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Abstract Nitrogen (N) and phosphorus (P) availabil-
ity affect plant sexual reproduction performance. Seed
as the main product of sexual reproduction is expected
to be affected by N and P availability in parent plant.
We experimentally test how parental N:P stoichiom-
etry affected seed characteristics and performance of
two grassland species. Seeds of a common species
(Holcus lanatus) and an endangered species (Parnas-
sia palustris) were collected from parent plants under
two different N:P ratio growth conditions in a
grassland reserve in the Netherlands. We measured
the following traits of the two species from the two
parental N:P ratio growth conditions: seed N concen-
tration and content, seed P concentration and content,
seed length, seed area, seed weight, seed germination,
and offspring survival. No significant inter-location
difference was found in seed weight of the collected
seeds for either of the two species. However, the
stronger P-limited conditions at the locations of the
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parent plants affected seed length and seed area
negatively in H. lanatus and positively in P. palustris.
Stronger P-limited conditions also decreased seed P
concentration and content and increased seed N:P ratio
of H. lanatus, but no inter-location nutrient difference
was found in seeds of P. palustris. Surprisingly,
contrary to what could be expected from seed P
concentration and content there was no inter-location
difference in seed germination for H. lanatus. For P.
palustris, stronger P-limited conditions in the parental
environment significantly enhanced seed germination,
whereas stronger P-limited conditions in the offspring
environment decreased offspring survival, suggesting
that P limitation may negatively affect P. palustris
rejuvenation. Our results suggest the possibility of
different influences of parental N:P ratio and espe-
cially of P limitation on seed characteristics and
performance of a common and an endangered species.

Keywords Common species - Endangered species -

Germination - Plant survival - Greenhouse
experiment - Grassland

Introduction
Seeds are the main product of plant’s sexual repro-

duction and are rich in mineral nutrients which the
adult plant translocates to its seeds to provide nutrition
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for seedlings in the early stages of establishment
before the development of a root system (Lamont and
Groom 2013). Among these nutrients, nitrogen
(N) and phosphorus (P) are the most essential and
have been researched extensively (Henery and Wes-
toby 2001; Lamont and Groom 2013). Studies have
shown that nutrient shortages in parent plants lead to
increased allocation of plant minerals to seeds [except
in the case of iron (Fe)] (Lamont and Groom 2013),
although the relative allocation of biomass to the seeds
has been shown to be constant (Fenner 1986a).
Moreover, the fraction of a plant’s total content of a
particular element that the plant allocates to its seeds
varies widely, depending on the elements. In Fenner’s
greenhouse experiment (1986), it ranged from 4% of
total potassium (K) to 38% of total P in plants on 100%
Hoagland solution, while in the most nutrient-de-
prived plants it ranged from 2.5% of total Fe to 52% of
total P. However, both aforementioned cases indicate
that a high percentage of the plant’s P content is
invested in sexual reproduction.

Various studies have also pointed to the influence of
nutrient supply of parent plants on seed traits and seed
performance, such as seed size, dormancy, germina-
tion, and dispersal, which are vital components in the
plant life cycle (Fenner 1983; Harper 1977; Thompson
1987). Early work on Senecio vulgaris, a short-lived
monocarpic plant, showed that seed nutrient concen-
trations were largely buffered from the differences in
parental nutrient status (Fenner 1986b). However,
various other studies indicated that mineral nutrient
availability of parent plants was positively correlated
with seed mass (Willson and Price 1980; Gray and
Thomas 1982; Parrish and Bazzaz 1985; Marshall
1986; Wulff 19864, b, c; Galloway 2001), germination
time (Aarssen 1989; Aarssen and Burton 1990) and
germination success (Galloway 2001). However, a
contrasting result was obtained by Beadle (1962) and
Lamont and Groom (2013) who found that plants on
nutrient-poorer soils had larger seeds. Threatened
species seem to be especially sensitive to mineral
nutrient availability. Fujita et al. (2014) showed that
threatened species persisting under severe P limitation
invested less in sexual reproduction. Similarly, seed
development in several threatened orchid species was
reported to respond positively to increased nutrient
supply under controlled conditions (Paul et al. 2012;
Figura et al. 2021).
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Nutrient-specific effects on seed traits and perfor-
mance have been widely documented. Greenhouse
experiments with pea and watercress indicated that
seeds of plants grown under high P supply were some
15% larger than those of plants grown under low P
supply (Austin 1966a). Another study reported that
when N was deficient, seed and fruit production of
agricultural crops decreased dramatically (Tonitto
et al. 2006). In terms of seed germination, Austin
(1966a) showed that seeds from plants deficient in
major elements can be impaired in germination
compared to seeds from plants grown in complete
nutrient cultures. However, Stewart et al. (1997)
reported that adding P had no effect on seed germi-
nation of two cattail species. With regard to protected
species, Figura et al. (2021) suggested negative effects
of nitrate on symbiotic threatened orchid germination,
while Bochenkova et al. (2015) suggested no direct
effect of N, but a possible influence of low P of low
seed germination of endangered species Pulsatilla
pratensis. The importance of a balanced N and P
supply to seed germination was also pointed out by
several studies showing that seed germination is
restricted by P limitation (Hrdlickova et al. 2011;
Hejcman et al. 2012). Furthermore, the positive
influence of a high nutrient content of seeds on
seedling size is also well established (Austin 1966b;
Lamont and Groom 2013). Therefore, it seems that the
nutrient supply is critical for seed traits and perfor-
mance, and thereby plant dispersal, and nutrients
stored in the seed before the development of the root
system for absorbing nutrients from soil may impact
seedling establishment and may also cause changes in
seedling growth. However, it has been difficult to
predict species-specific responses to varying condi-
tions of major nutrients, particularly for endangered
species.

