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Abstract

We examined whether the presence or absence of different environmental stressors
influenced the reproductive potential of a saltmarsh species—Plantago maritima. We
focused on total seed output, seed quality, and biomass of progeny. So far, there are
no studies trying to answer the question of how different saltmarsh management
affects the quality of seed in saltmarsh species. For the purposes of the study, plots
subjected to light mowing, light or heavy grazing, trampling, or rooting were desig-
nated in three nature reserves in Poland. On each plot, the abundance of infructes-
cences per sg. meter was calculated. Mature infructescences were collected, and
their length and number of fruit capsules were measured. The seeds obtained from
fruit capsules were weighted and sown in controlled conditions. The germination rate
and the final germination percentage were calculated. A representative number of
sprouts were grown. After a period of 2 months, the individuals of P. maritima were
harvested and their total dry mass was measured. It was found that heavy grazing had
the greatest effect on all of the studied characteristics. The presence of this factor
resulted in shorter infructescences with a smaller number of fruit capsules. However,
this phenomenon was compensated by the higher abundance of infructescences per
sg. meter. At the same time, seeds produced by grazed individuals were significantly
lighter. Interestingly, intensive trampling by people affected P. maritima individuals
in a similar way to heavy grazing, while mowing and rooting had less impact on the
considered characteristics. Although a positive correlation between seed mass and
germination success was found, the altogether lower seed mass had a negligible ef-
fect on germination parameters. Also, the differences in seed parameters did not
affect dry mass of obtained progeny grown in laboratory conditions. Synthesis and
applications: Different environmental stressors, such as grazing and mowing, have
an effect on reproductive potential of a saltmarsh species P. maritima. In the case of
habitats created anthropogenically, such as brackish saltmarshes, the role of manage-
ment is crucial for their conservation. Therefore, searching for the best active pro-
tection methods is important. In light of the results obtained, extensive or rotational

grazing appears to be the best form of saltmarsh management.
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1 | INTRODUCTION

Phenotypic variation of species can be environmentally (phenotypic
plasticity) and/or genetically (genetic differentiation) induced (e.g.,
Bossdorf et al., 2005; Bradshaw, 1965; Scheiner et al., 2007; Sultan
& Bazzaz, 1993). Phenotypic plasticity, recognized as a major source
of phenotypic variation (Sultan, 2004), allows organisms to survive
through the possibility of producing different functionally appropri-
ate phenotypes by an individual genotype (Pigliucci et al. 2006) or
changing its phenotypic state or activity as a response to variations
in environmental conditions (Garland & Kelly, 2006). This ability to
adapt is considered to be particularly valuable in the case of spe-
cies that grow in places where environmental conditions change
over relatively short periods of time or are spatially patchy (Miner
et al., 2005). Phenotypic plasticity should be favored by natural
selection, provided that genetic variation is available (Smekens &
Tienderen, 2001). However, it can signify not only potential benefits,
but also potential costs.

Species from the Plantago genus are known for their phenotypic
plasticity (e.g., Blom, 1983 and references therein; van Hinsberg
& van Tienderen, 1997; Smekens & van Tienderen, 2001), which
increases their survival chances under different environmental
conditions (Sultan, 2000). This also applies to Plantago maritima
(sea plantain), the morphological variability of which includes
the clump size, leaf area, and number and length of flower spikes
(Blom, 1992; Jerling, 1988).

Plantago maritima is a wind-pollinated, self-incompatible peren-
nial herb (Dinnetz & Jerling, 1997). As it was found for other spe-
cies of the Plantago genus, its pollen is not transported over long
distances and is dispersed within a few meters (Bos et al., 1984).
Gene flow is also restricted by the distance to which the seeds can
be transported. For P. maritima, it is not more than several dozen
centimeters (Jerling, 1988). Moreover, a sticky covering of the seeds
attaches them to the ground or vegetation and restricts their further
mobility (Dinnetz & Jerling, 1997). According to the studies, although
P. maritima produces viable seeds (79%), they are almost absent from
the persistent seed bank (Hutchings & Russell, 1989; Jerling, 1983;
Ungar, 2001). The seed bank for this species is transient and reflects
the seed output of the current vegetation. Vegetative propagation
is rare (van Damme, 1992; Dinnetz & Jerling, 1997; Nilsson & Agren,
2006).

In Europe, P. maritima is a common component of coastal salt-
marshes, which, as ecosystems, play an important role on different
levels: as habitats for plants and animals, in erosion control, water
purification, carbon sequestration etc. (e.g., Barbier et al., 2011;
Valiela et al., 2002). Along the Baltic coast, saltmarshes with their
brackish nature are man-made and therefore need sustainable

management in the form of mowing and/or livestock grazing,

preferably extensive (e.g., Bakker et al., 1997; Bos et al., 2002;
Dijkema, 1990). This kind of management in most places is no
longer economically viable so an active conservation approach
is needed to preserve coastal saltmarshes. However, in Poland in
many cases this protection is either not implemented or imple-
mented ineffectively due to the high cost of regular management
practices and lack of social support, especially from landowners.
As a result of cessation of use, the participation of large glyco-
phytes in phytocoenosis increases (Esselink et al., 2000) and
they start to limit the access of light to lower levels of vegeta-
tion (Bakker et al., 1985). Such conditions are one of the stress
factors (Jerling & Liljelund, 1984) for some halophytes, including
P. maritima, making it impossible to survive or forcing them to
start investing more in biomass in order to win the race to the
light (Piotrowska, 1988). Also, for those species, in a dense and
high vegetation the probability of their seedling survival is very
low (Bakker & de Vries, 1992). On the other hand, on intensively
grazed sites, the pressure from glycophytes is relatively low, but
the individuals of P. maritima need to survive grazing and trampling.

The saltmarshes along the Baltic coast in Poland, being variable
habitats, express all the aforementioned factors. These habitats
represent abandoned pastures/meadows, and extensively and in-
tensively grazed/mowed saltmarshes. They are in some cases visited
regularly by wild boars. Also, some plots along local paths are inten-
sively trampled by tourists.

Intraspecific variation in mean seed size of a plant species
is well documented (e.g., Agren, 1989; Lord, 1994; McKee &
Richards, 1996; Mehlman, 1993). At the same time, the seed
mass influence on germination and seedling establishment has
been proven by many researchers (e.g., Bonfil, 1998; Khan, 2004;
Milberg & Lamont, 1997; Seiwa & Kikuzawa, 1991). Since individu-
als of P. maritima differ morphologically, therefore, the analysis of
the influence of saltmarsh management on P. maritima seed mass
was an interesting subject. In our research, we tried to answer the
question of whether and to what extent the presence or absence
of environmental stressors, such as mowing, grazing, and rooting
affects the reproductive potential of the sea plantain, understood
as a number of seeds produced by a plant that are capable of
germinating.

