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Abstract

Soil mineral nutrient heterogeneity is a distinctive characteristic of coastal habitats, yet its
impact on plant growth and development remains uncertain. The objective of the present
study was to establish an experimental system for evaluating the influence of mineral
nutrient availability on the development of three distinct short-lived wild coastal plant
species: Phleum arenarium, Plantago coronopus, and Ranunculus sceleratus. These plants were
cultivated in containers of different volumes employing an inert substrate with varying
proportions of commercial garden soil in controlled conditions. Low mineral nutrient
concentration served as a factor inhibiting plant vegetative growth for both P. arenarium and
R. sceleratus plants, albeit with a substrate volume-dependent effect. In contrast, P. coronopus
exhibited relatively low root biomass and exhibited minimal susceptibility to alterations in
mineral nutrient concentration. Conversely, proportional allocation to roots decreased with
increasing mineral nutrient concentration, mirroring the pattern observed for P. arenarium.
Notably, for R. sceleratus, this effect was pronounced only at a high substrate volume. Fur-
thermore, allocation to roots decreased with increasing substrate volume, but this occurred
only at a high mineral nutrient concentration. The substrate, similar to that in coastal
habitats, incorporated quartz sand with varying proportions of mineral-rich organic matter,
providing comparable plant-available mineral concentrations for analyzing the effects of
nutrient concentration, substrate volume, and genetic variability on plant growth and
development. For future experiments, a wider range of mineral concentrations and more
individual concentrations should be used to assess mineral availability more realistically.

Keywords: annual plant species; coastal plants; mineral nutrient heterogeneity; nutrient
availability; Phleum arenarium; Plantago coronopus; Ranunculus sceleratus; reproduction;
resource allocation

1. Introduction
Coastal habitats are distinct ecosystems where marine and terrestrial influences con-

verge, resulting in a unique plant community that significantly contributes to ecosystem
functioning and services. Annual plant species play a crucial role in coastal vegetation,
particularly during the pioneer stages of strandlines and low-salinity marshes [1]. In con-
trast to population ecology aspects [1], the ecophysiology of coastal annuals has received
limited attention [2–4], except for studies related to salinity effects [5–7]. One intriguing
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aspect of annual species’ adaptation to coastal habitats is the influence of environmental
factors, particularly nutrient status, on their development [3,8]. Resource allocation to
reproduction has been extensively studied for annual plant species, as it reflects the success
of the adaptive strategy for species survival, contrasting with perennial species that have a
relatively large proportion of possible asexual propagation [9].

Mineral nutrient availability and soil nutrient heterogeneity have long been recognized
as significant factors influencing plant community structure [10–13]. However, this aspect
has largely been overlooked in ecophysiological research. In coastal habitats, high mineral
nutrient heterogeneity is a defining characteristic of the soil [14]. Nevertheless, it has only
recently been studied in field [15,16] or laboratory [17,18] conditions. The concentration
of individual elements in the rhizosphere of coastal species can fluctuate by as much as
several dozen times across different growing locations, and it also undergoes significant
changes during the vegetation season [15,16]. These findings demonstrate that coastal
plant species have adapted to a diverse range of essential mineral nutrient availability,
exhibiting remarkable morphophysiological plasticity. Nevertheless, the potential impact
of mineral heterogeneity on the growth and development of annual species, which ensures
their generative renewal and distribution, remains unclear.

It is crucial to recognize that mineral nutrient availability is a multifaceted phe-
nomenon. The quantity of minerals accessible to plants is influenced by both the soil
mineral concentration and the available soil volume for root development [19]. Numerous
plant species naturally thrive in environments characterized by limited soil volume for
root establishment, such as alpine and coastal ecosystems. While the length of roots and
the volume occupied by an individual’s root system serve as species-specific indicators,
it is plausible that plants possess the ability to adjust root and aerial growth in response
to the available soil volume [20]. Research suggests that plants possess the capacity to
perceive the available space within the substrate for root formation [21]. Conversely, the
root/shoot biomass ratio can serve as a significant indicator of a species’ ecological strategy,
with higher root partitioning occurring under more challenging conditions [22].

It is evident that the initial concentration of plant-available mineral nutrients in soil
is a significant determinant of the initial plant growth rate. It is hypothesized that plants
perceive the presence of specific ions in the substrate and internal tissues either through
transceptors or transcription factors [23]. However, it is also plausible that the total concen-
tration of soluble ions in the soil (which can be expressed in terms of electrical conductivity)
can also be sensed. Obviously, during the later stages of plant development, with the
expansion of the root system, the total amount of nutrients in a specific soil volume be-
comes crucial for further growth. Consequently, the volume of soil accessible to the roots
of an individual plant can be considered to be of critical importance in addition to nu-
trient concentration [24]. To date, only a limited number of studies have addressed the
mineral nutrient availability problem in relation to the concentration–volume relationship,
which collectively determine the amount of minerals available to an individual plant [25].
One ecological aspect considered in this context is the plant’s response to the presence of
neighbors, where both nutrient concentration and soil volume significantly influence the
outcome of the relationship [21,24,26].

For annual rosette-forming plants with a limited lifespan, a relatively simple allocation
strategy can be proposed [27]. Biomass allocation to roots is essential for efficient nutrient
acquisition from the soil. Allocation to leaves enables photosynthetically dependent carbon
acquisition, which is necessary for supporting the growth of both roots and generative
structures. Conversely, increased biomass to generative structures is associated with the
primary biological task, reproduction. It is important to note that biomass allocation to
the three sinks does not necessarily need to be tightly controlled for the most efficient
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reproduction outcome. It appears that soil nutrient availability can be among the most
significant environmental cues influencing biomass allocation. Therefore, the following
question arises: how does biomass allocation between roots, vegetative parts, and genera-
tive structures change in response to changes in soil nutrient concentration and nutrient
availability, which are affected by the soil volume available to roots?

It can be hypothesized that there exists an optimal soil volume for a specific species
regarding resource allocation to plant reproduction. While low nutrient concentrations
can serve as a factor increasing resource allocation for root growth [28], this strategy may
only be efficient if there is a concomitant increase in nutrient concentration for newly
established roots. However, when soil volume is constrained, newly grown roots are
subjected to the same mineral nutrient concentration as older roots, rendering resource
allocation in root growth redundant. In this scenario, excessively low concentrations of
mineral nutrients could function as environmental cues indicating reduced growth and/or
slowed developmental processes.