Soil N and P are considered as the most critical
elements for plant growth and sexual reproduction
performance (Verhoeven et al. 1996) and are being
influenced by human activity worldwide (Steffen et al.
2015). These changes in N and P availability in the
environment can probably shift the main type of
nutrient limitation (Von Oheimb et al. 2010), leading
to changes in plant species composition in natural
vegetation (Stevens et al. 2004) and in plant trait
composition, including plants’ investment in sexual
reproduction (Fujita et al. 2014). Several studies have
found that N limitation occurs frequently with higher
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productivity and that N-limited ecosystems harbor
competitive fast-growing species whereas P-limited
herbaceous ecosystems are mostly characterized by
low productivity and slow-growing species (Wassen
et al. 2005; Fujita et al. 2014; Roeling et al. 2018).
Moreover, under P limitation, higher numbers and
percentages of endangered plant species have been
found (Wassen et al. 2005), whereas plant species
growing under P limitation have been found to invest
significantly less in sexual reproduction than species
grown under N limitation, e.g., later flowering starting
time, shorter flowering period, and lower seed pro-
duction (Fujita et al. 2014; Wang et al. 2019). These
findings are in line with previous studies that have
reported that endangered species have shorter flower-
ing periods (Lahti et al. 1991), smaller seed mass
(Murray et al. 2002), and poorer dispersal ability
(Farnsworth and Ogurcak 2008). Another study
showed that deficiency of P led to a strong reduction
in the amount of flowers produced (Brouwer et al.
2001).

Because of their low investment in sexual repro-
duction as a strategy to save on P, it seems likely that
compared to species persisting under N limitation,
species persisting under P limitation may have lost
their capacity to effectively disperse. This would make
them more vulnerable to environmental change and
extinction (Fujita et al. 2014). However, most studies
in this area have been done under controlled condi-
tions in greenhouse experiments or are based on
average traits from databases, but studies that focus on
traits and performance of seeds produced in natural
vegetation under different nutrient conditions and that
include intraspecific responses are scarce.

We therefore carried out a greenhouse experiment
with seeds of both a common species (Holcus lanatus)
and an endangered species (Parnassia palustris)
collected from plants growing at two field locations
differing in N:P ratio in the above-ground vegetation,
indicating differences in the relative availability of N
and P (Wassen et al. 1995). We aimed to test if
differences in relative N and P availability of parent
plants (indicated by differences in above-ground N:P
ratio) affect certain seed traits of the two species (seed
size, seed weight, seed N and P concentrations and
contents, seed germination) and offspring plant sur-
vival at the end of the life cycle, under nutrient
treatments varying in absolute and relative N and P
supply. Secondly, we aimed to explore if there were

interspecific effects between the common and the
endangered species. Our hypothesis was that seed
traits of both the common and the endangered species
responded to their parental N:P ratio. However, we
expected that those responses would differ between
the common and the endangered species: i.e., that high
N:P would restrict the seed characteristics and perfor-
mance of the common species (i.e., smaller seeds,
lighter seeds, lower N and P concentrations and
contents in the seeds, and lower germination and
offspring survival), but would promote them in the
endangered species, due to the fact that endangered
species persist under P-limited conditions (Wassen
et al. 2005). Moreover, we assumed that with increas-
ing N:P ratio, the plant survival of H. lanatus would
decrease and the plant survival of P. palustris would
increase.