Since the role of management is crucial for the conservation
of the plants species especially in habitats created anthropogen-
ically such as saltmarshes, the answer to this question would en-
able the introduction of even better methods of active protection
of P. maritima.

The aim of the study was to compare the influence of different
environmental stressors on reproductive potential of P. maritima, in-
cluding morphophysiological traits of its seeds and biomass of the

progeny seedlings.
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FIGURE 1 Study site location. (a) “Stone taki” nature reserve, (b) “Beka” nature reserve, (c) “Mechelinskie £aki” nature reserve
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2 | MATERIALS AND METHODS
2.1 | Study sites

The material was collected from three nature reserves in Northern
Poland: “Stone taki,” “Beka,” and “Mechelinskie taki” (Figure 1).
“Stone taki” is a nature reserve designated in 1999 for the protec-
tion of halophilous meadows with their flora and fauna, although
only a small part of the reserve is regularly mowed. In “Beka,” the
area was freely grazed by cattle until 1980. The nature reserve was
established in 1988, but until the 1990s, almost 90% of the marshes
were overgrown by reed rush as a result of a failure to implement
an active conservation plan. Mowing and grazing were successfully
resumed there from 1999. Currently, the stocking rate is around 1
livestock unit/ha/year (Btaszkowska et al., 2008). Both rotational
grazing by cattle and horses, and the animals’ preferences for certain
plant species result in a combination of heavily and lightly grazed
plots. Pastures are mowed at least once a year (in autumn) or more
frequently depending on reed coverage. “Mechelinskie taki” nature
reserve was designated in 2000, although there is no active form of
conservation implemented in the reserve area and saltmarshes are
slowly being overgrown by rush communities.

Although the study sites differ in terms of the presence or ab-
sence and intensity of management, they are all similar as far as the
main habitat factors including soil saltiness, inundation period, and
inundation frequency are concerned. The potential influence of dif-
ferences in soil parameters (ground water level, its pH and salinity,
and soil moisture) on the results was tested with variation partition-
ing and was excluded.

For this reason, in the latter part of the work, the study plots were
analyzed in terms of type of impact, and not place of occurrence.

2.2 | Datasampling

Samples were collected during the first week of September 2016.
We selected a set of 54 plots (1 x 1 m) that differed in management
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type: sites lightly mowed—mowed once/twice a year (Mowl); lightly
grazed—sites avoided by cattle, rarely grazed with higher vegetation
(GrazL); heavily grazed—sites preferred by cattle with short vegeta-
tion (GrazH); heavy trampled—sites along the pathways intensively
used by tourists (TramH); old marks of wild boar rooting—uneven
surface, but almost completely overgrown by plants (RootOld); and
fresh marks of rooting—uneven surface with a significant share of
bare soil (RootNew). Some plots were subjected to more than one
type of management, which was later taken into account in the sta-
tistical analysis. Infructescence density per one sq. meter was calcu-
lated on every plot.

Additionally, 254 infructescences (Table 1) were collected ran-
domly from the plots, stored in envelopes, and air-dried for 2 weeks.
After drying, the length of each infructescence was measured with
a resolution of 1 mm and the number of fruit capsules was counted.

The average length of infructescences was multiplied by their
number per 1 sq. m in order to estimate the potential for seed pro-

duction per site (seed yield).

2.3 | Germination test and growth experiment

From each infructescence, a total of 30 randomly chosen seeds were
weighed with a resolution of 1/100 mg. The seeds were subjected to
stratification at 5°C for 60 days, then planted in a growth chamber
in germination tanks on filter paper. The germination regime was set
with a 25°C light(16 hr)/20°C dark (8 hr). Light was supplied from
warm white fluorescent tubes. The constant high moisture of the
substrate was sustained with deionized water as it is known that
P. maritima seeds germinate best in distilled water (Lotschert, 1970).
The effects of germination—the number of emerging sprouts and
their condition—were checked daily for a period of 14 days as it was
determined that this period was enough for an average seed to ger-
minate completely, and after that period, almost no new sprouts ap-
peared. The seeds were considered to have germinated when the
radicle and two cotyledons were present. Mean germination time
(MGT) was calculated by using the equation: MGT = ¥ (n x d)/N,

TABLE 1 Number of samples collected and chosen for germination and growing experiment

No. of
No. of infructescences

Management type® plots collected

MowlL 16 59 38
GrazL 11 39 18
GrazH 11 45 21
TramH 5 24 22
RootOld 20 67 48
RootNew 5 20 16
Total 54° 254 163

No. of infructescences used to extract
seeds for germination experiment

No. of seeds used
for germination

No. of sprouts used
to grow seedlings

1,223 41
528 2%
604 39
669 17

1,472 55
474 12

4,970 187

3GrazH, heavy grazing; GrazL, light grazing; MowL, light mowing; RootNew, fresh marks of rooting; RootOld, old marks of rooting; TramH, heavy

trampling.
bSome plots were subjected to more than one management type.
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where n = number of seeds germinated on each day, d = num-
ber of days from the beginning of the test, and N = total number
of seeds germinated at the termination of the experiment (Ellis &
Roberts, 1981).

After germination, a representative number of sprouts (Table 1)
for every variant of management were grown in a separate pots filled
with organic soil. After a period of 2 months, just before the plants
started allocating material to reproductive organs, the individuals
were harvested, and separated into underground and aboveground

parts, and their dry mass was measured.

2.4 | Statistical analysis

To test the influence of the environmental stressors on each of
the response variables, eight multivariate linear regression models
were performed. The statistical significance level of all regression
coefficients and models was established as a = 0.05. All of the in-
dependent variables were coded binary, in which “1” represents the
influence of a particular stressor and “0” the absence of a particu-
lar stressor. In some cases, the response variables were influenced
simultaneously by more than one stressor (by two: in 39 cases by
both MowL and GrazH, in four cases by MowL and RootOld, in four
cases by MowL x RootNew, in four cases by GrazH x RootOld, and
in four cases by GrazL x RootNew; and by three: in four cases by
MowL x GrazL x RootNew); therefore, all the stressors were tested
simultaneously in one linear model.

Depending on the skewness, the response data were normal-
ized by logarithm log(x + 1), square root, or square transformation
(compare Table 2). To describe the importance of the environmen-
tal stressor influence, the percentage of each explained variation
was calculated. Statistical analysis was performed in R (R Core
Team, 2017), and data visualizations were performed using “ggplot2”
(Wickham, 2016) and “ggridges” packages (Wilke, 2018) in R studio
(RStudio Team, 2015). The correlations between measured variables

were tested with Pearson's coefficient.