Three model species were selected for this study, all representing rosette-forming
short-lived coastal plants: Ranunculus sceleratus L. (Ranunculaceae), Plantago coronopus L.
(Plantaginaceae), and Phleum arenarium L. (Poaceae). P. arenarium is a winter annual species
that requires a low-temperature period for induction of tillering and flowering. It is sug-
gested to represent pioneer species of nutrient-poor dry dune grasslands in Germany [29].
Due to a relatively poorly developed root system, P. arenarium exhibits low competitive
ability, as roots can only reach up to 8 cm soil depth [3]. Both P. coronopus and P. arenarium
appear to be nutrient-limited in natural conditions. However, in contrast to P. arenarium,
which is characteristic of dry calcareous sand dune soils, P. coronopus occurs in wetter soils
with a low-to-moderate organic matter content and is localized in rock crevices with a small
volume of soil [30,31]. It has been suggested that, due to differences in microhabitat condi-
tions, P. coronopus plants may exhibit annual, biennial, or short-lived polycarpic perennial
behavior [32]. A wide range of morphological types have been established for the species in
natural conditions [33], including reproductive allocation rates [34]. These differences were
associated with geographical location and habitat type. However, plants from different
P. coronopus populations exhibited variations in leaf water content, reproductive allocation,
flowering incidence, and other morphological traits when cultivated in controlled condi-
tions [35]. Consequently, both phenotypic plasticity and genetic differentiation may have
contributed to the differences between populations of P. coronopus. In contrast, R. sceleratus
can be characterized as semi-aquatic nitrophilous species, which require relatively higher
nitrogen levels for optimal growth [36,37]. However, R. sceleratus has also been classified as
a ruderal species, representing natural pioneer species exclusively associated with habitats
that have been disturbed by natural factors. These species exhibit a high reproductive
allocation rate but have low nutrient demand and low competitiveness [38].

The objective of the present study was to establish an experimental system for assess-
ing the impact of mineral nutrient availability on the development of various short-lived
wild coastal plant species. The primary function of the model system was to provide evi-
dence for the potential alteration of plant biomass distribution in different parts in response
to variations in mineral concentration and available quantity, particularly concerning the
contribution to the development of reproductive structures. Considering the ecophysio-
logical heterogeneity among the model species, it is anticipated that there will be distinct
responses to substrate mineral nutrient concentration and/or available substrate volume.
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2. Materials and Methods
2.1. Experimental System

The experimental approach employed in the research involved altering the mineral
availability in the substrate by incorporating commercial garden soil (Biolan, Eura, Finland)
into inert quartz sand (Saulkalne S, Saulkalne, Latvia) in specific volume ratios. The
experimental settings were tailored to accommodate the unique characteristics of each
model plant, as detailed in Table 1. Given the potential for R. sceleratus to exhibit the highest
biomass, four distinct substrate volumes were utilized: 0.2, 0.4, 1, and 4 L, each employing
three levels of mineral availability. These levels were achieved by amending the quartz
sand with garden soil at ratios of 10, 40, and 70% (v/v). In contrast, for P. coronopus, plants
from four distinct populations were employed, as genetic variations were anticipated. Due
to the species’ likely limited root volume under natural conditions, only a single container
volume (0.2 L) was utilized, accompanied by four soil substitution rates: 20, 40, 60, and
80% (v/v) garden soil amendment. For P. arenarium, three substrate volumes (0.2, 0.4, and
1 L) were employed, each featuring four levels of mineral nutrient availability: 10, 40, 70,
and 100% garden soil amendment rate (v/v). The characteristics of the garden soil and
quartz sand are presented in Table S1 [39]. The soil was made from decomposed peat
(fraction < 20 mm), supplemented with ground magnesium limestone (4 kg m−3) and
a complex NPK fertilizer (12-14-24 + microelements, 1 kg m−3). It exhibited relatively
balanced concentrations of plant-available mineral elements, with notable exceptions for
high S and low Zn and B concentrations. The quartz sand (SiO2) was of high purity (>99%
silica) and consisted of well-sorted particles (0–1 mm).

Table 1. Functional strategy characteristics [40] of the model species and the performed experiments.

Species Competitor
(%)

Stress
Tolerator (%)

Ruderal
(%) Strategy GS Substitution

Rate (%)
Container

Volume (L)

Phleum arenarium 5.49 75.15 19.37 S/SR 10, 40, 70, 100 0.2, 0.4, 1
Plantago coronopus 32.35 0 67.65 R/CR 20, 40, 60, 80 0.2

Ranunculus sceleratus 46.32 0 53.68 CR 10, 40, 70 0.2, 0.4, 1, 4
GS, commercial garden soil; S, stress-tolerator; R, ruderal; C, competitor.

2.2. Plant Material and Cultivation

Greenhouse-cultivated plants of R. sceleratus, originally introduced into culture from a
seed material collected in a salt-affected, wet sandy beach habitat in Salacgrı̄va, Latvia [37],
were utilized as a source of seeds. Seeds of P. coronopus were collected from four populations
on the island of Bornholm, Denmark, in August 2023 (Table S2). Seeds of P. arenarium were
initially collected on the outskirts of the coastal road in Ovı̄ši, Latvia, and were subsequently
employed plant propagation and seed production in greenhouse environments. All seeds
were stored at 4 ◦C.

Surface sterilization of seeds was conducted using a 50% aqueous solution of house-
hold bleach (Ace, Procter & Gamble, Warsaw, Poland) for 10 min, followed by a thorough
rinse with sterile deionized water (10 × 2 min). The sterilized seeds were then placed in
plastic tissue culture containers (1 L) containing a substrate mixture of quartz sand (Saul-
kalne S, Saulkalne, Latvia) and autoclaved commercial garden soil (Biolan, Eura, Finland)
in a 9:1 (v/v) ratio. These containers were subsequently placed in a plant growth cabinet
MLR-352H (Sanyo Electric, Osaka, Japan) with a 40 µmol m−2 s−1 photon flux density of
photosynthetically active radiation, a photoperiod of 16 h, and a temperature of 20/15 ◦C
during the day and night, respectively.
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After 20 days, when the seedlings of R. sceleratus and P. coronopus reached the second
true leaf stage, they were utilized for the establishment of experiments. In contrast, the
seedlings of P. arenarium were kept in the same conditions as previously described, but at a
temperature of 4 ◦C for 5 weeks to simulate overwintering. Subsequently, these seedlings
were also employed for the establishment of experiments.

Seedlings were individually transplanted into appropriately sized plastic containers
filled with a mixture of moistened garden soil and quartz sand in specific proportions
(Table 1). For each treatment combination (container volume and soil substitution rate),
five individual plants served as replicates. Initially, the containers were placed in closed
48 L plastic boxes and gradually adapted to greenhouse conditions by gradually increasing
the duration of ventilation. During the winter-spring season (from February to April),
an experimental automated greenhouse (HortiMaX, Maasdijk, The Netherlands) was uti-
lized for plant cultivation. Supplemental lighting was provided by Master SON-TPIA
Green Power CG T 400 W (Philips, Amsterdam, The Netherlands) and Powerstar HQI-BT
400 W/D PRO (Osram, Munich, Germany) lamps, which emitted a photon flux density of
photosynthetically active radiation of 380 µmol m−2 s−1 at the plant level and maintained
a 16 h photoperiod. The day-night temperature was set at 22/15 ◦C, and the relative air
humidity was maintained at 60 to 70%.

