, this
has never been tested directly and it has not been asked if
the different measures of seed bank persistence all relate to
levels of seed production. This is especially interesting
because the trade-off supposes that many small seeds are
equally efficient for reproduction as a few large seeds. The
latter compensate for their lower number at other life stages,
beginning with the seedling (Leishman et al., 2000b; Moles
et al., 2004). In order to understand population dynamics
and community diversity it is important to distinguish
between number and survival of seeds, and to know whether
seed bank persistence estimates can be influenced by seed
number. Seed production influences seed rain (Jackel and
Poschlod, 1994); therefore, we can hypothesize that it also
influences seed bank persistence estimates which are based
on seedling emergence from soil samples but not so for soil
seed survival measured in burial experiments.

The understanding of soil seed bank persistence is based pri-
marily on works from arable fields since they contribute a
large part of available data (Thompson et al., 1997). The dif-
ficulty of detecting rare species in seed bank studies using soil
samples (Bakker et al., 1996a; Thompson et al., 1997) means
that the work of conservation biologists is hampered by the
lack of reliable information on the longevity of seeds for the
rarest arable weed species (Schneider et al., 1994; Wäldchen
et al., 2005). Thus, rare arable weeds are ideal candidates to
study the importance of seed counts in soil samples for the
estimation of seed bank persistence together with data on
seed survival from burial experiments. For these reasons and
because annuals depend on long-term persistent soil seed
banks for their persistence, we explicitly studied a mixed set
of rare and more common annual arable weeds in an exper-
imental study (Appendix) and more generally in a wide set
of habitats and species.

Our questions were studied using two different approaches.
First, an ‘experimental approach’ (a) was used to gather
reliable data on survival of seed in the soil for a quantified
seed population. This experiment was complemented by an
analysis of seed production and seed bank persistence from lit-
erature for the same species to (b) answer the question on the
reliability of seed bank persistence estimated by seedling
emergence from soil samples in the light of experimental
soil seed survival and to (c) explore whether experimental
soil seed survival is related to seed production.

In a second ‘database approach’, questions (b) and (c) were
studied further in a more general way using databases on a
wider set of species. This allowed us (d ) to analyse whether pub-
lished soil seed survival data from burial experiments show a
relationship to literature data on seed production and (e) to deter-
mine whether the LI based on published burial experiments and
seed production from the literature are related.
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MATERIALS AND METHODS

Experimental approach

Study system. Annual arable weeds were chosen as the study
system because of the well-known interspecific differences in
seed bank persistence and their short life cycle, making
them heavily dependent on mortality in the seed bank. A
burial experiment was carried out at Cucuron (438460500N,
58210200E, south-eastern France). The surrounding agricultural
landscape in the Luberon area was chosen as the study region
because, here, traditional agriculture has maintained a high
diversity of rare arable weeds that are extinct elsewhere in
Europe. This region is characterized by Mediterranean
climate (autumn rain and summer drought).

Seed material was collected in the study region between
June and September 2005. For each species, ripe seeds were
taken from at least ten individuals of a single large population
and mixed. Seed material was stored under dry conditions in
paper bags until October 2005, when the burial experiment
and the initial viability test were started. We cannot exclude
a loss of viability or a loss of dormancy due to after-ripening
because seeds were not studied directly after harvesting
(Baskin and Baskin, 1998). However, this is what normally
happens under Mediterranean climate, where seeds after-ripen
in dry summer and germinate in autumn after the first rains or
after ploughing (Baskin and Baskin, 1998). Every seed sample
was randomly taken from a single well-mixed seed lot.

Experimental design of the burial experiment. A burial exper-
iment was set up using 38 annual arable weed species
(Appendix), for which seed samples were buried for at
maximum 2.5 years. Viability was tested every 6 months to
capture the two main germination periods, in autumn and
spring. The burial experiment was carried out in young
fallow land with no disturbance during the time of the exper-
iment. The seed samples were divided into 30 sub-samples
with 25–50 seeds for most species (see Appendix). For each
species, five samples were assigned at random to each of
five retrieval dates (T1–T5), and five samples were kept for
the initial test (T0). The experiment was set up as a random-
ized block design with each block containing groups of
samples for each of five time intervals (T1–T5), placed at
random in the block (Fig. 1). Each of these time interval
groups contained 38 nylon mesh bags, one for each of the
38 species. Samples were buried at 10 cm depth. At each
retrieval date, one group of 38 mesh bags per block was
removed and studied in the laboratory. Seeds were retrieved

twice a year: in spring (T1, T3, T5) and in autumn (T2, T4);
the initial test (T0) was done in autumn 2005. In the burial
experiment, 39 400 seeds were buried, and an additional
7880 seeds were tested in the initial test. In all tests, 9802
seeds germinated in the three germination test phases (see
below), 16 574 ungerminated seeds were tested after the ger-
mination tests for viability using a tetrazolium test and 20
897 seeds presumably died during burial. The burial exper-
iment was started in October 2005 and the last tetrazolium
tests were finished in September 2008.