3 | RESULTS

3.1 | The importance of management type for
tested variables

Based on multivariate regression models, five of eight reproduc-
tive traits/seed quality variables of P. maritima were significantly
influenced by the tested environmental stressors (Table 2). The
most sensitive reproductive traits were as follows: infructescence
length and number of fruit capsules, in which linear models ex-
plained 48% and 41% of the total variation, respectively. The fol-
lowing ones in the response order were variability of seed mass
and MGT, in which models explained 20% and 15% variation, re-

spectively. In case of number of seeds germinated after 14 days,

the model was significant, but explained only 7% of variation. All
the remaining traits (Infructescence length x Number of infructes-
cences on 1 m?, above, and underground biomass of the offspring)
were not significantly influenced by the management types.

The most important environmental stressor was the GrazH,
reaching 32.25% of the explained variation of the infructescence
length, 26.09% in case of number of fruit capsules, and 12.40% ex-
plaining seed mass variation. In terms of importance, the following
one was the TramH, which was responsible for 12.54% of infructes-
cence length variability, 10.42% of MGT, and 9.99% in case number
of fruit capsules. The remaining variables in all models explained less

than 5% of the total variation.

3.2 | Differences in fruit production

The type of environmental stressor had a significant effect on the
infructescence length of P. maritima (Table 2, Figure 2). Both GrazH
and TramH had the strongest influence—individuals subjected to
these types of land use produced the shortest infructescences in
comparison with the samples collected from other plots (with an av-
erage length of 29.1 mm for GrazH and 43.5 mm for TramH). GrazL
had a similar, although slightly weaker influence (x = 68.8 mm). Wild
boars’ visits (both RootOld with x = 84.1 mm and RootNew with
X = 75.1 mm) and MowL (x = 90.6 mm) did not significantly impact
the infructescence length.

While comparing the potential for seed production between
plots subjected to different kinds of treatment (the average length
of infructescences multiplied by their number per 1 sg. m), we
found no differences between those variables, except for the
data collected for RootNew plots, for which the value obtained
was higher in comparison with the remaining samples (Table 2,
Figure 2).

Influences similar to those of infructescence length were ob-
served for number of capsules (Table 2, Figure 2), with the smallest
number of fruit capsules being produced on plots subjected to GrazH
and TramH (x = 27.4 and x = 37.5, respectively). GrazL resulted in a
slightly smaller abundance of fruit capsules being present on the in-
fructescence axis (x = 42.4). Infructescences produced by individuals
growing in both MowL (x = 69.1) and RootOld (x = 79.6) plots bore
significantly more fruit capsules, while RootNew (x = 66.7) did not

influence the considered variable.

3.3 | Differences in seed mass and
germination parameters

The type of environmental stressor had a significant effect on
the seed mass (Table 2, Figure 2). Seeds with the smallest mass
(x = 0.39 mg) were produced by the sea plantain individuals sub-
jected to GrazH. Surprisingly, TramH had only a slight negative im-

pact on the considered variable with the average mass of a single



3279

Ecology and Evolution
& ez YWILEY

LAZARUS ET AL.

‘swi} uoieuwISS ueaw ‘[ HIA,
"G0'0—uxn TO O ussn TOO O—yssxn SIPOI JIUSIS,
‘Bulidwes; AAeay ‘Huwe.] ‘3U13004 JO S)Jew p|o ‘p|OI00Y ‘BUI300. JO SHJIeW Ysals ‘MaN3I00Yy Suimow 3ysi| Mol ‘3uizeld 3ysi| “Jzedo :3uized3 Aneay ‘Hzelo,

820 6v'T GT0 800 61°0 ¥0 (%) 4eA
80%'0 €07 10°0> L1000~ 07000 80000 #000°0 90000~ ¢000°0- 1€¢ 153 ((8) ssewolq punoJgiapun)so]
Y10 000 or'tT ¥9°0 1€0 8T0 (%) 4eA
1650 LL0 100> €T0- 10°0- 20 8T°0 02'0- G20 S8'T- 153 ((8) ssewolq punoJ3anoqe)so]
octy 100 440" 650 8G°C 61°0 (%) 4eA
100°0> or'9 ST0 «G'TO0T- c'lee- «:1280°T 1'¢c6c- «9'€V8- Tv6C €SYeEYy EEE| el ON
9t°0 LT L0E or'T 1ce 0ot'0 (%) JeA (%) SAep pT 1ose
7000 ve€e £0°0 G9'9- 474 GeCT- ¢96'01- «=+LV'CC o IVOLT- G129 1S3 PIjeuIULISs SPaas JO JaqWINN
€60 69'C Sy'T ovct LT°0 8y (%) 4eA
100°0> L2T1 0c0 90°0- « 800 «L0°0- +x0C 0~ T10°0- « 600 «x19°0 EEE| (8) ssew paas uea|y
YT vr'1 66’6 60'9C 3T Ly'T (%) 4eA
100°0> 95°€e 114 6000~ « €90 91T L T°E- w7 T- « €0'T +:91°8 ‘33 (s?|nsded 3iny Jo Jaquinu)iibs
LW uo
2907 ¥.°0 8¢ S9°0 600 61°0 (%) 4eA $92U325330N4Ul JO JBGUINU
€900 1154 800 69 ETV'G 0416~ 09°Trv'e [AYA%S 96 TTTT- STYeEL 8C°SYS'C EEE| +Y38Us| 9dUa2533oN1u|
910 ¥€0 7S¢l gcee 81'C €Tl (%) 1en
100°0> LEEY 810 ¢0'G- 7> +xE€6E- x0T VG 9T TC- cLL q+++E€8°C8 153 (W) Ya8us| 2dUa2s33INHU|
d 4 (fpe)bs-y M3N300Y PIO300y Hwelp Hzeio 1ze1o Mo wi uonjerep d|qeliep
/s9rew3s3
S21351381S [9pPON -9dA] Juswasdeue|n /sjuaid1}}a0d UOISSAIZY

DWi3IbW 08DIUD| JO SI11S1I93IBIRYD JUIDLHP U0 9dAT JuswaSeuew Jos129443 ¢ 319VL



LAZARUS ET AL.

3280 WI LEY—ECOlon and Evolution

Open Access,

RootNew RootNew RootNew

RootOld RootOld RootOld

TramH TramH TramH

GrazH GrazH GrazH

GrazL GrazL Grazl

ddddds
TTFrE
diddds

MowlL MowlL
0 50 100 150 0 10k 20k

Infructescence lenght
« no of infructascences

on1m?