Individual containers were randomly positioned on a greenhouse bench and relocated
weekly. Substrate water content was individually monitored using a HH2 moisture meter
with a WET-2 sensor (Delta-T Devices, Burwell, UK) on a daily basis. Plants were watered
with deionized water to maintain substrate water content between 50 and 60%. Electrical
conductivity (EC) in the substrate was measured thrice for each experiment, utilizing the
HH2 moisture meter with WET-2 sensor: prior to transplanting seedlings and twice during
cultivation. Once a week, representative plants from each treatment were photographed to
document their development. The experiments were conducted for 57, 60, and 56 days for
R. sceleratus, P. coronopus, and P. arenarium, respectively.

2.3. Nondestructive Physiological Measurements

Leaf chlorophyll concentration was determined using a chlorophyll meter (CCM300,
Opti-Sciences, Hudson, NH, USA). For R. sceleratus, two measurements were conducted
on the 35th and 40th days of cultivation. Similarly, for P. arenarium, two measurements
were performed on the 13th and 37th days of cultivation. Chlorophyll a fluorescence was
measured using a Handy PEA fluorometer (Hansatech Instruments, King’s Lynn, UK) on
the 40th day for R. sceleratus. For each individual plant, two measurements were taken for
both chlorophyll concentration and chlorophyll a fluorescence, with a total of 10 indepen-
dent measurements per treatment. Both measurements were taken at the same time of day,
between 9:00 and 11:00. The most important leaves for photosynthesis of each plant were
selected for measurements, the condition/age of which was chosen according to prelimi-
nary experiments for each species used. Fluorescence measurements were performed on
leaves that were previously darkened for at least 20 min using special clips supplied by the
equipment manufacturer. An analysis of fluorescence data was conducted using the PEA
Plus software (version 3.11, Hansatech Instruments, King’s Lynn, UK). Two fluorescence
parameters were utilized to characterize the photochemical activity of photosynthesis: the
maximum quantum efficiency of photosystem II (Fv/Fm), calculated as (Fm − F0)/Fm, and
the Performance Index Total (PIT) [41]. The PIT combines four function-related (trapping of
absorbed exciton, electron transport between the photosystems, reduction in end-electron
acceptors, and status of photosystem I) parameters.
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2.4. Plant Harvest

Upon the termination of the experiments, individual plants were separated into parts
based on their morphological characteristics. These parts encompassed leaves, flower
stalks, inflorescences (which include flowers, a portion of stalks, fruits, and seeds), and
roots. Prior to and after the drying process, each plant material was weighed separately.
The drying procedure was conducted in an oven at a temperature of 60 ◦C for a duration of
72 h. Subsequently, the tissue water content was calculated as g of H2O per g of dry mass.

2.5. Data Analysis

The data were analyzed by KaleidaGraph (v. 5.0, Synergy Software, Reading, PA,
USA). Statistical significance of differences for measured parameters between treatments
was evaluated by two-way ANOVA followed by post hoc analysis by Tukey honestly
significant difference test. The two factors considered were GS concentration (mineral
nutrient concentration) and substrate volume (for R. sceleratus and P. arenarium) or GS
concentration and genotype (for P. coronopus). Significant differences were indicated at
p < 0.05.

3. Results
3.1. Experiment with Ranunculus sceleratus

In an experiment conducted with R. sceleratus, four distinct container volumes, each
with a different level of mineral nutrient availability, were utilized. These levels were
achieved by substituting a commercial garden soil (GS) with varying proportions of quartz
sand (10, 40, 70%). After replanting the seedlings in the experimental substrates, the plants
were cultivated for 57 days, and their developmental status was assessed weekly (Figure 1).

The results demonstrated that both mineral nutrient availability and container volume
significantly impacted plant development. At low mineral nutrient availability (10% GS
amendment), plant growth exhibited a pronounced decline, irrespective of the container
volume. The transition to the generative phase was not observed, except for one indi-
vidual in a 1 L container, which exhibited floral structure formation without flower stalk
development. No visual signs of leaf senescence were evident in these plants.

Conversely, at moderate mineral nutrient availability (40% GS amendment), plants in
1 L containers demonstrated the earliest flower stalk development. The generative phase
for plants cultivated in 0.4 L and 4 L containers commenced a week later, while flower
stalk development for plants in 0.2 L containers was observed only in the final week of the
experiment (Figure 1).

At the highest nutrient availability (70% GS), the generative phase commenced simul-
taneously for plants cultivated in 0.4 L and 1 L containers, coinciding with flower stalk
development in 40% GS plants in 1 L containers. The transition of flowering for 0.2 L plants
occurred a week later, and flower stalk development was also observed for plants in 4 L
containers a week later (Figure 1).

Initially, according to visual observations, vegetative development was most pro-
nounced for plants in 1 L containers (days 22 and 29, Figure 1). However, further intense
leaf growth was evident for plants in 4 L containers (days 36 and 43). For plants at moderate
and high nutrient availability, the transition to flowering was accompanied by yellowing
of older rosette leaves, with this phenomenon being initially more pronounced for plants
cultivated at smaller volumes.
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Figure 1. Effect of various rates of mineral nutrient availability (GS %) and container volume on
growth and development of Ranunculus sceleratus plants. Plants were cultivated in 0.2, 0.4, 1 and
4 L containers in substrate made from quartz sand and commercial garden soil at different rates of
amendment (% v/v). Arrows indicate start of flower stalk development. GS, garden soil. The distance
between the vertical marks on the greenhouse bench corresponds to 7 cm.

Substrate electrical conductivity (EC) served as an indicator of alterations in the total
amount of soluble nutrients. Cultivation under conditions of limited mineral supply
prevented their consumption throughout the experiment (Figure 2). At both moderate and
high nutrient availability rates, soil soluble mineral content had reached its lowest level by
31 days after the commencement of cultivation for plants in all container volumes except
4 L (Figure 2A), which reached this level by day 40 (Figure 2B).
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Figure 2. Changes in electrical conductivity (EC) in substrate with different rates of mineral nutrient
availability (GS concentration) and substrate volume during cultivation of Ranunculus sceleratus plants.
(A), day 31; (B), day 40. Data are means ± SE from four individual measurements in five replicates
for each point. Initial values show substrate EC before plant cultivation. Means followed by the same
letter are not significantly different according to the Tukey HSD test (p < 0.05). GS, garden soil.

Upon the termination of the experiment, the biomass of leaves, inflorescences and roots
were significantly affected by both nutrient concentration and substrate volume (p < 0.01),
and there was a significant interaction between the two factors (p < 0.01), with large effect
sizes (ηp

2 > 0.14) (Figure 3). The highest leaf biomass was observed in plants subjected to a
70% GS treatment in 4 L containers, followed by these at 70% GS in 1 L and 40% GS in 4 L
treatments, with no significant difference between the latter two treatments (Figure 3A).
There was a relatively small but statistically significant leaf biomass increase with increase
in GS% for plants grown in 0.2 and 0.4 L containers, but a significant difference between
the two container volumes was found only at 70% GS. The biomass of generative structures
increased with increase in mineral nutrient availability (Figure 3B). Significant differences
were found. In general, the effect of mineral nutrient availability and substrate volume on
root biomass exhibited a pattern analogous to that observed for leaf biomass, with relatively
smaller discrepancies between plants in 1 and 4 L containers between plants in 0.2 and
0.4 L containers, but not between the plants in 1 and 4 L containers. In general, the effect
of mineral nutrient availability and substrate volume on root biomass exhibited a pattern
analogous to that observed for leaf biomass, with relatively smaller discrepancies between
plants in 1 and 4 L containers (Figure 3C).

