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Abstract

Populations of short-lived pioneer species from brackish primary dune slacks and beach plains usually
have to cope with unpredictably fluctuating abiotic conditions. Life history parameters play a major role in
adaptation to temporal environmental heterogeneity. A population’s susceptibility to fluctuating salinity
levels may be largely determined by seed dormancy characteristics (e.g. seed variability, degree of enforced

dormancy imposed by salinity) and juvenile salt resistance rather than by adult salt resistance.

Introduction

Pioneer species from primary dune slacks and
beach plains usually have to cope with unpredicta-
bly fluctuating abiotic conditions. Populations of
species from the Centaurio-Saginetum monilifor-
mis, a common pioneer association from slightly
saline wet slacks and beach plains in the coastal
dune area of northwestern Europe (Freijsen, 1967)
exhibit strong fluctuations in density, age structure
and height zonation, mainly as a result of unpre-
dictable fluctuations of some abiotic factors, such
as the depth of the soil water table (drought, inun-
dation) and the soil salinity level. The patterns of
these population fluctuations are markedly species-
specific (Freijsen, 1967; Schat, 1982; van Tooren ez
al., 1983).

Comparative experimental studies on some spe-
cies from this association revealed very pronounced
interspecific differences in drought, inundation and
salt tolerance during the established phase of the
life cycle (Schat, 1982). However, interspecific
differences in patterns of population fluctuation
and height zonation could not be sufficiently ex-
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plained in terms of specific tolerances of established
individuals to the stress factors which check their
populations. Specific dispersal characteristics and
life history phenomena (e.g. seed dormancy, phe-
nology, duration of the vegetative period, mode
of reproduction) play a very important role too
(During, 1980; Schat, 1982; van Tooren et al.,
1983). The latter authors showed that for short-
lived species fairly subtle interspecific differences in
the period of germination may produce zonation
patterns which are inconsistent with expectations
based on tolerance tests with established indi-
viduals. In addition, observations of Schat (1982)
suggest that the effects of fluctuating salinity on
populations of short-lived dune slack pioneers is
determined by specific seed dormancy characteris-
tics, rather than by salt toleration during the estab-
lished phase.

The present study aims to provide some experi-
mental evidence for the latter point of view. In a
series of experiments the effects of temperature and
salinity on the germination and the survival of seeds
and seedlings of three species from the Centaurio-
Saginetum, viz. Plantago coronopus (a paucien-
nial), Centaurium littorale and Samolus valerandi
(two more or less biennial species), are compared.
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Two salt-sensitive species, viz. Scrophularia nodo-
sa (perennial) and Digitalis purpurea (a biennial)
have been used as a reference.

Materials and methods

Seeds of Centaurium littorale, Samolus valeran-
di and Plantago coronopus were collected from a
beach plain on the Dutch island of Schiermonnik-
oog. Seeds of Scrophularia nodosa and Digitalis
purpurea were collected from a forest clearing near
Orsbach (western Germany). Prior to the experi-
ments, the seeds had been dry-stored (20 °C) for
about one year, apart from those of Plantago coro-
nopus, which were stored for three years.

After three weeks of stratification at 4 °C, the
seeds were placed on filter paper, saturated with
solutions of 0, 62.5, 125 and 250 mmol NaCl/1 (six
replications of 50 seeds per concentration for Cen-
taurium littorale, Samolus valerandi and Plantago
coronopus, two for Scrophularia nodosa and Digi-
talis purpurea). The pieces of filter paper were
placed on sponge, floating on a volume of the same
solutions in translucent plastic trays of 10 X 10 X
10 cm. The lid of the trays was sealed with vaseline,
in order to avoid evaporation. Two trays per species
per concentration were placed in a germination
cabinet with a daily light period of 14 hr (light
intensity at plant level about 16 W/m?) and an
alternating temperature regime of 15/25 ° C (night
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and day temperature, resp.). Two other trays were
placed in a cabinet with the same light regime, but
with a temperature regime of 5/ 15 ° C, The remain-
ing two trays were placed in a cabinet with a con-
stant temperature of 4 ° C and a daily light period of
8 hr (Scrophularia nodosa and Digitalis purpurea
were only tested at 15/25 ° C). Radicle protrusion,
plumule protrusion and seedling mortality were re-
corded throughout the experiment. Complete ne-
crosis of the radicle was used as a criterion for
seedling mortality. After 40 days at 15/25°C and
after 50 days at 5/15 and 4/4 °C the seeds and
seedlings were transferred to filter paper, saturated
with demineralized water, and placed at 15/25°C
(14 hr light per day; 16 W/m?). Any additional
germination and mortality was recorded. The ex-
periment was terminated after two weeks without
any additional germination.