MowlL

Infructescence
lenght (mm)

RootNew

RootOld

0 50 100150200

No of fruit capsules

FIGURE 2 Density plots of eight
tested response variables, which were
influenced by six management types

(gray curve) in comparisons with no
treatment (black curve). GrazH, heavy
grazing; Grazl, light grazing; MowlL, light
mowing; RootNew, fresh marks of rooting;
RootOld, old marks of rooting; TramH,

TramH heavy trampling

GrazH

Grazl

addad

MowL
00 05 10

Seed mass (g)

RootNew RootNew RootNew

RootOld RootOld RootOld

TramH TramH TramH

GrazH GrazH GrazH

GrazL GrazlL GrazL

SEBSE

e

MowL MowlL MowlL

J0 40 60 80

DIBIDS

O

50 100

Above-ground
biomass (g)

No of seeds germinated

a er 14 days (% MGT

D Treatment D None

seed being equal to 0.54 mg. GrazL (x = 0.68 mg) and RootNew plots
(x = 0.53 mg) had no influence on the seed mass, whereas individu-
als growing in RootOld (x = 0.67 mg) and MowL (x = 0.69 mg) plots
produced slightly heavier seeds in comparison with the remaining
samples.

Despite all the differences in seed material collected from the
plots subjected to different environmental stressors, we found that
the type of environmental stressor did not affect the number of seeds
germinated after 14 days. The only exceptions were MowL, which
resulted in a significantly lower percentage of germination (55.9%)
after a fortnight, and GrazL, with a significantly higher percentage
of germination (67.0%) at the end of experiment (Table 2, Figure 2).

RootNew

RootOld

TramH

GrazH

GrazL

dlda

MowL
L0
0.00 0.25 0.50 0.75 1.00

Under-ground
biomass (g)

MGT was shorter in the case of seeds collected from RootNew
and GrazL plots, and longer for those gathered from individuals sub-
jected to TramH. The remaining kinds of treatment did not influence
MGT for the seeds of P. maritima (Table 2, Figure 2).

3.4 | Differences in offspring

The fact that the sowing material was collected from individuals sub-
jected to different kinds of environmental stressors had no influence
on the above- and belowground biomass of the offspring individuals
grown from the gathered seeds (Table 2, Figure 2).
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3.5 | Relationship between tested variables

We found a strong positive correlation between the length of in-
fructescence and the number of fruit capsules (r = 0.76, p < 0.001)
(Figure 3a). Also, seed mass was positively correlated with the in-
fructescence length (r = 0.45, p < 0.001) (Figure 3b). Also, there
was a positive correlation between seed mass and the number of
seeds germinated after a 14-day period of incubation (r = 0.28,
p < 0.01) (Figure 3c). The lighter were the seeds, the less of them
germinated within the fortnight, although this correlation was

weak. However, seed mass did not affect their MGT (r = -0.10,
p = 0.168) (Figure 3d).

4 | DISCUSSION

4.1 | Reproductive traits

The results obtained in our research prove that the length of in-

fructescences is impacted by the type of environmental stressor,
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wherein the influence of grazing (especially GrazH) was the strongest
of all of the considered factors. Individuals subjected to GrazH had
the shortest infructescences (only 1/3 the length of the samples from
ungrazed sites). It is commonly known that cattle feed on P. maritima
(Jensen, 1985). Jerling and Andersson (1982) found that the loss of
flowers of this plant species due to grazing was severe throughout
the whole flowering season. On intensively grazed marshes, longer
shoots have an increased risk of being grazed and trampled during
reproduction, so only short infructescences are favored.

Trampling by people along walking routes had a similar effect to
grazing (TramH). The stress caused by trampling is a sufficient fac-
tor influencing P. maritima morphology, regardless of being eaten by
animals on pastures.

The production of longer infructescences by individuals not
grazed or trampled does not have to be connected only with the
absence of a factor causing mechanical damage. One cannot forget
that beyond any other influence, on brackish saltmarshes, grazing
limits the development of glycophytes. After the cessation of graz-
ing, the race for light begins, plants invest their energy to outgrow
other competitors, and this results in taller vegetation (Adam, 1990;
Bakker & de Vries, 1992).

The lack of significant differences in the infructescence length
between samples collected from plots with old and fresh marks of
wild boar rooting can be explained by the fact that rooting is gen-
erally not a permanent factor. If the freshly rooted marshes become
overgrown within a short time, the influence on plant individuals is
not visible.

Although the strong influence of the type of environmental
stressor on the infructescence length was discussed above, the
analysis of the infructescence length in relation to their number
per 1 sg. meter shows that smaller seed production by shorter in-
fructescences is compensated by their higher abundance. This kind
of compensation in response to grazing can be observed in different
plant species (e.g., Paige, 1992; Paige & Whitham, 1987). It stands in
contrast to the conclusion drawn by Jerling and Andersson (1982)
that grazing, which causes heavy loss of P. maritima flower spikes,
must greatly reduce the production of seeds.

On nongrazed saltmarshes, although the infructescences pro-
duced by sea plantain individuals are long, the number of flower
shoots per one square meter is lower. This can be related to the gen-
erally smaller number of sea plantain individuals and to the fact that
a lack of light in denser vegetation prevents this species from flow-
ering (Jerling & Andersson, 1982).

4.2 | Influence of site management on seed quality

An average seed mass for P. maritima, which was 0.61 mg, had an
intermediate value in relation to those known from literature (ac-
cording to Bakker and de Vries (1992)—0.53 mg and according to
Jerling (1988) for central marsh—0.79 mg and high marsh—0.83 mg).
However, the seed mass clearly varied depending on the place of

harvest.

A positive correlation between infructescence length and seed
mass was found. Shorter infructescences collected from GrazH
marshes had, in general, lighter seeds. This may be due to the fact
that sea plantain individuals growing on grazed plots had to produce
infructescences in the course of the season in order to replace those
that had been grazed and therefore did not have an opportunity to
allocate too much energy into seeds to improve their quality. With
the necessity to replace flower spikes that were grazed comes the
possibility that the fruits that were collected during this research
developed mostly from late flowers. Therefore, it can be presumed
that the time it takes to produce mature seeds that are ready for dis-
persal may also affect the seed mass. The aforementioned assump-
tions would be in accordance with Jerling and Andersson's (1982)
discovery that, in the case of P. maritima, grazing affects the relative
proportion of late and early flowers, wherein earlier flowers produce
significantly heavier seeds.

It should be mentioned here that although TramH resulted in
P. maritima producing relatively short infructescences, it did not
have such a strong influence on the seed mass itself. Also, GrazL
had no such effect on the seed mass as GrazH, whereas a positive
influence of MowL on the P. maritima seed mass can be explained by
better development conditions for the sea plantain under this type
of management, which allows plants to invest more energy in the
next generation.

A relationship between seed mass and its germination parame-
ters has been recognized by different researchers (e.g., Dolan, 1984;
Dunlap & Barnett, 1983; Larsen & Andreasen, 2004; Schaal, 1980;
Susko & Lovett-Doust, 2000; Swanborough & Westoby, 1996;
Weis, 1982; Zimmerman & Weis, 1983). Higher seed mass may be
associated with a higher quantity of food reserves, which is par-
ticularly important for seedling establishment (e.g., Baker, 1972;
Harper, 1977; Mazer, 1989).