Testing experimental seed survival in the burial experiment.
Germinability was tested using a sequence of germination con-
ditions standardized for all seed retrieval dates. After seeds
were exhumed, the empty seeds were counted. These were
apparent by their shape or colour, or by being soft when
they were pressed with a needle (Ter Heerdt et al., 1996).
Firm seeds were then incubated at 22 8C for 14 h in the
light (cool white fluorescent tubes, +10 000 lux; approx.
+250 mmol m22 s21 PPFD) and at 14 8C for 10 h in darkness
in a growth chamber on moist filter paper. After 28 d, seeds
were cold stratified for 6 weeks at 4 8C in darkness. Seed
samples were then again subjected to 22 /14 8C (14 /10 h)
for 28 d. The positions of Petri dishes were randomized in
the growth chamber. Seeds were counted as they germinated
and discarded when the tip of the radicle emerged.

Seeds that did not germinate were tested for viability with
tetrazolium chloride (ISTA, 1996). Seeds of Consolida
regalis, Legousia hybrida and Legousia speculum-veneris
stained well without previous bisection. Seeds of Papaver
rhoeas, P. argemone, P. hybridum and Roemeria hybrida did
not stain in the tetrazolium test. However, the embryos were
firm and white, and thus the seeds were classified as viable.
In some cases (e.g. Adonis annua; morphological dormancy
in Ranunculaceae), a very small, underdeveloped embryo
made the use of tetrazolium impossible in the first stages of
the experiment. Thus, the highest number of viable seeds
(germinable þ dormant) detected from a later seed retrieval
date were used as the initial number of living seeds.

Compiling seed bank persistence estimates from the literature: the
longevity index. The LI for the species in the burial experiment
was calculated using literature data. Thus, we compiled a data-
base using the entries for our species in Thompson et al.
(1997) and the results of a survey of the recent literature.
Records on seed bank persistence were classified into one of
the following soil seed bank types Thompson et al. (1997):

T 5 T 4 T 5 T 1 T 5

Block 1 Block 2 Block 3 Block 4 Block 5
Detail with mesh bags  
for 38  species in a
time replicate

T 1

T 4

T 2

T 2

T 1

T 5

T 4

T 3

T 1

T 2

T 4

T 3

T 3

T 4

T 2

2 m

T 3 T 3 T 2 T 5 T 1

T

0·4 m

FI G. 1. Experimental layout: position of blocks, time step replicates (T1–T5) and mesh bags for each species inside blocks.
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(a) transient: species persist for ,1 year; (b) short-term per-
sistent: seeds persist for .1 year but ,5 years after dispersal;
and (c) long-term persistent: seeds persist in a viable state in
the soil for at least 5 years.

The LI was calculated for each species (Thompson et al.,
1998):

LI ¼ ðRsp þ RlpÞ=ðRt þ Rsp þ RlpÞ ð1Þ

where LI is the proportion of the number of records (R) classifying
a species as short- (sp) and long-term persistent (lp) to the sum of
all records, including the number of transient records (Rt) for a
given species. Initally all types of data were used. We then
tested if using data from seedling emergence from soil samples
alone changed the reliability of the LI. Due to limited data in
the literature on our initial 38 species, we only had LI values for
26 species using all data and for 21 species using only data
from seed bank persistence estimates by seedling emergence
from soil samples.

Seed production. Seed production was determined for the 38
species, i.e. mean individual seed production of ten individuals
in the field. Some species had multiseeded fruits (e.g. Papaver
sp. pl.), whereas others had many fruits per infructescence
(e.g. Apiaceae); therefore, we counted the number of fruits
or infructescences per individual for these species. Then the
number of seeds per fruit or infructescence was counted in
two fruits or infructescences. Seed production per individual
was calculated as the mean number of seeds per fruit or infruc-
tescence multiplied by the number of fruits or infructescences
counted per individual.