Among other measured morphological parameters, the number of rosette leaves
significantly increased with increase in mineral nutrient availability for R. sceleratus plants
in 1 and 4 L containers (Table S3). There were no significant differences between the plants
in 0.2 and 0.4 L containers for this parameter. The number of inflorescences significantly
increased from 40 to 70% GS for all container volumes, with significant differences between
0.2 and 0.4 L, but not between 1 and 4 L plants. However, differences in flower talk height
between different treatments were relatively small, while the biomass of flower stalks
varied more. Changes in total dry biomass of plants exhibited a similar pattern as that for
leaf biomass. Water content in leaf blades significantly increased only for plants cultivated
in 4 L containers at 70% GS. In contrast, water content in roots tended to decrease with
increasing mineral nutrient availability only for plants grown in 0.2 and 0.4 L containers.
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Figure 3. Effect of different rates of mineral nutrient availability (GS concentration) and substrate
volume on dry biomass of leaves (A), dry biomass of inflorescences (B), and dry biomass of roots (C) of
Ranunculus sceleratus plants after 57 days of cultivation. Data are means ± SE from five replicates.
Means followed by the same letter are not significantly different according to the Tukey HSD test
(p < 0.05). GS, garden soil.

In the context of relative resource allocation to different plant parts, the effect of
increasing rate of mineral nutrient availability on the background of different substrate
volume was shown (Figure 4). In respect to the increasing substrate volume, it is evident
that there were no regular changes in the allocation for plants grown at 10% GS. However,
at 40 and 70% GS, allocation to generative structures increased at the expense of roots,
but it was maximum only in a specific volume of substrate, which was 1 L at 40% GS
and 0.4 and 1 L for 70% GS. When the availability of mineral nutrients was considered,
allocation to generative structures increased at the expense of leaves for plants grown in
0.2 L containers (Figure 4A). The response was similar for plants in 0.4 L containers, but
with some reduction in allocation to roots (Figure 4B). For plants grown in 1 L containers,
the optimal allocation to generative structures was already achieved at 40% GS rate, and
both leaf and root allocation decreased (Figure 4C). However, plants in 4 L containers
showed low generative allocation, which decreased with increasing GS amendment from
40 to 70% (Figure 4D).

Quantitative estimation of leaf senescence differences across treatments was achieved
through the measurement of leaf chlorophyll concentration (Figure 5). At the initial
measurement, conducted 35 days after the start of the experiment, container volume
appeared to be the primary factor influencing leaf chlorophyll concentration for R. sceleratus
plants (p < 0.01, ηp

2 = 0.421), while the effect of nutrient concentration was not significant
(p = 0.0569, ηp

2 = 0.027). However, the observed differences were predominantly not sta-
tistically significant due to substantial individual variability (Figure 5A). On the second
measurement, conducted on day 40, both factors had significant effect on leaf chlorophyll
concentration (p < 0.01), with large effect sizes (ηp

2 > 0.14), and there was a significant
interaction between them (p < 0.01, ηp

2 = 0.133). A significant difference in leaf chloro-
phyll concentration was observed in plants cultivated at 70% GS across various container
volumes on the second measurement, conducted on day 40 (Figure 5B).
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Figure 4. Relative dry biomass distribution in different parts of Ranunculus sceleratus plants as
affected by the rate of mineral nutrient availability (GS concentration) on the background of different
substrate volume: (A), 0.2 L; (B), 0.4 L; (C), 1 L; (D), 4 L. The mass of each plant parts is expressed as
a percentage of the total mass of the individual. GS, garden soil.

Figure 5. Effect of different rates of mineral nutrient availability (GS concentration) and substrate
volume on leaf chlorophyll concentration of Ranunculus sceleratus plants. (A), day 35; (B), day 40.
Data are means ± SE from 10 individual measurements for each point. Means followed by the same
letter are not significantly different according to the Tukey HSD test (p < 0.05). GS, garden soil.
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The chlorophyll a fluorescence parameter Fv/Fm, which measures maximum quantum
efficiency of photosystem II, was significantly affected by both factors (p < 0.01) with
large effect sizes (Figure 6A). There was a significant interaction between the both factors
(p = 0.0416), but the effect size was small. Fv/Fm exhibited a highly damaged state for
plants cultivated at 10% GS amendment rate. However, there was some improvement
observed with increasing substrate volume and mineral availability (Figure 6A). For another
fluorescence parameter, Performance Index Total, the effects of both mineral concentration
and substrate volume were statistically significant (p < 0.01), with significant interaction
between them (p < 0.01) (Figure 6B). The results indicated that significant performance
of photosystem II activity was evident only for R. sceleratus plants at 70% GS rate in
4 L containers.

Figure 6. Effect of different rates of mineral nutrient availability (GS concentration) and substrate
volume on chlorophyll a fluorescence parameters Fv/Fm (A) and Performance Index Total (B) of
Ranunculus sceleratus plants on day 40. Data are means ± SE from 10 individual measurements for
each point. Means followed by the same letter are not significantly different according to the Tukey
HSD test (p < 0.05). GS, garden soil.

3.2. Experiment with Plantago coronopus

In the experiment with P. coronopus, four different accessions (PS1, PC2, PC3, PC4) from
the island of Bornholm were used. These accessions were cultivated in 0.2 L containers,
with varying rates of GS amendment (20, 40, 60, and 80%). The plants were cultivated for
60 days after replanting, and their development were monitored weekly (Figure 7). It was
observed that the accessions exhibited distinct morphological types, either with prostrate
(PC1 and PC3) or erect rosette leaves (PC4), and an intermediate phenotype was seen for
PC2. The transition to flowering was both accession-specific and influenced by mineral
nutrient availability. PC2 plants cultivated at 80% GS amendment rate exhibited the earliest
flowering. One week later, flowering commenced for all other mineral nutrient availability
rates for PC2 and all treatments for PC1 plants. At the same time, flower stalk development
started for both PC3 and PC4 plants cultivated at all amendment rates except 20% GS. PC4
plants at GS 20% initiated flower development one additional week later, while PC3 plants
at GS 20% did not begin generative development until the end of the experiment.