Dinnetz and Jerling (1997) found that, for P. maritima, seed mass
was positively correlated with germination rates. However, those au-
thors tested differences in seed quality between individuals of dif-
ferent sex morphs. Their results indicated that there was no support
for any superiority of females compared with hermaphrodites. In our
study, it was found that there was an influence of the seed mass on
the germination parameters.

There was no correlation between seed mass and MGT, although
seeds collected from TramH sites germinated more slowly in com-
parison with others and those collected from RootNew and GrazL
germinated faster. However, considering all of the results presented,
it can be concluded that there may be other factors influencing the
germination rates that were not analyzed during the research rather
than the seed mass itself. Similarly, although the type of manage-
ment did not affect the germination success (the number of seeds
germinated after a 14-day period of incubation), a positive correla-
tion between seed mass and germination success was found, which
was also proved by Dinnetz and Jerling (1997). Heavier, better-
provisioned seeds are thought to have a superior chance of establish-
ing as seedlings in a population (Grime et al. 1988; Khan, 2004). This

is important for species such as P. maritima, for which the possibility
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of seed dispersal is very poor (Jerling, 1985), its seeds germinate
easily, and therefore, their contribution to a seed bank is very small
(Jerling, 1983; Ungar, 2001). However, the sea plantain's chances
of seedling survival are related to vegetation density and height, as
well as litter accumulation, and are better overall in grazed or mowed
rather than abandoned marshes (Bakker & de Vries, 1992; Bazely
& Jefferies, 1986; Jerling, 1981, 1984; Jerling & Andersson, 1982;
Ungar, 1998). Production of larger seeds may be an adaptation of
individuals growing in abandoned pastures. It was proved that large
P. maritima seeds produced significantly taller seedlings (Gregor,
1948), which can give them a better chance of survival in high and

dense vegetation.

4.3 | Influence of seed quality on seedling growth
performance

Likewise for other plant species (e.g., Houssard & Escarré, 1991;
Reich et al. 1994), it was found that the differences in seed param-
eters and seedling development did not influence progeny perfor-
mance. The sowing experiment carried out in laboratory conditions
indicated that the seed mass itself had no effect on the aboveground
and belowground biomass of the offspring individuals. The result ob-
tained in this study may indicate that after the germination period, in
the field conditions the variation of descendants is influenced more
by habitat or random factors than the mass of the seed from which
they grew.

5 | CONCLUSIONS

The role of management is crucial for the conservation of the plants
species especially in habitats created anthropogenically such as salt-
marshes. Our study shows that the type of saltmarsh management
affects the reproductive potential of P. maritima, wherein the most
influential was heavy grazing, which resulted in shorter infructes-
cences and smaller seed mass produced by individuals subjected to
this kind of treatment. Light grazing and light mowing had little ef-
fect on the tested features, while rooting turned out to be almost
irrelevant.

The sea plantain adopts different strategies depending on the
conditions in which it grows. The plants can produce numerous short
infructescences or long infructescences but in lower numbers per
unit of area; nevertheless, the total number of fruit capsules, and
indirectly total seed output, is similar. However, shorter infructes-
cences bear lighter seeds and lighter seeds are potentially less suc-
cessful in germination than heavier seeds.

Although in laboratory conditions the differences in seed mass
were not reflected either in the germination success or MGT, con-
sidering the restricted gene flow between P. maritima populations,
long-term selection may lead to genetic differentiation between
heavily grazed and ungrazed populations. This, in turn, may result

in the loss of adaptive abilities to the changing environment, for
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example, in the case of a change in saltmarsh management. This is
especially important if one considers the lack of a persistent seed
bank for P. maritima in the soil.

In the case of brackish saltmarshes, where grazing is considered
to be the best management practice for P. maritima survival, exten-
sive or rotational grazing that leads to a mosaic of closely grazed and
lightly grazed patches turns out to be the best form of saltmarsh
management.

ACKNOWLEDGMENTS

We thank Natalia Lelmacher and Renata Afranowicz-Cieslak for
help with laboratory work, and Julita Minasiewicz for improve-
ments to the text. The stimulating discussions about the content
of this manuscript in the CEW meetings on ecology of saltmarshes
are also gratefully acknowledged. This research was supported by
the Voivodeship Fund for Environmental Protection and Water
Management in Gdansk (project number WFOS$/D/201/207/2014).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Magdalena Lazarus: Conceptualization (equal); data curation (lead);
formal analysis (equal); funding acquisition (lead); investigation (sup-
porting); methodology (lead); project administration (lead); resources
(lead); software (equal); supervision (lead); validation (lead); visu-
alization (supporting); writing - original draft (lead); writing - review
and editing (equal). Jacek Mazur: Investigation (equal); methodology
(supporting); writing - review and editing (supporting). Katarzyna
Wszatek-Rozek: Conceptualization (equal); investigation (equal);
methodology (supporting); writing - review and editing (supporting).
Adrian Zwolicki: Formal analysis (equal); software (equal); visualization
(lead); writing - original draft (supporting); writing - review and editing

(equal).

DATA AVAILABILITY STATEMENT

Dataset file of this study is available from the Dryad Digital Repository
(https://datadryad.org/stash/dataset/doi:10.5061/dryad.08kpr
r51c).

ORCID

Magdalena Lazarus https://orcid.org/0000-0002-6104-6390
Adrian Zwolicki https://orcid.org/0000-0003-2710-681X
REFERENCES

Adam, P. (1990). Saltmarsh ecology. Cambridge Univ. Press.

Agren, J. (1989). Seed size and number in Rubus chamaemorus:
Between-habitat variation, and effects of defoliation and supple-
mental pollination. Journal of Ecology, 77, 1080-1092. https://doi.
org/10.2307/2260824

Baker, H. G. (1972). Seed weight in relation to environmental conditions in
California. Ecology, 53, 997-1010. https://doi.org/10.2307/1935413

Bakker, J. P., & de Vries, Y. (1992). Germination and early establishment
of lower salt-marsh species in grazed and mown salt-marsh. Journal of
Vegetation Science, 3(2), 247-252. https://doi.org/10.2307/3235686


https://datadryad.org/stash/dataset/doi:10.5061/dryad.08kprr51c
https://datadryad.org/stash/dataset/doi:10.5061/dryad.08kprr51c
https://orcid.org/0000-0002-6104-6390
https://orcid.org/0000-0002-6104-6390
https://orcid.org/0000-0003-2710-681X
https://orcid.org/0000-0003-2710-681X
https://doi.org/10.2307/2260824
https://doi.org/10.2307/2260824
https://doi.org/10.2307/1935413
https://doi.org/10.2307/3235686

LAZARUS ET AL.