Database approach

Data on seed bank studies. A second approach compared seed
bank persistence with seed production and completed the
(necessarily) limited data set on arable weeds. Here, a larger
database on seed bank studies (i.e. Thompson et al., 1997) was
explored, together with another published database on seed pro-
duction in the field (Šera and Šery, 2004). All species for which
there were data on both seed bank persistence and seed pro-
duction were extracted. The database of Thompson and co-
workers (1997) includes a large number of seed bank studies
using seedling emergence from soil seed samples and a rela-
tively small number of burial experiments. Each record included
information on the seed bank type for the species (transient,
short- or long-term persistent) according to the key in
Thompson et al. (1997). The data were sub-divided into those
from seed burial experiments and those from seedling emer-
gence studies. For the latter, only species with at least five
entries were used (Thompson et al., 1998). For burial exper-
iments, all species were used because seed bank type is more
reliable with this method. LI was calculated for all species in
both sub-sets as explained above.

Data on reproductive capacity. Šera and Šery (2004) measured
reproductive capacity by counting seeds per surface of
sampled vegetation and using cover percentages of a species
to calculate the potential seed production of a species at
100 % cover; they provide data for 492 species. For 227 of
these species there were seed bank data using the seedling

emergence method and 174 species with data from burial
experiments in the database of Thompson et al. (1997). Five
of these species were also used in our own burial experiment.

Statistical analysis

The data were analysed using linear regression to test
relationships between continuous parameters. All analyses
were run in the R statistical environment (R Development
Core Team, 2008).

RESULTS

Experimental approach

Mortality of buried seeds at the end of the experiment ranged
from very high, reaching 100 % in some cases, as exemplified
by Agrostemma githago, Asperula arvensis and Nigella arvensis
(Fig. 2, Appendix), to very low (down to 3.5 %) for species such
as Androsace maxima, Bupleurum rotundifolium, Adonis annua
and Carthamus lanatus (Fig. 2, Appendix). Other species had
intermediate mortalities. There were marked differences in the
proportion of surviving seeds and shape of the mortality curve
between species. In some cases, final mortalities were similar
but mortality curves were different; compare, for example,
Nigella nigellastrum and N. damascena in Fig. 2.

There was no relationship between soil seed mortality in the
burial experiment and the longevity index of the same species
(R2 ¼ 0.02, F1,25 ¼ 0.58, P ¼ 0.45; Fig. 3). When the analysis
was restricted to LI calculated from seedling emergence from
soil sample data only, still no relationship to experimental soil
seed survival was found (R2 ¼ 0.02, F1,20¼ 0.50, P ¼ 0.49).
Clearly, seed mortality under field conditions is not related to
seed bank persistence determined using the seedling emergence
method in soil seed samples. Furthermore, there was no signifi-
cant relationship between individual seed production and exper-
imental seed survival after 2.5 years (R2 ¼ 0.01, F1,36¼ 0.46,
P ¼ 0.50). This indicates the independence of the two parameters.

Database approach

The relationship between reproductive capacity (seed pro-
duction) and LI using counts of emerging seedlings in soil
samples was significant and positive (R2 ¼ 0.10, F1,225 ¼
25.23, P , 0.001; T ¼ 5.02, P , 0.001; Fig. 4), indicating that
soil seed bank persistence determined in this manner can be
related to the number of seeds produced per surface unit.
However, the parallel analysis of soil seed bank persistence
using only burial experiments yielded no significant relationship
(R2 , 0.01, F1,172 ¼ 0.12, P ¼ 0.73), indicating that maximum
longevity in burial experiments is not related to the number of
seeds produced per surface unit. The joint analysis of the two
sub-sets is not shown because the results were completely domi-
nated by the data from seedling emergence studies since they are
the majority in the studied data sets.

DISCUSSION

Experimental approach

This study shows that seed survival measured from a burial
experiment is not correlated to the commonly used seed
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FI G. 2. Percentage survival for five retrieval dates for six representative species. Initial viability in autumn 2005 is presented as 100 % to give a scale among
species; the survival percentages are relative to this initial viability. Bars are s.e.
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bank persistence estimates from the literature when it is esti-
mated from seedling emergence. The absence of a relationship
leads us to the following questions. How have these seed bank
persistence estimates been generalized as a measure for seed
longevity? What can explain the differences between our
experimental ‘soil seed survival’ and seed bank persistence
from other studies? What affects seed survival in the soil?