As evidenced by alterations in substrate EC values, the lowest level of soluble nutrient
content was attained already at day 29 for P. coronopus plants cultivated at 20% GS (Figure 8).
By day 34, nutrient reserves were depleted also for plants at 40 and 60% GS rate. Notably,
there were no pronounced differences among the various accessions in this regard.
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The main effects of mineral nutrient concentration and genotype on the biomass
of P. coronopus parts were statistically significant (p < 0.01) (Figure 9). However, the
interaction effect was statistically significant for leaves, inflorescences and flower stalks
(p < 0.01) but not for roots (p = 0.0520). The biomass of above-ground parts increased for all
P. coronopus accessions with an increase in the GS amendment rate (Figure 9). However,
changes in root biomass were minor and reached optimum at 40% GS amendment rate
(Figure 9D). P. coronopus plants exhibited some accession-specific morphological responses
to variations in mineral nutrient availability. For instance, PC2 plants had significantly
lower leaf biomass compared to PC1 and PC4 plants, while PC3 plants had significantly
higher leaf biomass (Figure 9A). Additionally, PC3 plants had significantly lower biomass
of inflorescences (Figure 9B). In contrast, PC1 plants had significantly higher biomass of
flower stalks compared to PC2, PC3, and PC4 plants PC1 (Figure 9C). Significant differences
were also observed for root biomass, particularly at low and moderate rates of mineral
nutrient availability (Figure 9D).

Figure 7. Cont.
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Figure 7. Effect of various rates of mineral nutrient availability (GS %) on growth and development
of different accessions of Plantago coronopus plants (PC1, PC2, PC3, PC4). Plants were cultivated in
0.2 L containers in substrate made from quartz sand and commercial garden soil at different rates
of amendment (% v/v). Arrows indicate start of flower stalk development. GS, garden soil. The
distance between the vertical marks on the greenhouse bench corresponds to 7 cm.

Among other morphological parameters, both the number of leaves and the number
of flower stalks increased in response to increased mineral nutrient availability (Table S4).
However, the average height of flower stalks increased only up to 60% GS. The differences
between the accessions were not statistically significant for these parameters. The changes
in total dry biomass were comparable to those observed for leaf biomass.
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Figure 8. Changes in electrical conductivity (EC) in substrate with different rates of mineral nutrient
availability (GS concentration) during cultivation of Plantago coronopus plants. (A), day 29; (B), day 34.
Data are means ± SE from four individual measurements in five replicates for each point. Initial
values show substrate EC before plant cultivation. Means followed by the same letter are not
significantly different according to the Tukey HSD test (p < 0.05). GS, garden soil.

Figure 9. Effect of different rates of mineral nutrient availability (GS concentration) on dry biomass
of leaves (A), dry biomass of inflorescences (B), dry biomass of flower stalks (C) and dry biomass of
roots (D) of Plantago coronopus plants from different accessions after 60 days of cultivation. Data are
means ± SE from five replicates. Means followed by the same letter are not significantly different
according to the Tukey HSD test (p < 0.05). GS, garden soil.
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As mineral nutrient availability increased, the resource allocation pattern underwent
a shift (Figure 10). Across all accessions, there was a concomitant rise in resource allocation
to generative structures, accompanied by a corresponding decline in resource allocation to
roots. Notably the resource share to leaves remained relatively stable. Relative allocation to
flowering exhibited the lowest values for PC3 plants, while PC1 and PC4 plants exhibited
average values, and PC2 plants had the highest generative allocation.

Figure 10. Relative dry biomass distribution in different parts of Plantago coronopus plants as af-
fected by different rates of mineral nutrient availability (GS concentration). Different accessions of
P. coronopus PC1 (A), PC2 (B), PC3 (C), PC4 (D) are shown separately. GS, garden soil.

Both nutrient concentration and genotype significantly affected water content in
leaves and roots (p < 0.01), with a significant interaction between the two factors (p < 0.01)
(Figure 11). Notably, leaves of PC2 plants exhibited severe dehydration and senescence
(Figure 11A). In contrast, less differences were evident for root water content (Figure 11B).
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Figure 11. Effect of different rates of mineral nutrient availability (GS concentration) on leaf (A) and
root (B) water content of Plantago coronopus plants from different accessions. Data are means ± SE
from 5 replicates. Means followed by the same letter are not significantly different according to the
Tukey HSD test (p < 0.05). GS, garden soil.

3.3. Experiment with Phleum arenarium

P. arenarium plants were cultivated in 0.2, 0.4 and 1 L containers at four rates of GS
amendment (10, 40, 70, 100%). Plant development was monitored for 56 days after the
final transplanting (Figure 12). The onset of generative development was not significantly
affected by treatment. However, plants in 0.4 L containers grown in the presence of 40% GS
exhibited the earliest commencement of flower stalk development, while plants in 0.2 L
containers at 20% GS showed a slight delay in generative development.

Figure 12. Effect of various rates of mineral nutrient availability (GS%) and container volume on
growth and development of Phleum arenarium plants. Plants were cultivated in 0.2, 0.4 and 1 L
containers in substrate made from quartz sand and commercial garden soil at different rates of
amendment (% v/v). Arrows indicate start of flower stalk development. GS, garden soil. The distance
between the vertical marks on the greenhouse bench corresponds to 7 cm.
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Plants in 1 L containers exhibited a delayed mineral utilization, as evidenced by the
absence of substrate EC alterations at day 14 (Figure 13A). A similar delay was observed
for plants cultivated in 0.4 L containers. However, these differences between containers
with varying volume were eliminated by day 37 (Figure 13B).

Figure 13. Changes in electrical conductivity (EC) in substrate with different rates of mineral nutrient
availability (GS concentration) and volume during cultivation of Phleum arenarium plants. (A), day
14; (B), day 37. Data are means ± SE from four individual measurements in five replicates for each
point. Initial values show substrate EC before plant cultivation. Means followed by the same letter
are not significantly different according to the Tukey HSD test (p < 0.05). GS, garden soil.

The effect of both nutrient concentration and substrate volume on biomass of P. are-
narium parts was significant (p < 0.01), with a significant interaction between the factors
(p < 0.01) (Figure 14). In general, the effect sizes were large for the main factors (ηp

2 > 0.14)
but medium for the interactions (ηp

2 < 0.14). At a 10% GS amendment rate, the growth
of leaves, inflorescences, and roots of P. arenarium was not significantly different between
plants in 0.2 and 0.4 L containers (Figure 14). However, further increase in mineral nutrient
availability resulted in statistically significant volume-dependent effects. Root growth for
plants in 1 L containers reached a peak at 70% GS (Figure 14C).

Figure 14. Effect of different rates of mineral nutrient availability (GS concentration) and substrate
volume on dry biomass of leaves (A), dry biomass of inflorescences (B), and dry biomass of roots
(C) of Phleum arenarium plants after 56 days of cultivation. Data are means ± SE from five replicates.
Means followed by the same letter are not significantly different according to the Tukey HSD test
(p < 0.05). GS, garden soil.
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Among other measured morphological parameters, both biomass and height of flower
stalks increased with larger GS substitution rate and increase in container volume (Table S5).
However, height of flower stalks was not significantly affected by different treatments.
Changes in total dry biomass were comparable to those for root biomass.

The resource investment in the generative biomass of P. arenarium plants was relatively
modest, exhibiting a linear increase with both mineral nutrient availability (at the expense
of root development) and substrate volume (at the expense of leaf development) (Figure 15).