3284 WI LEY_ECObe and Evolution

Open Access,

Bakker, J. P., Dijkstra, M., & Russchen, P. T. (1985). Dispersal, germination
and early establishment of halophytes and glycophytes on a grazed
and abandoned salt-marsh gradient. New Phytologist, 101, 291-308.
https://doi.org/10.1111/j.1469-8137.1985.tb02836.x

Bakker, J. P, Esselink, P., Van der Wal, R., & Dijkema, K. S. (1997). Options
for restoration and management of coastal salt marshes in Europe.
In K. M. Urbanska, N. R. Webb, & P. J. Edwards (Eds.), Restoration
ecology and sustainable development (pp. 286-322). Cambridge Univ.
Press.

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C,, &
Silliman, B. R. (2011). The value of estuarine and coastal ecosys-
tem services. Ecological Monographs, 81, 169-193. https://doi.
org/10.1890/10-1510.1

Bazely, D. R., & Jefferies, R. L. (1986). Changes in the composition and
standing crop of saltmarsh communities in response to the removal
of a grazer. Journal of Ecology, 74(3), 693-706.

Btaszkowska, B., Kamont, P., & Kramer-Kentzer, J. (2008). Czynna
ochrona podmoktych tak nadmorskich w rezerwacie przyrody Beka.
In B. Btaszkowska (Ed.), Czynna ochrona cennych przyrodniczo tgk.
Doswiadczenia praktyczne (pp. 7-40). OTOP.

Blom, C. W. P. M. (1983). Plasticity of life characteristics in two different
populations of Plantago maritima L. Ecol. Plant., 4(18), 377-394.

Blom, C. W. P. M. (1992). Phenotypic plasticity in Plantago maritima. In:
P. J. C. Kuiper, & M. Bos (Eds.), Plantago: A multidisciplinary study (vol.
89, pp. 240-249).Berlin, Heidelberg: Springer.

Bonfil, C. (1998). The effects of seed size, cotyledon reserves, and her-
bivory on seedling survival and growth in Quercus rugosa and Q. lau-
rina (Fagaceae). American Journal of Botany, 85(1), 79-87. https://doi.
org/10.2307/2446557

Bos, D., Bakker, J. P, de Vries, Y., & van Lieshout, S. (2002). Long-term
vegetation changes in experimentally grazed and ungrazed back-
barrier marshes in the Wadden Sea. Applied Vegetation Science, 5,
45-54, https://doi.org/10.1111/j.1654-109X.2002.tb00534.x

Bos, M., Vrieling, K., & Harmens, H. (1984). Gene flow in a Plantago
lanceolata population. Phenotypic and genotypic variation within
and between plant populations. In Second int. symp. on the struc-
ture and functioning of plant populations. Abstract of papers. Univ. of
Wageningen, Inst. for Ecological Research.

Bossdorf, O., Auge, H., Lafuma, L., Rogers, W. E., Siemann, E., & Prati, D.
(2005). Phenotypic and genetic differentiation between native and
introduced plant populations. Oecologia, 144(1), 1-11. https://doi.
org/10.1007/s00442-005-0070-z

Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plas-
ticity in plants. In E. W. Caspari, & J. M. Thoday (Eds.), Advances in
genetics 13 (pp. 115-155). Academic Press. Retrieved from http://
www.sciencedirect.com/science/article/pii/S0065266008600486

Dijkema, K. S. (1990). Salt and brackish marshes around the Baltic
Sea and adjacent parts of the North Sea: Their vegetation and
management. Biological Conservation, 51, 191-209. https://doi.
org/10.1016/0006-3207(90)90151-E

Dinnetz, P., & Jerling, L. (1997). Gynodioecy in Plantago maritima L.; no
compensation for loss of male function. Acta Botanica Neerlandica,
46(2), 193-206. https://doi.org/10.1111/plb.1997.46.2.193

Dolan, R. W. (1984). The effect of seed size and maternal source on in-
dividual size in a population of Ludwigia leptocarpa (Onagraceae).
American Journal of Botany, 71, 1302-1307. https://doi.org/10.1002/
j.1537-2197.1984.tb11986.x

Dunlap, J. R., & Barnett, J. P. (1983). Influence of seed size on germina-
tion and early development of loblolly pine (Pinus taeda L.) germi-
nants. Canadian Journal of Forest Research, 13(1), 40-44. https://doi.
org/10.1139/x83-006

Ellis, R. H., & Roberts, E. H. (1981). The quantification of ageing and sur-
vival in orthodox seeds. Seed Sci. Technol., 9, 373-409.

Esselink, P., Zijlstra, W., Dijkema, K. S., & van Diggelen, R. (2000). The
effects of decreased management on plant-species distribution

patterns in a salt marsh nature reserve in the Wadden Sea. Biological
Conservation, 93, 61-76. https://doi.org/10.1016/S0006
-3207(99)00095-6

Garland, T., & Kelly, S. A. (2006). Phenotypic plasticity and experimen-
tal evolution. The Journal of Experimental Biology, 209, 2344-2361.
https://doi.org/10.1242/jeb.02244

Gregor, J. W. (1948). Ecotypic differentiation. New Phytologist, 45(4),
254-270.

Grime, J. P,, Hodgson, J. G., & Hunt, R. (1988). Comparative plant ecology:
A functional approach to common British species. Unwin-Hyman.

Harper, J. L. (1977). The population biology of plants. Academic Press.

Houssard, C., & Escarré, J. (1991). The effects of seed weight on growth
and competitive ability of Rumex acetosella from two successional
old-fields. Oecologia, 86(2), 236-242. https://doi.org/10.1007/
BF00317536

Hutchings, M. J., & Russell, P. J. (1989). The seed regeneration dynamics
of an emergent salt marsh. Journal of Ecology, 77(3), 615-637. https://
doi.org/10.2307/2260974

Jensen, A. (1985). The effect of cattle and sheep grazing on salt-marsh
vegetation at Skallingen, Denmark. Vegetatio, 60, 37-48. https://doi.
org/10.1007/BF00053910

Jerling, L. (1981). Effects of microtopography on the summer survival
of Plantago maritima seedlings. Ecography, 4, 120-126. https://doi.
org/10.1111/j.1600-0587.1981.tb00988.x

Jerling, L. (1983). Composition and viability of the seed bank along a
successional gradient on a Baltic Sea shore meadow. Ecography, 6(2),
150-156. https://doi.org/10.1111/j.1600-0587.1983.tb01076.x

Jerling, L. (1984). The impact of some environmental factors on the es-
tablishment of Plantago maritima seedlings and juveniles along a dis-
tributional gradient. Ecography, 7, 271-279. https://doi.org/10.1111/
j.1600-0587.1984.tb01131.x

Jerling, L. (1985). Population dynamics of Plantago maritima along a dis-
tributional gradient on a Baltic seashore meadow. Vegetatio, 61, 155-
161. https://doi.org/10.1007/BF00039820