Bekker et al. (1998b) tested the general validity of seed bank
persistence estimates based on the depth distribution of viable
seeds; they detected seeds with the seedling emergence
method. In order to show that their ‘depth-derived’ method
reflects soil seed longevity, they used a database without ‘depth-
derived’ data. However, their database still contained many
entries using the seedling emergence method mixed with
entries using seed burial experiments. The mixture which
Bekker et al. (1998b) used in their validation database makes
it difficult to know whether the seedling emergence method is
related to experimental soil seed survival, and therefore it is
also not clear if data from ‘depth-derived’ methods are related
to experimental soil seed bank survival. There is, to our knowl-
edge, no other analysis that tested the generality of seed bank
persistence estimated on seedling emergence from soil
samples in the light of experimental seed survival in soil.

The differences between our ‘soil seed survival’ and ‘seed
bank persistence’ estimates based on seedling emergence

from soil samples can be interpreted by methodological differ-
ences. Classically, the seedling emergence method uses ten
plots, each with ten soil samples of 4 cm diameter, yielding
a total sampled surface of just 0.125 m2 to represent a commu-
nity (Hutchings, 1986; Bakker et al., 1996a; Bekker et al.,
2005). Thompson and Grime (1979) argued that species with
low seed production are difficult to detect in the soil seed
bank even if seeds are long lived in the soil. Consequently,
there is a strong risk of an erroneous classification since
species present in the vegetation but absent in the seed bank
are classified as transient. Especially rare species or species
with low seed production are absent from samples, although
they have long-lived seeds in the soil.

In addition to this, environmental factors acting on soil seed
mortality can also explain the differences between our exper-
imental data and the literature data. For example, studies on
fungi indicate that there are differences in soil seed mortality
within species related to soil properties (Blaney and
Kotanen, 2001; Schafer and Kotanen, 2003; Wagner and
Mitschunas, 2007; but consider also Leishman et al., 2000a).
Dry habitat species have higher seed mortality under moist
than under dry conditions due to attack by pathogenic fungi
(Blaney and Kotanen, 2001; Schafer and Kotanen, 2003).
Thus, soil seed survival varies greatly from one site to
another for a given species, and differences among sites may

Species ordered according
to L.I. (in brackets) 

Consolida regalis (1)
Legousia hybrida (1)
Ranunculus falcatus (1)
Silene alba (1)
Vaccaria hispanica (1)

Bifora radians (1)
Bupleurum rotundifolium (1)
Carthamus lanatus (1)
Camelina sativa (1)
Centaurea solstitialis (1)
Conringia orientalis (1)

Papaver argemone (0·75)
Neslia paniculata (0·8)
Papaver rhoeas (0·87)
Anagallis arvensis (0·91)
Adonis flammea (1)

Nigella damascena (0)
Papaver hybridum (0)
Agrostemma githago (0·14)
Ranunculus arvensis (0·33)
Caucalis platycarpos (0·67)
Centaurea cyanus (0·67)

Adonis annua (0)
Bupleurum subovatum (0)
Galium tricornutum (0)
Legousia speculum-v. (0)

Percentage survival after 2·5 years of burial

0 20 40 60 80 100

FI G. 3. Boxplots of percentage survival of seeds for 26 species after 2.5 years of burial (five replicates per species). Boxes and central bars represent the inter-
quartile range and median, dashed lines represent the range of sample, and dots are outliers. Species are ordered according to their longevity index (LI). Species in

bold are those for which at least five records were used for calculation of the LI.
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contribute to the differences between our experimental data
and the data from the literature. Moreover, the conditions in
our mesh bags may not reflect conditions in natural seed
banks; this point was addressed by van Mourik et al. (2005).
This might imply that we overestimated seed depletion, but
overall we found rather high survival rates and in addition
we did not have particularly wet conditions compared with
the fields from which the seeds originated. Furthermore,
marked differences in seed decay among species appeared in
our burial experiment, as exemplified by Fig. 2. This suggests
that our experimental seed survival is realistic and that the seed
bank persistence estimates from the literature may reflect
another aspect rather than only seed survival. According to
suggestions of Thompson (e.g. Thompson and Grime, 1979;
Thompson, 2000), seed production is a possible candidate to
influence it. However, absence of a significant relationship
between seed production and experimental seed survival in
our work suggests that both are independent. We can only
draw limited conclusions with our experimental data because
they represent only a single habitat and a limited number of
species.