Figure 15. Relative dry biomass distribution in different parts of Phleum arenarium plants as affected
by increasing rates of mineral nutrient availability (GS concentration) on the background of different
substrate volume: (A), 0.2 L; (B), 0.4 L; (C), 1 L. GS, garden soil.

Leaf water content was significantly affected by both factors (p < 0.01) with large effect
sizes, but the interaction effect was not statistically significant (p = 0.281) (Figure 16A).
Leaf water content increased with increased mineral nutrient availability, and it tended
to be higher for plants in 1 L containers. Root water content was significantly affected
by both factors (p < 0.01), and there was a significant interaction between them (p < 0.01)
(Figure 16B). Significant differences in root water content were observed only between
plants in 0.2 and 1 L containers cultivated at 10% GS (Figure 16B).

Figure 16. Effect of different rates of mineral nutrient availability (GS concentration) and substrate
volume on leaf (A) and root (B) water content of Phleum arenarium plants. Data are means ± SE from
5 replicates. Means followed by the same letter are not significantly different according to the Tukey
HSD test (p < 0.05). GS, garden soil.
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Leaf chlorophyll concentration was significantly affected by both nutrient concentra-
tion and substrate volume (p < 0.01, ηp

2 > 0.14), and there was a significant interaction
between them (p < 0.01, ηp

2 = 0.044) (Figure 17). There was a distinctive increase in leaf
chlorophyll concentration between day 13 and day 37. Generally, chlorophyll concentration
was higher with increasing substrate volume, but the positive dependence on mineral
nutrient availability was more pronounced on day 37.

 

Figure 17. Effect of different rates of mineral nutrient availability (GS concentration) and substrate
volume on leaf chlorophyll concentration of Phleum arenarium plants. (A), day 13, (B), day 37. Data
are means ± SE from 10 individual measurements for each point. Means followed by the same letter
are not significantly different according to the Tukey HSD test (p < 0.05). GS, garden soil.

4. Discussion
4.1. The Model System

Experimental systems assessing the potential effects of nutrient availability and sub-
strate volume often employ relatively inert substrate with varying amounts of water-soluble
nutrients (for different concentrations, which precludes distinguishing between concentra-
tion and substrate volume effects) or controlled-release fertilizers (for a constant amount
per individual plant, enabling the separation of volume-size effects) [25]. However, results
from such systems cannot be directly compared, as the mineral concentration will consis-
tently be lower in the second case. Nevertheless, there is reason to believe that, contrary
to initial assumptions [19], root mass does not positively correlate with the available sub-
strate volume [25]. Consequently, any positive effect of increased soil volume on plant
growth can be attributed to enhanced nutrient availability in the case of identical mineral
concentration. In the present study, the substrate was essentially comparable to that found
in coastal habitats, with quartz sand replaced in varying proportions with commercial
garden soil containing mineral-rich organic matter with a high degree of decomposition.
Since quartz sand did not contain significant amounts of minerals, its addition did not
change the level of mineral supply to plants. This approach facilitated the attainment of
distinct, comparable concentrations of plant-available minerals in a uniform manner. Due
to the different physical properties of the two substrates (differences in bulk density), the
substrate mixtures exhibited varying water retention capacities; however, a uniform water
supply regime was achieved through controlled individual, regular moisture control.
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A potential methodological limitation was the discontinuation of experiments until
full seed maturity to mitigate the risk of seed loss due to earlier flowering initiation.
This seed shedding was particularly pronounced in R. sceleratus plants. Consequently,
it is plausible that R. sceleratus plants under conditions of high mineral availability and
substantial substrate volume (with a 70% GS amendment rate in 4 L containers) would
have persisted in investing biomass in generative development and exhibited relatively
higher biomass allocation to reproduction, as observed.

The measurement of substrate EC served as an indicator of the total amount of soluble
salts, potentially reflecting the concentration of plant-available mineral nutrients. While this
parameter is commonly utilized to control mineral nutrition in hydroponic systems [42], it
remains a reliable indicator of alterations in substrate fertilizer levels [43,44]. By monitoring
changes in EC over time, it was feasible to compare the actual mineral consumption of
various model species against a range of initial concentrations and assess the impact of
substrate volume on mineral uptake.

The diverse treatment options employed in individual experiments conducted with
distinct model species precluded a direct comparison of all the outcomes obtained. Nev-
ertheless, it provided an opportunity to draw conclusions regarding the potentially most
effective experimental setup. In this type of research, it is imperative to restrict the number
of individual plants, as this is necessitated by the requirement to maintain the utmost
uniformity within the spatial confines of the experiment. Conversely, a broader poten-
tial range of mineral concentrations, accompanied by an increased number of individual
concentrations, facilitates a more realistic assessment of the effects of mineral availability.
However, the utilization of sufficient variation in container volumes is also crucial, which
was notably absent in experiments involving P. arenarium and, particularly, P. coronopus. On
the contrary, it was precisely within the experiment with P. coronopus that it was discovered
that even within the same species, there can be substantial disparities in the physiological
response between distinct accessions.

4.2. Physiological Aspects

All model species exhibited substantial plasticity in their physiological responses
under the conditions of the present experiment. The main morphological and physiological
effects of increasing mineral nutrient concentration and substrate volume in model plants
P. arenarium, P. coronopus and R. sceleratus are summarized in Table 2. In respect to vegetative
growth, it was observed that low mineral nutrient concentration served as a factor inhibiting
plant growth for both P. arenarium and R. sceleratus plants. However, the effect of this factor
was substrate volume-dependent. For R. sceleratus cultivated at a 10% GS amendment rate,
there were no differences in leaf and root biomass between the plants cultivated in 0.2 and
0.4 L containers, and between 1 and 4 L containers also for root biomass (Figure 3). Soil EC
data showed no decrease in initial substrate EC values during cultivation for R. sceleratus
plants with 10% GS (Figure 2). For P. arenarium, a similar effect was only observed during
the initial stages of the experiment for plants grown in 1 L containers (Figure 13). Based on
soil EC changes during plant cultivation, it was observed that EC value of 50 mS m−2 was
a critical level for R. sceleratus plants at which growth and development were significantly
halted. Conversely, lower substrate EC values (approximately 30 mS m−2) were achieved
for P. coronopus and P. arenarium.
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Table 2. The main morphological and physiological effects of differences in mineral nutrient concen-
tration (MNC) and substrate volume (SV) on growth, allocation and flowering of the model species.