Materials and methods
Study area and location selection

Seeds were collected from two sampling locations at
the Middenduin nature reserve (MD1, 52°16'N 5°9'E
and MD2, 52°23’N 4°35'E) located in the western
Netherlands and owned by the State Forestry Service.
Prescreening of these locations indicated that they
differed in N:P ratio of the above-ground biomass,
while soil conditions and species composition were
comparable. The two sampling locations were located
in close proximity, with contiguous natural vegetation
between them. We therefore assumed that plant
species at both locations could be considered part of
the same genetic population. The area harbors herb-
rich low-productive grassland, with a high species
diversity and occurrence of rare species such as P.
palustris L., Epipactis palustris L., and Rhinanthus
minor L. The climate is temperate: mean annual
temperature is 11 °C, mean annual minimum temper-
ature is — 9 °C, and mean annual maximum temper-
ature is 33 °C, and the mean annual precipitation is
765 mm (http://projects.knmi.nl/klimatologie/
daggegevens/selectie.cgi).

Study species

H. lanatus L. is a common perennial velvety grass
species, often found in nutrient-rich environments
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throughout Europe. The flowers are wind-pollinated
and usually out-crossing. The hermaphroditic inflo-
rescences produce numerous seeds that are shed from
June to early autumn (Watt 1978) and remain viable
for over 5 years (www.cabi.org/isc/datasheet/
114824).

P. palustris L. is an endangered perennial herb,
with a basal cluster of leaves and several straight stems
up to 30 cm high, each carrying one flower at the top.
The hermaphroditic flowers are insect-pollinated.
Seeds ripen between September and October and are
shed the most in September (Schat 1983). This species
declined during the last century, which has resulted in
genetic isolation and a threatened status in many
European countries (Bossuyt 2007).

Plot selection, vegetation harvesting, and seed
collection

One 2 x 2 m plot containing both H. lanatus and P.
palustris was selected from each of the two locations,
i.e., there were in total two plots at the two locations.
We took the conventional vegetation recording of
estimating cover of all species presenting in the two
2 x 2 m plots. The coverages of H. lanatus and P.
palustris were 1% and 0.05%, respectively, in the plot
at location MD1 and 0.25% and 1.5%, respectively, in
the plot at location MD2 (for species composition of
the two plots see Online Resource Table S1). On June
20, 2014, which was the peak of the growing season of
that year, living above-ground vegetation was har-
vested in three 20 x 20 cm squares at the three
random corners of the two plots at the two locations
(Wassen et al. 1995, 2005). The harvested vegetative
materials were taken to the lab immediately for drying.
Between June and September 2014, all mature seeds of
H. lanatus and P. palustris inside of each plot were
collected. Seeds of the two species from the two plots
were stored separately in four glass bottles with a silica
gel pack inside of each bottle and stored in the fridge at
4 °C before the latter measurement.

Seed length, area, and weight

As indicators for seed size, we measured seed length,
cross-sectional area, and weight. Random seeds of H.
lanatus from locations MD1 and MD?2, respectively,
were placed on a flat sheet of white paper next to a
ruler. Representative digital images of seeds (457 for
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seed length of seed from location MD1; 435 for seed
area of seed from location MD1; 674 for seed length of
seed from location MD2; 666 for seed area of seed
from location MD2) were taken using a Nikon D5200
camera (Nikon Corp., Japan) 1 m vertically above the
seeds.

Random seeds of P. palustris from locations MD1
and MD2, respectively, were placed on the plain stand
of a Nikon SMZ800N magnification unit (Nikon Cor.,
Japan). Representative digital images of seeds (569
for seed length of seed from location MD1; 508 for
seed area of seed from location MD1; 438 for seed
length of seed from location MD2; 375 for seed area of
seed from location MD2) were taken using a Nikon
Digital Sight DS-Fil camera with photonic F3000
light.

To quantify seed size, the following two attributes
were calculated from seed images by ImageJ software:

— Seed length defined as the longest distance
between two points on the edge of a seed.

— Seed area defined by the vertical projection area of
a seed.

Seed length and area of each species from each
location were then calculated by averaging all the
measured seeds.

Ten batches of 100 seeds of H. lanatus from each of
the two locations (MD1 and MD2) and 10 batches of
200 seeds of P. palustris also from these locations,
were weighed. The weight of 100 seeds of H. lanatus
from each location and the weight of 200 seeds of P.
palustris, also from each location, were then calcu-
lated by averaging the resulting 10 batch weights.