Database approach

Use of two larger databases on soil seed bank studies and on
reproductive capacity from the literature, including many
species from many different habitats, explored whether repro-
ductive capacity is related to seed bank persistence based on
seedling emergence (Fig. 4). The regression showed that
seed production influences seed bank persistence estimates.
In the light of seed depletion models (e.g. Murdoch and
Ellis, 2000), it becomes clear that the more seeds a species

produces, the higher the chance that at least some seeds
survive for a longer time and are detected. It is not surprising
that this relationship to reproductive capacity disappears when
soil seed survival from burial experiments is used, a finding
confirmed by our experimental data. No study so far has
explored the relationship between seed bank persistence and
reproductive capacity. This leads to the conclusion that the
seed bank persistence estimates used until now do not rep-
resent seed longevity alone but that they mix seed production
with soil seed survival. This has to be considered for all studies
using the seedling emergence method without an estimate of
the total initial seed population. Furthermore, this also con-
cerns studies that directly count seeds in soil samples (e.g.
Moriuchi et al., 2000). Here empirical data are added
showing that seed production is an important factor for the for-
mation of a persistent seed bank (Parker et al., 1989; Simpson
et al., 1989; Thompson, 2000). Bruun and Poschlod (2006)
showed that seed production is a relevant component of disper-
sal through space, and, therefore, seed production may also be
related to dispersal through time (see also Poschlod et al.,
2005). Our data suggest that seed production and seed mor-
tality are two independent processes, since there is no relation-
ship between experimental seed survival and seed production.
We think both contribute to soil seed bank formation. In con-
trast to seed production, seed mass and shape have been fre-
quently used to explain soil seed bank formation (Bekker
et al., 1998b). This should be reconsidered in the light of
our findings – which emphasize the role of seed number –
and a fortiori in the light of the seed size–seed number trade-
off (Shipley and Dion, 1992; Turnbull et al., 1999; Jakobsson
and Eriksson, 2000).

The correlation between seed production and persistence
reported here suggests that the size and detectability of the
soil seed bank of smaller seeds are probably in the same trade-
off with seed size than is seed number. This offers a new and
parsimonious explanation for the seed size–seed bank persist-
ence relationship (Thompson et al., 1993; Bekker et al.,
1998b; Moles et al., 2000; Cerabolini et al., 2003; Peco
et al., 2003; Funes et al., 2007). Using the seedling emergence
method, seed longevity estimates for smaller seeds (i.e. more
numerous) are higher without a higher soil seed survival,
because mechanisms that compensate larger seeds for their
lower number act after germination, at the seedling stage
(McGinley et al., 1987; Louda, 1989; Jakobsson and
Eriksson, 2000; Leishman et al., 2000b; Coomes and Grubb,
2003; Moles et al., 2004; Pizo et al., 2006; Bladé and
Vallejo, 2008). This has the consequence that species with a
higher seed bank persistence estimate do not yield higher
numbers of established plants (Hillier et al., 1990). Seed
bank persistence estimates based on seedling emergence
methods are therefore potentially meaningless to explain popu-
lation persistence or community diversity.

Conclusions

Our results question the use of seed bank persistence esti-
mates based on seedling emergence in the current literature
(Bekker et al., 1998; Thompson et al., 1998; Ozinga et al.,
2007). The strong relationship between seed production and
seed bank persistence estimates based on seedling emergence
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presented here should encourage us to re-evaluate this litera-
ture carefully. Moreover, we think that a clear distinction
between seed quantity-related parameters and seed age-related
parameters can significantly increase our understanding of
mechanisms generating soil seed banks and give new insights
into what role seed banks play in vegetation and population
dynamics. In any case, seed production should be included
in future models on seed bank dynamics (Parker et al., 1989).

Finally, there is a need to describe the two fundamental
characteristics of soil seed banks, i.e. longevity and abun-
dance, in future studies. For longevity, differences in survival
of seeds between species already become apparent after 1.5
years (Fig. 2). A longer burial period (.2.5 years) would con-
found transient and short-term persistent species because – at
least in our data – both have similar final mortalities (Fig. 2)
and additionally would greatly limit available data. Soil seed
viability determined after only 1 year of seed burial does not
discriminate between transient and persistent species. We
therefore propose that two parameters should be used: (1)
classes of soil seed abundance; and (2) mean percentage survi-
val of seeds after 1.5 years of burial. These two parameters are
independent in the data sets studied here and represent two
main factors for the formation of soil seed banks.