Response Phleum arenarium Plantago coronopus Ranunculus sceleratus

Relative root biomass
(% DM) 34–54 7–38 29–55

Relative biomass of
generative structures

(% DM)
2–30 0–50 0–40

Vegetative growth Growth inhibited by low
MNC, more at higher SV – Growth inhibited by low

MNC and by low SV

Changes in root biomass Increases by increasing
MNC, lower at high SV Weakly affected by MNC Increases both by MNC

and SV

Allocation to roots Decreases with increasing
MNC

Decreases with increasing
MNC

Decreases with increasing
MNC at high SV, decreases

with SV at high MNC

Allocation to generative
structures

Increases with increasing
both MNC and SV

Increases by increasing
MNC up to saturation

Decreases with increasing
MNC at high SV, decreases

with SV

Flowering and flowering
time

Low MNC at low SV
delays flowering

Low MNC inhibits
flowering in a

genotype-specific manner

Low MNC inhibits
flowering irrespective of

SV, high MNC delays
flowering

Chlorophyll concentration
during the first
measurement

Increases with increasing
MNC, in part by SV –

Increases with increasing
MNC, no changes with

increasing SV

Chlorophyll concentration
during the second

measurement

Increases with increasing
both MNC and SV – Indicates differences in leaf

senescence

Leaf water content Increases with increasing
MNC

Decreases with increasing
MNC in a

genotype-specific manner

Low water content
indicates leaf senescence

Root water content Increases with increasing
SV only at low MNC No significant changes Decreases with increasing

MNC only at low SV
DM, dry mass.

One of the fundamental questions in the context of this study is whether the immediate
availability of soluble minerals, characterized by their concentration, should be regarded
only as a resource or also as a signal? In the first scenario, the growth of plant biomass
to an optimal level would be directly proportional to the mineral concentration. In the
second scenario, it is possible that low mineral availability inhibits plant growth, acting as a
signal for unfavorable conditions. Typically, nutrient availability is considered as resource
in plant mineral nutrition studies based on theories such as the “law of the minimum” and
the “multiple limitation hypothesis”, which describe plant growth as a function of nutrient
supply [45]. However, the results obtained in this study demonstrate that at least some
species, such as R. sceleratus, respond to critically low substrate mineral concentrations
with growth inhibition and developmental arrest.

Genotype-specific variations in root biomass and allocation to roots in response to
mineral nutrient concentration and/or substrate volume were observed in the present
study (Table 2). Thus, P. coronopus exhibited relatively low root biomass, and had a weak
response to alterations in mineral nutrient concentration, while proportional allocation to
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roots decreased with increasing concentration, similar to that observed for P. arenarium.
In contrast, for R. sceleratus, this effect was pronounced only at high substrate volume.
Furthermore, allocation to roots decreased with increasing substrate volume, but only at
high mineral nutrient concentration. In contrast to the biomass of aboveground parts,
which is generally positively associated with conditions approaching optimality, a decrease
in root biomass may not necessarily indicate deteriorating conditions. Plastic responses at
root level to changes in nutrient availability have been previously documented. Therefore,
in contrast to root foraging behavior in moderate nutrient deficiency conditions, severe
deficiency typically results in controlled arrest of lateral root development and elonga-
tion [19]. On the other hand, under conditions of high mineral availability, there is no
necessity to invest in root growth, which may manifest itself as a decrease in proportional
root biomass [46].

According to the prevailing theory, in the case of an optimal allocation to reproduction
for annual species, a linear relationship must be observed between the total plant biomass
and that of reproductive structures, which is the case for numerous species [47]. Neverthe-
less, the threshold plant size for reproduction should be taken into account in relation to
initial structural resource investments in vegetative growth. In the present study, allocation
to generative structures in general increased with increasing mineral nutrient availability,
but genotype-specific responses were evident (Table 2). P. arenarium had relatively low
biomass of generative structures, and an increase in both mineral nutrient concentration
and substrate volume resulted in increased resource allocation to flowering (Figure 15). For
P. coronopus, differences in generative allocation were evident only from low-to-moderate
mineral nutrient concentration, with a pronounced saturation effect (Figure 10). A more
complex response was observed for R. sceleratus, where there was a significant interaction
between mineral nutrient concentration and substrate volume: optimum allocation to
generative structures was achieved for plants at moderate mineral nutrient concentration
cultivated in 1 L containers, and both increases in concentration and substrate volume
resulted in decreased resource allocation to flowering (Figures 3 and 4).

To understand the observed differences in generative allocation patterns, it is neces-
sary to analyze the general developmental strategy of annual plant species. During the
vegetative phase, resources are distributed between roots and rosette leaves. However, the
initiation of flowering predominantly results in the redirection of resources towards the
development of generative structures [27]. The growth of reproductive structures is also
largely facilitated by the recycling of carbon compounds from the vegetative parts. For
instance, in many annual monocarpic species, including P. arenarium, the total plant biomass
remains unchanged after the initiation of flowering, which is primarily controlled by nutri-
ent availability [4]. Furthermore, a substantial proportion of essential minerals, such as 57%
of K, 44% of P and 20% of N, which were previously at their maxima, were transported
from the green leaves of P. arenarium to developing generative structures [3]. Consequently,
the relative biomass of reproductive organs exceeded 50% of the total biomass during the
fruiting phase [3]. The total biomass of fruits increased from 5.1 mg plant−1 when the plants
were grown in a dune sand to 343.6 mg plant−1 when grown in a garden; however, the
relative biomass of fruits remained constant despite the increase in soil fertility. Resource
allocation to reproduction has also been previously studied with P. coronopus plants [34]. It
was determined that larger plants allocate relatively more biomass to reproduction at the
expense of a relative decrease in root biomass. In 57 natural populations of P. coronopus in
Ireland, reproductive allocation varied from 14 to 64% from above-ground biomass, while
the number of inflorescences varied from 8 to 30 [34].
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One of the most prominent manifestations of developmental plasticity in this study
was the variation in flowering time based on mineral concentration and/or substrate
volume (Table 1). Most strikingly, low mineral nutrient concertation completely inhib-
ited flowering of R. sceleratus plants regardless of substrate volume, while high nutrient
concentration also delayed flowering (Figure 1). In contrast, the timing of flowering for
P. arenarium plants was relatively insensitive to changes in nutrient concentration, and
low mineral nutrient concentration only delayed flowering in plants cultivated in 0.2 L
containers (Figure 12). Flowering time in P. coronopus was relatively little affected by min-
eral nutrient concentration, but some genotype-specific effects were observed. Specifically,
accelerated flowering in PC2 at 80% GS, delayed flowering in PC4 at 20% GS, and complete
inhibition of flowering in PC3 at 20% GS were observed (Figure 7).

The obtained results appear to contradict certain previous observations. Thus, in early
studies conducted with P. arenarium, cultivated in greenhouse conditions at different levels
of substrate mineral nutrient availability, it was demonstrated that nutrient deficiency
accelerated flowering [4]. Using a classical model species, Arabidopis thaliana, it was fur-
ther established that an abrupt decrease in mineral nutrient availability also accelerated
flowering [48]. This suggests that such a strategy may be prevalent among the majority of
annual species, as accelerated flowering induction would be advantageous in conditions of
limited resources. However, even different ecotypes of the same species can exhibit varying
responses to constantly reduced nutrient supply, resulting in delayed, advanced or constant
flowering time [49]. It is plausible that nitrogen availability serves as the primary regulator
of flowering time, as evidenced by a study conducted with A. thaliana [50]. While optimal
nitrate concentrations facilitated flowering, both sub- and supra-optimal concentrations
delayed flowering, resulting in an U-shaped relationship between nitrogen availability
and flowering time. This effect is comparable to the results obtained for R. sceleratus in the
present study.