Jerling, L. (1988). Genetic differentiation in fitness related characters in
Plantago maritima along a distributional gradient. Oikos, 53(3), 341-
350. https://doi.org/10.2307/3565534

Jerling, L., & Andersson, M. (1982). Effects of selective grazing by cat-
tle on the reproduction of Plantago maritima. Ecography, 5, 405-411.
https://doi.org/10.1111/j.1600-0587.1982.tb01055.x

Jerling, L., & Liljelund, L. E. (1984). Dynamics of Plantago maritima along a
distributional gradient: A demographic study. Ecography, 7, 280-288.
https://doi.org/10.1111/j.1600-0587.1984.tb01132.x

Khan, M. L. (2004). Effects of seed mass on seedling success in Artocarpus
heterophyllus L., a tropical tree species of north-east India. Acta
Oecol., 25, 103-110. https://doi.org/10.1016/j.actao.2003.11.007

Larsen, S. U., & Andreasen, C. (2004). Light and heavy turfgrass seeds
differ in germination percentage and mean germination thermal time.
Crop Science, 44(55), 1710-1720. https://doi.org/10.2135/crops
ci2004.1710

Lord, J. M. (1994). Variation in Festuca novae-zelandiae (Hack.) Cockayne ger-
mination behaviour with altitude of seed source. N.Z. Journal of Botany,
32,227-235. https://doi.org/10.1080/0028825X.1994.10410369

Lotschert, W. (1970). Keimung transpiration. Wasser und loneaufnhame
bei Glycophyten und halophyten. Oecologia Plant., 5, 287-300.

Mazer, S. J. (1989). Ecological, taxonomic, and life history correlates of
seed mass among Indiana dune angiosperms. Ecological Monographs,
59, 153-175. https://doi.org/10.2307/2937284

Mckee, J., & Richards, A. J. (1996). Variation in seed production and ger-
minability in common reed (Phragmites australis) in Britain and France
with respect to climate. New Phytologist, 133, 233-243. https://doi.
org/10.1111/j.1469-8137.1996.tb01890.x

Mehlman, D. W. (1993). Seed size and packaging variation in Baptisia lan-
ceolate (Fabaceae). American Journal of Botany, 80, 735-742. https://
doi.org/10.1002/j.1537-2197.1993.th15288.x


https://doi.org/10.1111/j.1469-8137.1985.tb02836.x
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1890/10-1510.1
https://doi.org/10.2307/2446557
https://doi.org/10.2307/2446557
https://doi.org/10.1111/j.1654-109X.2002.tb00534.x
https://doi.org/10.1007/s00442-005-0070-z
https://doi.org/10.1007/s00442-005-0070-z
http://www.sciencedirect.com/science/article/pii/S0065266008600486
http://www.sciencedirect.com/science/article/pii/S0065266008600486
https://doi.org/10.1016/0006-3207(90)90151-E
https://doi.org/10.1016/0006-3207(90)90151-E
https://doi.org/10.1111/plb.1997.46.2.193
https://doi.org/10.1002/j.1537-2197.1984.tb11986.x
https://doi.org/10.1002/j.1537-2197.1984.tb11986.x
https://doi.org/10.1139/x83-006
https://doi.org/10.1139/x83-006
https://doi.org/10.1016/S0006-3207(99)00095-6
https://doi.org/10.1016/S0006-3207(99)00095-6
https://doi.org/10.1242/jeb.02244
https://doi.org/10.1007/BF00317536
https://doi.org/10.1007/BF00317536
https://doi.org/10.2307/2260974
https://doi.org/10.2307/2260974
https://doi.org/10.1007/BF00053910
https://doi.org/10.1007/BF00053910
https://doi.org/10.1111/j.1600-0587.1981.tb00988.x
https://doi.org/10.1111/j.1600-0587.1981.tb00988.x
https://doi.org/10.1111/j.1600-0587.1983.tb01076.x
https://doi.org/10.1111/j.1600-0587.1984.tb01131.x
https://doi.org/10.1111/j.1600-0587.1984.tb01131.x
https://doi.org/10.1007/BF00039820
https://doi.org/10.2307/3565534
https://doi.org/10.1111/j.1600-0587.1982.tb01055.x
https://doi.org/10.1111/j.1600-0587.1984.tb01132.x
https://doi.org/10.1016/j.actao.2003.11.007
https://doi.org/10.2135/cropsci2004.1710
https://doi.org/10.2135/cropsci2004.1710
https://doi.org/10.1080/0028825X.1994.10410369
https://doi.org/10.2307/2937284
https://doi.org/10.1111/j.1469-8137.1996.tb01890.x
https://doi.org/10.1111/j.1469-8137.1996.tb01890.x
https://doi.org/10.1002/j.1537-2197.1993.tb15288.x
https://doi.org/10.1002/j.1537-2197.1993.tb15288.x

LAZARUS ET AL.

Milberg, P., & Lamont, B. B. (1997). Seed/cotyledon size and nutri-
ent content play major role in early performance of species on
nutrient-poor soils. New Phytologist, 137(4), 665-672. https://doi.
org/10.1046/j.1469-8137.1997.00870.x

Miner, B. G., Sultan, S. E., Morgan, S. G., Padilla, D. K., & Relyea, R. A.
(2005). Ecological consequences of phenotypic plasticity. Trends
in Ecology & Evolution, 20(12), 685-692. https://doi.org/10.1016/j.
tree/2005/08/002

Nilsson, E., & A° Gren, J. (2006). Population size, female fecundity, and
sex ratio variation in gynodioecious Plantago maritima. J. Evol. Biol.,
19, 825-833. https://doi.org/10.1111/j.1420-9101.2005.01045.x

Paige, K. N. (1992). Overcompensation in response to mammalian her-
bivory: From mutualistic to antagonistic interactions. Ecology, 73(6),
2076-2085. https://doi.org/10.2307/1941456

Paige, K. N., & Whitham, T. G. (1987). Overcompensation in response
to mammalian herbivory: The advantage of being eaten. American
Naturalist, 129, 407-416. https://doi.org/10.1086/284645

Pigliucci, M., Murren, C. J., & Schlichting, C. D. (2006). Phenotypic plas-
ticity and evolution by genetic assimilation. Journal of Experimental
Biology, 209(12), 2363-2367. https://doi.org/10.1242/jeb.02070

Piotrowska, H. (1988). [R, V] Plantago maritima L. In A. Jasiewicz (Ed.),
Materiaty do poznania gatunkéw rzadkich i zagroznych Polski. Cz. I (Vol.
33(3-4), pp. 454-464). Fragm. Flor. et Geobot.