ACKNOWLEDGEMENTS

We thank Franck Torre and Pascal Campagne for advice in
experimental design and statistics; Giacomo Gazzaniga,
Nadia Bertagne, Frédéric Henry, Clémentine Coiffait,
Florence Fraisse, Mariannick Juin, Maryse Alvitre, Inge
Lauer and Elise Buisson for help with experimental and field
work; Myriam Virevaire (Conservatoire Botanique National
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Stöcklin J, Fischer M. 1999. Plants with longer-lived seeds have lower local
extinction rates in grassland remnants 1950–1985. Oecologia 120:
539–543.

Tackenberg O, Poschlod P, Bonn S. 2003. Assessment of wind dispersal
potential in plant species. Ecological Monographs 73: 191–205.

Telewski FW, Zeevart JAD. 2002. The 120-yr period for Dr Beal’s seed via-
bility experiment. American Journal of Botany 89: 1285–1288.

Ter Heerdt GNJ, Verweij GL, Bekker RM, Bakker JP. 1996. An improved
method for seed bank analysis: seedling emergence after removing the
soil by sieving. Functional Ecology 10: 144–151.

Thompson K. 2000. The functional ecology of seed banks. In: Fenner M. ed.
Seeds, 2nd edn. Wallingford, UK: CABI, 215–235.

Thompson K, Grime JP. 1979. Seasonal variation in the seed bank of herbac-
eous species in ten contrasting habitats. Journal of Ecology 67: 893–921.

Thompson K, Band SR, Hodgson JG. 1993. Seed size and shape predict per-
sistence in the soil. Functional Ecology 7: 236–241.

Thompson K, Bakker JP, Bekker RM. 1997. Soil seed banks of north west
Europe: methodology, density and longevity. Cambridge: Cambridge
University Press.

Thompson K, Bakker JP, Bekker RM, Hodgson JG. 1998. Ecological cor-
relates of seed persistence in soil in the north-west European flora.
Journal of Ecology 86: 163–169.

Thompson K, Ceriani RM, Bakker JP, Bekker RM. 2003. Are seed dor-
mancy and persistence in the soil related? Seed Science Research 13:
97–100.

Turnbull LA, Crawley MJ, Rees M. 2000. Are plant populations
seed-limited? A review of seed sowing experiments. Oikos 88: 225–238.

van der Valk AG, Pederson RL. 1989. Seed banks and the management and
restoration of natural vegetation. In: Leck MA, Parker VT, Simpson RL.
eds. Ecology of soil seed banks. London: Academic Press, 329–346.

Van Mourik TA, Stomph TJ, Murdoch AJ. 2005. Why high seed densities
within buried mesh bags may overestimate depletion rates of soil seed
banks. Journal of Applied Ecology 42: 299–305.

Wagner M, Mitschunas N. 2007. Fungal effects on seed bank persistence and
potential applications in weed biocontrol: a review. Basic and Applied
Ecology 9: 191–203.
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APPENDIX

List of tested seed lots, number of replicates, origins and mortality percentages

Percentage survival

Species Family Code Rarity

Location:
Commune/
Département

No. of
seeds

0.5
year

1.5
years

2.5
years

Mean
individual seed
production

Mean seed
weight
(mg)

Adonis annua Ranunculaceae Adan RR Rustrel/84 40 100 99.5 96.5 161.2 11
Adonis flammea Ranunculaceae Adfl RR Vachères/04 40 100 88.7 74.6 672 9.88
Agrostemma githago Caryophyllaceae Aggi RR Lagarde d’Apt/84 50 0 0 0 337.8 16.98
Anagallis arvensis Primulaceae Anar CCC Istres/13 50 99.6 98.9 89.2 54.7 0.404
Androsace maxima Primulaceae Anma RR Lagarde d’Apt/84 50 100 98.6 94.4 41.5 1.422
Asperula arvensis Rubiaceae Asar RRR Lagarde d’Apt/84 50 11.5 5.3 0 94.7 7.233
Bifora radians Apiaceae Bira R Pierrevert/04 50 100 95.4 83.8 46.7 12.88
Bifora testiculata Apiaceae Bits RRR Pertuis/84 50 100 77 72.1 75.4 7.593
Bupleurum
rotundifolium