In the present study, physiological parameters have been used as supplementary
indicators. During the transition from vegetative to reproductive growth for annual plants,
mineral nutrient reserves from senescing leaves are translocated to developing generative
structures, as demonstrated also for P. arenarium [3]. Consequently, a decrease in leaf
chlorophyll concentration can be reliably utilized as an indicator of leaf senescence in the
conditions of the present experiment [51]. On the other hand, chlorophyll serves as an
indicator of the optimal supply of minerals in plants [52], primarily reflecting leaf nitrogen
concentration [53]. This correlation was evident for both P. arenarium and R. sceleratus plants
during the initial phase of cultivation (Table 2).

Chlorophyll a fluorescence was measured only for R. sceleratus plants, and it was
observed that plants grown in conditions of low mineral nutrient availability exhibited
reduced values of Fv/Fm, the maximum quantum efficiency of photosystem II. This obser-
vation suggests a severe stress situation for all plants at 10% GS as well as for plants in 0.2 L
containers at 40% GS (Figure 6A) [41]. Furthermore, low values of another fluorescence
parameter, Performance Index Total, were observed in all treatments except plants in 4 L
containers at 70% GS. These low values likely reflected a senescent state of the leaves
associated with a deficiency of electron transfer at the photosystem I side [54]. Several
previous studies have also confirmed the utility of chlorophyll a fluorescence parameters
as indicators of mineral nutrient availability [55,56].

Alterations in the water content of plant tissues have been associated with distinct
adaptation mechanisms, including mineral nutrient availability and salt tolerance, as well
as senescence [57]. However, conflicting results were observed regarding water content
in various model species due to variation in mineral nutrient concentration and substrate
volume (Table 2). In the case of P. coronopus, accession-specific changes in leaf water
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content were observed, potentially reflecting diverse degrees of resources reuse to establish
generative structures. While typically changes in plant mineral nutrition status towards
optimality are associated with an increase in tissue water content [57], the findings obtained
in this study do not permit a general conclusion regarding changes in water content in
relation to alterations in the concentration of substrate minerals and substrate volume.

4.3. Ecological Relevance

From an evolutionary ecology perspective, annuality is proposed as an adaptive
response to spatial environmental heterogeneity [58]. Consequently, the capacity of annual
plant species to alter phenological characteristics in response to environmental factors
could serve as a manifestation of their plasticity. Within the context of this study, the spatial
heterogeneity of mineral substances in the soil may also be a contributing factor to the
development process of annual plants.

All studied coastal species exhibited remarkable morphological, physiological and
phenological plasticity in response to variations in mineral concentration and substrate
volume. This observation generally supports previously formulated assumptions regarding
the pivotal role of phenotypic plasticity in the adaptation of coastal species to highly
heterogeneous coastal conditions [14,59–61]. Empirical evidence have demonstrated that
high morphological plasticity of coastal species can be attributed to fluctuations in nutrient
availability or other factors. Thus, exceptionally high plasticity has been documented for
P. arenarium [4,62]. Considering the extreme spatial and temporal heterogeneity in mineral
nutrient availability within coastal habitats, it is imperative to delve into broader ecological
significance of the observed results.

Considering the extreme heterogeneity of mineral elements in coastal habitats, it is
plausible that many plant species, even those specific to the coastal regions, experience
suboptimal mineral supply conditions throughout their life cycles. Consequently, the
occurrence of these species in environments that do not align with their potential for
biomass production and reproduction raises a pertinent question. A well-established
phenomenon is the discrepancy between the ecological optimum of an environmental factor
(the distribution of individuals of a species) and the physiological optimum of the intensity
of this factor for the cultivation of species individuals under controlled conditions (niche
optima) [63,64]. The presence of this phenomenon is attributed to the influence of additional
factors in natural habitats, particularly the impact of biotic (interspecific) interactions.
However, experimental evidence supporting this hypothesis remains elusive. To date, it
has been hypothesized that the maximum occurrence of individuals in physiologically
suboptimal conditions is linked to the low competitiveness of the species. At the community
level, the inability of a species to effectively compete for resources is often associated with
either a ruderal or stress-tolerator strategy [40]. Such characteristics may be pertinent to
P. arenarium (Table 1). Notably, this species exhibits significant variations in biomass under
natural conditions and under enhanced mineral supply, as evidenced by the current study.

The question of the other two model species presents a more intricate scenario. Accord-
ing to the leaf trait-based functional strategy calculation method, R. sceleratus is a typical
competitor/ruderal species, while P. coronopus exhibits characteristics of both competitor
and a ruderal species [65]. However, this division may not be entirely precise. Thus, coastal
accessions of P. coronopus demonstrate remarkable tolerance to soil salinity [66,67], whereas
those of R. sceleratus exhibit tolerance to salinity and heavy metals [37]. In contrast to
P. coronopus plants, which can attain significantly reduced sizes in natural conditions [62],
R. sceleratus plants typically exhibit relatively high biomass, often associated with excep-
tionally nitrogen-rich soils [36].
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This study provided evidence for the potential existence and significance of ecotypic
variations in coastal annual plant species. One of the most prominent morphological phe-
notype distinctions in P. coronopus plants is the orientation of the leaves forming the rosette,
either erect or prostrate [30]. These morphotypes were also observed in the present study,
where PC2 plants exhibited an erect type, while PC1 and PC3 plants were of prostrate
in nature, with an intermediate phenotype for PC2 plants (Figure 8). Additionally, there
were other significant differences between the various accessions of P. coronopus, including
genotype-dependent variation in leaf, inflorescence and flower stalk biomass, particularly
pronounced at high mineral nutrient availability (Figure 9). Leaf water content exhibited
differential responses to increasing mineral nutrient availability, with PC2 plants demon-
strating accelerated leaf senescence, as evidenced by leaf drying (Figure 12). Furthermore,
the developmental differences were evident, as PC3 plants were unable to initiate the
generative phase when cultivated at low mineral nutrient availability (Figure 8).

5. Conclusions
All model plant species exhibited remarkable morphological plasticity in response to

alterations in mineral nutrient concentration and substrate volume. This transformation
extended beyond individual biomass, impacting allocation patterns towards roots and
generative reproduction. The conducted experiments demonstrated that both low and
high mineral nutrient availability can adversely affect vegetative growth and development
of annual coastal plant species. This effect was particularly pronounced for R. sceleratus,
where both low nutrient concentration and high nutrient concentration at high substrate
volume available for roots hindered the plant’s transition to reproduction. The substrate
used in the present study closely resembled that found in coastal habitats, with varying
proportions of quartz sand replaced by soil containing mineral-rich organic matter. This
approach facilitated the acquisition of distinct, comparable concentrations of plant-available
minerals, enabling the analysis of the effects of nutrient concentration, substrate volume,
and genetic variability on plant growth and development. For future experiments, a wider
range of mineral concentrations and more individual concentrations should be used to
assess mineral availability more realistically.
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PC3 Plantago coronopus accession 3
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