Results

The percentage of germination (protrusion of the
radicle is used as a criterion) after 40 days at
15/25°C, or after 50 days at 5/15°C is given in
Figure | (upper row). The arithmatic mean germi-
nation day is given in Figure 2 (upper row). The
reduction of germination by NaCl is higher for
Plantago coronopus than for any of the other spe-
cies. At 5/15°C the percentage of germination is
lower than at 15/25°C, irrespective of the NaCl
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Fig. 1. Percentage of germination (upper row) and percentage of the seeds reaching the stage of plumule protrusion (lower row) after
40 days at 15/25 ° C(solid lines), or 50 days at 5/ 15 © C (broken lines). A = Plantago coronopus; B=Samolus valerandi; C = Centaurium

littorale; D = Scrophularia nodosa; E = Digitalis purpurea.
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Fig. 2. Arithmetic mean day of germination (upper row) and plumule protrusion (lower row). Legends as in Figure 1.

concentration. The rate of germination is also
higher at 15/25 ° C. However, a considerable effect
of NaCl on the rate of germination is only apparent
at5/15°C. In Samolus valerandi and Centaurium
littorale the percentage and rate of germination are
hardly reduced by NaCl concentrations of 62.6 and
125 mmol/]; only at 250 mmol/] does a substantial
reduction occur. The effects of temperature are
much less pronounced than in Plantago coronopus:
at 0, 62.5 and 125 mmol NaCl/l there is no effect at
all; only at 250 mmol/| is the percentage as well as
the rate of germination clearly lower at 5/15°C
than at 15/25°C, suggesting that the effects of
suboptimal temperature and salinity intensify each
other. Scrophularia nodosa and Digitalis purpurea,
like Plantago coronopus, exhibit no germination at
all at 250 mmol/1, but at 62.5 and 125 mmol/1 they
germinate as completely as in demineralized water.
However, of these two species especially Digiralis
purpurea exhibits a strongly reduced rate of germi-
nation with increasing NaCl concentration.
Besides affecting germination, temperature and
NaCl may also affect the further development after
germination (Figs. 1 and 2, lower rows). In Plan-
tago coronopus protrusion of the radicle is always
rapidly followed by protrusion of the plumule, ir-
respective of temperature and salinity. In Samolus
valerandi and Centaurium littorale a low tem-
perature strongly delays the protrusion of the plu-
mule (Fig. 2). NaCl does not seem to increase the

mean time span between germination and plumule
protrusion, at least not at a concentration of
62.5 mmol/l; at concentrations of 125 mmol/l or
higher it prevents the protrusion of the plumule for
all species, except Plantago coronopus. In Centau-
rium littorale, even a concentration as low as
62.5 mmol/] is enough to produce such an effect.

During the experiment NaCl-induced seedling
mortality occurred in each species, apart from
Plantago coronopus. Scrophularia nodosa and
Digitalis purpurea also exhibited some seedling
mortality in the absence of NaCl, probably due to
fungal attack. The mean period of survival after
germination differs between species (increasing in
the order: Scrophularia/ Digitalis| Centaurium/
Samolus/ Plantago) and decreases with increasing
NaCl concentration (Fig. 3).

Figure 4 summarizes the results of the experi-
ments at 15/25°C and at 5/15°C. The figure
shows that seeds which remain ungerminated after
40 days at 15/25°C, or 50 days at 5/15 °C, do not
always germinate after a transfer to demineralized
water at 15/25 °C. The fraction which germinates
after the transfer increases sharply with the NaCl
concentration, to which they were exposed before
their transfer, except for those of Plantago coro-
nopus at 5/15°C. The non-germinating fraction
became overgrown with fungi, immediately after
their transfer to demineralized water, suggesting
that they were dead. At the moment of the transfer
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Fig. 3. Course of germination and seedling mortality at 15/25 ° C, for Samolus valerandi, Scrophularia nodosa and Digitalis purpurea at
salinity levels of 0 mmol/1(1), 62.5 mmol/1(11), 125 mmol/1(111) and 250 mmol/1(1V). The fraction of ungerminated seeds, living and
dead seedlings are represented by open, hatched and black area’s, resp.
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Fig. 4. Percentages of living seeds, dead seeds, living seedlings and dead seedlings after 40 days at 15/25 ° C, or 50 days at 5/15°C.