Apiaceae Buro RR Aubenas/04 50 100 97.6 94.5 429.6 3.573

Bupleurum
subovatum

Apiaceae Busu RRR Mirabeau/04 50 100 87.1 45.2 69.3 4.403

Camelina sativa Brassicaceae Casa RR Lagarde d’Apt/84 50 98.2 94.1 85.8 1279.5 0.44
Carthamus lanatus Asteraceae Cala C Vauvenargues/13 50 100 99.6 96.4 499.6 13.008
Caucalis platycarpos Apiaceae Capl R Pierrevert/04 20 88.7 52.5 13.7 8.0 25.454
Centaurea cyanus Asteraceae Cecy C Lagarde d’Apt/84 20 21.1 10.5 10.5 629.0 4.331
Centaurea solstitialis Asteraceae Ceso C Ventabren/13 20 97.4 92.2 81.8 710.8 1.682
Ceratocephala falcata Ranunculaceae Rafl RR Pertuis/84 50 100 67.9 39.6 85.5 14.436
Cnicus benedictus Asteraceae Cnbe R La Bastidonne /84 30 100 83.7 49.6 50.8 30.897
Conringia orientalis Brassicaceae Coor RR Lagarde d’Apt/84 50 100 89.5 83.1 280 2.543
Consolida regalis Ranunculaceae Core R Céreste/04 50 100 98.3 72.2 227.1 0.862
Galeopsis ladanum Lamiaceae Gala R Céreste/04 20 100 95.2 61.9 95.2 1.2
Galium tricornutum Rubiaceae Gatr R Pertuis/04 50 96.8 88.1 75.2 109.4 12.419
Glaucium flavum Papaveraceae Glfl – Méjean/13 50 89.2 89.2 74.3 18577.6 1.148
Hypecoum pendulum Papaveraceae Hype RRR Pertuis/13 30 98.6 89.9 82 174.0 2.77
Legousia hybrida Campanulaceae Lehy R Pertuis/13 10 96 .4 82.1 35.7 299.9 0.18
Legousia
speculum-veneris

Campanulaceae Lesv C Vachères/04 50 99.2 90.3 69.8 805.8 0.194

Myagrum perfoliatum Brassicaceae Mype RR Céreste/04 5 100 81.2 31.2 76.1 20.88
Neslia paniculata Brassicaceae Nepa RR Lagarde d’Apt/84 50 100 86.5 67 76.4 3.02
Nigella damascena Ranunculaceae Nida R Buoux/84 50 24.8 19.6 11.1 166.1 1.386
Nigella nigellastrum Ranunculaceae Gani RRR Mérindol/04 10 85.4 39 7.3 69.3 1.78
Papaver argemone Papaveraceae Paar C Buoux/84 50 96.4 91.1 69.3 3488 0.168
Papaver hybridum Papaveraceae Pahy R Lourmarin/84 50 95.9 95 82.1 2079 0.109
Papaver rhoeas Papaveraceae Parh CCC Buoux/84 50 93.5 91.7 55.6 1762.8 0.088
Ranunculus arvensis Ranunculaceae Raar C Lagarde d’Apt/84 25 96.2 90.4 83.7 151 13.496
Rapistrum rugosum Brassicaceae Raru C Céreste/04 5 50 0 0 647.8 3.13
Roemeria hybrida Papaveraceae Rohy RRR Pertuis/84 50 99.6 90.4 85.8 169.2 0.158
Silene latifolia Caryophyllaceae Sial C Buoux/84 50 80 73.5 68.8 4619.7 1.24
Turgenia latifolia Apiaceae Tula RRR Pierrevert/04 20 97.4 60.5 19.7 1873.6 33.783
Vaccaria hispanica Caryophyllaceae Vahi RR Lagarde d’Apt/84 50 4.4 2.8 2 443.6 7.525

Species’ names (according to Jauzein, 1995); families; species code; rarity according to Jauzein (1995): CCC, very common; C, common; R, moderately
rare; RR, rare; RRR, very rare; location; number of seeds per replicate used for the burial experiment (N); percentage survival after 6 months. 1.5 years and
2.5 years of burial, mean individual seed production for ten individuals; code for French Départements (counties) in the location column: 04, Alpes de Haute
Provence; 13. Bouches du Rhône; 84. Vaucluse.
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