R Core Team (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from https://
www.R-project.org/

Reich, P. B, Oleksyn, J., & Tjoelker, M. G. (1994). Seed mass effects on
germination and growth of diverse European Scots pine populations.
Canadian Journal of Forest Research, 24(2), 306-320. https://doi.
org/10.1139/x94-044

RStudio Team (2015). RStudio: Integrated development for R. RStudio Inc.
Retrieved from http://www.rstudio.com/

Schaal, B. A. (1980). Reproductive capacity and seed size in Lupinus texen-
sis. American Journal of Botany, 67, 703-709. https://doi.org/10.1002/
j.1537-2197.1980.tb07700.x

Scheiner, S. M., Donohue, K., Dorn, L. A., Mazer, S. J., & Wolfe, L. M.
(2007). Reducing environmental bias when measuring natural
selections. Evolution, 56, 2156-2167. https://doi.org/10.1111/
j.0014-3820.2002.tb00140.x

Seiwa, K., & Kikuzawa, K. (1991). Phenology of tree seedlings in relation
to seed size. Canadian Journal of Botany, 69, 532-538. https://doi.
org/10.1139/b91-072

Smekens, M. J., & van Tienderen, P. H. (2001). Genetic variation and plas-
ticity of Plantago coronopus under saline conditions. Acta Oecologica,
22, 187-200. https://doi.org/10.1016/51146-609X(01)01120-1

Sultan, S. (2000). Phenotypic plasticity for plant development, function
and life history. Trends in Plant Science, 5(12), 537-542. https://doi.
org/10.1016/51360-1385(00)01797-0

Sultan, S. E. (2004). Promising directions in plant phenotypic plasticity.
Perspectives in Plant Ecology, Evolution and Systematics, 6(4), 227-233.
https://doi.org/10.1078/1433-8319-00082

Fcology and Evolution o 3285
= WILEY- |22

Sultan, S. E., & Bazzaz, F. A. (1993). Phenotypic plasticity in Polygonum
persicaria. Il. Norms of reaction to soil moisture and the mainte-
nance of genetic diversity. Evolution, 47, 1032-1049. https://doi.
org/10.1111/j.1558-5646.1993.tb02133.x

Susko, D. J., & Lovett-Doust, L. (2000). Patterns of seed mass vari-
ation and their effects on seedling traits in Alliaria petiolata
(Brassicaceae). American Journal of Botany, 87(1), 56-66. https://doi.
org/10.2307/2656685

Swanborough, P., & Westoby, M. (1996). Seedling relative growth rate
and its components in relation to seed size: Phylogenetically inde-
pendent contrasts. Functional Ecology, 10, 176-184. https://doi.
org/10.2307/2389841

Ungar, I. A. (1998). Are biotic factors significant in influencing the distri-
bution of halophytes in saline habitats? The Botanical Review, 64(2),
176-199. https://doi.org/10.1007/BF02856582

Ungar, |. A. (2001). Seed banks and seed population dynamics of halo-
phytes. Wetlands Ecology and Management, 9, 499-510.

Valiela, 1., Cole, M. L., McClelland, J., Hauxwell, J., Cebrian, J., & Joye,
S. B. (2002). Role of salt marshes as part of coastal landscapes. In
M. P. Weinstein, & D. A. Kreeger (Eds.), Concepts and controversies in
tidal marsh ecology, (pp. 23-36). Springer. https://doi.org/10.1007/0-
306-47534-0_3

van Damme, J. M. M. (1992). Selection for the maintenance of sex poly-
morphismin Plantago. InP. J. C. Kuiper, & M. Bos (Eds.), Plantago: A mul-
tidisciplinary study (pp. 204-222). Berlin, Heidelberg: Springer-Verlag.

van Hinsberg, A., & van Tienderen, P. (1997). Variation in growth form
in relation to spectral light quality (red/far-red ratio) in Plantago lan-
ceolata L. in sun and shade populations. Oecologia, 111(4), 452-459.
https://doi.org/10.1007/s004420050258

Weis, |. M. (1982). The effects of propagule size on germination and
seedling growth in Mirabilis hirsuta. Canadian Journal of Botany, 60,
1868-1874. https://doi.org/10.1139/b82-233

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis.
Springer-Verlag.

Wilke, C. O. (2018). ggridges: Ridgeline Plots in 'ggplot2'. R package ver-
sion 0.5.1. Retrieved from https://CRAN.R-project.org/packa
ge=ggridges

Zimmerman, J. K., & Weis, |. M. (1983). Fruit size variation and its ef-
fects on germination and seedling growth in Xanthium strumarium.
Canadian Journal of Botany, 61, 2309-2315. https://doi.org/10.1139/
b83-253

How to cite this article: Lazarus M, Mazur J, Wszatek-Rozek K,
Zwolicki A. How environmental stressors affect reproductive
potential in a saltmarsh plant species Plantago maritima. Ecol
Evol. 2021;11:3274-3285. https://doi.org/10.1002/ece3.7277



https://doi.org/10.1046/j.1469-8137.1997.00870.x
https://doi.org/10.1046/j.1469-8137.1997.00870.x
https://doi.org/10.1016/j.tree/2005/08/002
https://doi.org/10.1016/j.tree/2005/08/002
https://doi.org/10.1111/j.1420-9101.2005.01045.x
https://doi.org/10.2307/1941456
https://doi.org/10.1086/284645
https://doi.org/10.1242/jeb.02070
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1139/x94-044
https://doi.org/10.1139/x94-044
http://www.rstudio.com/
https://doi.org/10.1002/j.1537-2197.1980.tb07700.x
https://doi.org/10.1002/j.1537-2197.1980.tb07700.x
https://doi.org/10.1111/j.0014-3820.2002.tb00140.x
https://doi.org/10.1111/j.0014-3820.2002.tb00140.x
https://doi.org/10.1139/b91-072
https://doi.org/10.1139/b91-072
https://doi.org/10.1016/S1146-609X(01)01120-1
https://doi.org/10.1016/S1360-1385(00)01797-0
https://doi.org/10.1016/S1360-1385(00)01797-0
https://doi.org/10.1078/1433-8319-00082
https://doi.org/10.1111/j.1558-5646.1993.tb02133.x
https://doi.org/10.1111/j.1558-5646.1993.tb02133.x
https://doi.org/10.2307/2656685
https://doi.org/10.2307/2656685
https://doi.org/10.2307/2389841
https://doi.org/10.2307/2389841
https://doi.org/10.1007/BF02856582
https://doi.org/10.1007/0-306-47534-0_3
https://doi.org/10.1007/0-306-47534-0_3
https://doi.org/10.1007/s004420050258
https://doi.org/10.1139/b82-233
https://CRAN.R-project.org/package=ggridges
https://CRAN.R-project.org/package=ggridges
https://doi.org/10.1139/b83-253
https://doi.org/10.1139/b83-253
https://doi.org/10.1002/ece3.7277