these seeds were already beginning to desintegrate,
whereas the germinable seeds still had a hard and
intact seed coat. The category of dead seeds, ex-
pressed as a fraction of the total number of seeds
sown, increases with the NaCl concentration (Plan-
tago coronopus), or is at least increased by the
presence of NaCl (Samolus valerandi, Centaurium
littorale), or remains more or less unaffected by
NaCl (Scrophularia nodosa, Digitalis purpurea). In
the case of the latter two species, there is no evi-
dence for NaCl-induced seed mortality. In Plan-
tago coronopus and Samolus valerandi the NaCl-
induced seed mortality is clearly higherat 15/25°C
than at 5/15°C; the opposite effect is shown by
Centaurium littorale. At4/4 ° C NaCl fails to pro-
duce any effect on the germinability. After transfer
to demineralized water at 15/25 °C the seeds of
each species germinate rapidly and completely, like
seeds that are immediately exposed to demineral-
ized water at 15/25°C.

The clear effect of temperature on the survival of
seedlings of Centaurium littorale and especially
Samolus valerandi (higher survival at 5/15°C) is
remarkable and not due to any effect of tempera-
ture on the rate of germination (Fig. 2). The poten-
¢y to endure salinity obviously decreases with in-
creasing temperature.

Discussion

Many studies, including the present one, suggest
that adult salt resistance is not necessarily positively
correlated with the tendency to germinate under
saline conditions(Adriani, 1958; Ayers & Hayward,
1948; Chapman, 1960; Rozema, 1975; Ungar, 1978;
Uphof, 1941; Waisel, 1958). The salt-sensitive ger-
mination of many halophytes should not be inter-
preted as poor adaptation. The superficial layers of
saline soils often exhibit strong fluctuations in sa-
linity, due to seasonal as well as unpredictable fluc-
tuations of the precipitation/evaporation balance
(Beeftink, 1977; Chapman, 1960; Ranwell, 1972;
Rozema, 1976; Schat, 1982; Tyler, 1971). Germina-
tion in periods of low salinity may be advantageous
in such a situation, since even halophyte seedlings
may be comparatively salt-sensitive (Baumeister &
Schmidt, 1962; Waisel, 1972). Avoidance of ger-
mination at unfavourable salinity levels may be
achieved by a sufficiently strong enforced dorman-
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cy, either imposed by salinity itself, or by other
factors which are sufficiently correlated with salini-
ty. Strongly unpredictable and intense short-term
fluctuations in salinity may favour strategies in-
volving the maintenance of a reserve of dormant
seeds, even under conditions favourable for germi-
nation and seedling survival (Cohen, 1966). Besides
the fluctuation pattern of the salinity level, the de-
gree and rate of development of salt resistance in
newly germinated individuals will be decisive for
the success of any given strategy. The above may
help to explain the high diversity in the effects of
salinity on the germination of halophytes. In addi-
tion, even when the germination strategy does not
seem to be adjusted to the pattern of seedling mor-
tality risk imposed by the fluctuation pattern of the
salinity level in the natural habitat, it may be mis-
leading to speak of poor adaptation, since salinity is
only one out of many environmental factors that
determine the patterns of mortality risk in halo-
phyte seedlings. It is conceivable that an additional
adjustment to the salinity pattern can only be real-
ized at the expense of increased seedling mortality
due to other factors. At any rate, the germination
strategy may strongly determine a population’s
ability to cope with certain salinity regimes, irre-
spective of the nature of the selective factors which
provoked its evolution.

Fresh seeds of Plantago coronopus exhibit a very
pronounced polymorphism(Dowling, 1933; Schat,
1981), which leads to an extended period of germi-
nation (Schat, 1982). The unusually rapid and
complete germination in the absence of NaCl at
15/25 ° C(compare Schat, 1981) is probably due to
the old age of the seeds (Blom, 1978). In the present
experiment NaCl strongly reduced the percentage
of germination. In a previous experiment, however,
performed with fresh seeds at 5/25 ° C, concentra-
tions up to 125 mmol/lstrongly reduced the rate of
germination, but failed to reduce the final percent-
age(Schat, 1981). Anyway, NaCl concentrations as
low as 60 mmol/! impose a strong enforced dor-
mancy, at least for some time. The juvenile salt
resistance of Plantago coronopus is comparatively
high and rapidly acquired; salt-induced mortality
seems to be confined to the earliest stages of the
germination process, viz. the stages before the pro-
trusion of the radicle (Fig. 4). Field studies at the
beach plain of Schiermonnikoog have shown that
these characteristics of the germination strategy
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(seed variability, strong salt-imposed enforced
dormancy, high juvenile salt resistance) sufficiently
protect the annual rejuvenation from the potential-
ly catastrophic effects of strong, unpredictable fluc-
tuations in salinity (Schat, 1982).

Samolus valerandi and Centaurium littorale, on
the other hand, exhibit a very explosive germina-
tion. Under almost any set of environmental condi-
tions the germination is either rapid and complete,
or almost completely inhibited, both in experimen-
tal and natural situations (Schat, 1982). Moderate
NaClconcentrations fail to keep the seeds in a state
of enforced dormancy, even at a day temperature of
15 °C, which is only slightly above the minimal day
temperature at which germination takes place
(Freijsen, 1967; Schat, 1982). Their juvenile salt
resistance is remarkably low, in view of their prefer-
ential occurrence in brackish habitats (Freijsen,
1967; Hegi, 1966), and less rapidly acquired; even at
NaCl concentrations which allow the seedlings of
Samolus valerandi to develop up to an including
the unfolding of the cotyledons, the mortality rate is
very high (Fig. 3). Comparable mortality rates were
established in previous experiments (Schat, 1982),
even when the NaCl was dissolved in a full strength
Hoagland’s nutrient solution (Schat, unpubl.).
However, seedlings of only two weeks old, ger-
minated and grown under non-saline conditions,
are able to survive a sudden increase in salinity up
to 100 mmol NaCl/1(Schat, unpubl.). The presence
of NaCl in fairly low concentrations during the
earliest developmental stages apparently prevents
the acquisition of salt resistance. Obviously, both
species need a short period of non-saline conditions
in order to establish themselves successfully. Due to
the above-mentioned characteristics of the ger-
mination behaviour and the development of salt
resistance, the annual rejuvenation of natural
populations is extremely sensitive to unpredictably
fluctuating salinity levels. Table 1 gives an example
for Centaurium littorale. The results may be ex-
plained as follows: due to an exceptionally late
storm flood in April and a subsequent dry period up
to the third week of June, the salinity of the upper
cm of the soil profile reached unusually high levels
(150-270 mmol/lat 162 cm + NAP; 50-200 mmol/]
at 170 cm +NAP and 50-150 mmol Cl/1 at
190 cm + NAP). At 162 cm + NAP the salinity was
high enough to keep a considerable fraction of the
seeds in a state of enforced dormancy until June

15th, after which the salinity level dropped to less
than 25 mmol/1 and successful establishment was
possible. At 170 and 190 cm 4+ NAP the seed bank
was nearly fully exhausted by germination (up to
the stage of radicle protrusion) and subsequent
mortality before the third week of June. Only at
190 cm + N AP some visible seedling emergence did
occur before the June 15th. About 20% of these
seedlings survived. Since Centaurium littorale is a
fairly strict biennial and since the mortality risk
sharply decreases with age, the following year’s
population of flowering plants clearly reflected the
bipartite height zonation of the successfully estab-
lished seedlings. The height zonation and density of
populations of Centaurium littorale in brackish en-
vironment may thus be governed by the fluctuation
patterns of the soil salinity and other abiotic factors
(van Tooren et al., 1983), even when the extreme
levels of these factors permanently remain within
the adult tolerance limits. This general conclusion
probably applies to many other short-lived species
from beach plain habitats as well (van Tooren et al.,
1983). The zonation patterns of long-lived peren-
nials on the other hand, are more likely to be ex-
plained by their resistance in the adult phase to
various kinds of stress and may be expected to
reflect the average levels of stress factors over a long
series of years, rather than any occasional short-
term fluctuations (van Tooren er al., 1983, for a
detailed discussion). In any case, it is clear that a
thorough understanding of the vegetation dynam-
ics of beach plain requires a combination of inten-
sive field studies (phenology, seed bank dynamics,
establishment, mortality, dispersal, life history,
frequent monitoring of abiotic conditions) and
experimental approach.

Table 1. Seed bank density (number of seeds/100 c¢cm?) and
seedling emergence (number of seedlings emerged/ 100 cm?; only
seedlings with unfolded cotyledons have been recorded) for
Centaurium littorale at various heights along a dune slope at the
beach plain of Schiermonnikoog.

Heighta Seed bank Seedling emergence
April August Before After
June 15th  June 15th
162 18 (x12) © 0 4.7 (£3.1)
170 36 (£9) 0 0 0.1 (20.1)
190 33(x13) O 2.3(xl.5)  0.2(x0.1)

a Expressed in cm above NAP (Dutch Ordnance Level).
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