Determination of N concentration, P
concentration, and N:P ratio in above-ground
biomass and in seeds

Above-ground vegetative material was dried at 70 °C
for 48 h, and ground into powder with a Retsch
MM400 mixer mill, and passed through a 0.5 mm
sieve. Three subsamples of dried seeds from each
bottle containing seeds of each species from each
location were randomly collected (the weight of each
subsample was around 1 g). Seed samples were also
ground into powder with a Retsch MM400 mixer mill.

Total N concentration of dried plant material and
seed material was measured with a C/N elemental
analyzer (NA1500, Carlo Erba-Thermo Fisher
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Scientific); total P concentration of dried plant mate-
rial and seed material was measured by a TXRF
Spectrometer (S2, PICOFOX, Bruker).

We use these plant nutrient concentrations—te-
ferred to in this paper as plant N and plant P—as
indicators of plant-available nutrient concentrations
(Wassen et al. 1995). Based on above-ground N:P
ratios we determined whether the vegetation at the
locations of seed collection was N-limited
(N:P < 13.5), P-limited (N:P > 16), or N and P co-
limited (13.5 < N:P < 16) (Giisewell and Koersel-
man 2002; Olde Venterink et al. 2003).

Determination of seed N content and P content

Seed N and P contents of H. lanatus were calculated
by multiplying seed N and P concentrations of H.
lanatus, respectively, by the average weight of 100
seeds of H. lanatus; seed N and P contents of P.
palustris were calculated by multiplying seed N and P
concentrations of P. palustris, respectively, by the
average weight of 200 seeds of P. palustris.

Germination experiment

Seeds for germination were stored in the fridge (4 °C)
for 10.7 weeks. Healthy and mature seeds of H.
lanatus and P. palustris were selected individually
using a Nikon SMZ800N magnification unit (Nikon
Cor., Japan) (for H. lanatus, we excluded those which
were molded and insect-damaged. Moreover, unripe
seeds, for instance those with very green seed coat
were also excluded; for P. palustris, we excluded
those with obviously smaller seed size than the
majority, as well as those whose shapes were
obviously malformed). For H. lanatus, we selected
5044 seeds from location MD1 and 5515 from location
MD2; for P. palustris, we selected 5112 seeds from
location MD1 and 6721 from location MD2. These
seeds were sown on moist quartz sand in separate
germination chambers, marked with labels of species
names and locations information, and covered by a
piece of glass to retain moisture. Germination cham-
bers were kept in the greenhouse with a relatively high
and fluctuating temperature and natural light condi-
tions. After 22 days, when no more new seedlings
emerged (every new occurring seedling was labeled
by gently fixing one little pin beside it), the final

numbers of seedlings of H. lanatus and P. palustris
from locations MD1 and MD2 were counted. The
germination of each species from each location was
calculated by dividing the number of seedlings by the
number of seeds sown.

Plant survival at the end of the life cycle,
under different nutrient treatments

A random selection of seedlings was transferred to
pots (volume 8 L for H. lanatus and 3 L for P.
palustris) containing a mixture of quartz sand and
natural dune sand collected close to the study areas
(for detailed information, see Wang et al. 2019). Four
seedlings were planted in each pot and incubated in the
greenhouse. Nutrient solutions were supplied follow-
ing Giisewell (2005).

A full factorial combination with six nutrient
treatments was applied, with three nutrient supply
ratios [N:P = 5 (low relative N supply), N:P = 15 (co-
limitation), and N:P = 45 (low relative P supply)] and
two absolute nutrient supply levels: low and high. The
treatments were defined by the total amounts of N and
P applied per plant throughout the cultivation process
(in mg) and were calculated as:

N =L x vN:P, and P

= \/%, (WhereL = VN x P)
in which L is the overall supply level (geometric mean
of N and P supply). L was 13.4 mg for low supply
level and 40.3 mg for high supply level, similar to the
first-year nutrient treatments of Giisewell (2005).

For each nutrient treatment with seeds of one
species from one location, there were four pots. The
total number of pots was 2 species x 2 locations x 3
nutrient supply ratios x 2 nutrient supply levels x 4
pot replicates = 96. Nutrient solutions were applied
weekly (for detailed information, see Wang et al.
2019). N was supplied as KNO3 and Ca(NOs),, and P
was provided as KH,PO,4. Both KNO; and KH,PO,
supplied part of the K, and the remaining K was added
by supplying KCI (Giisewell 2005). The other essen-
tial macronutrients, such as calcium (Ca) and micronu-
trients, such as Fe and copper (Cu), were applied in
non-limiting concentrations and were supplied in the
same amounts to all treatments weekly. Details of the
nutrient treatments are given in Online Resource
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Table S1. Chlorine (Cl) was the only element that was
not supplied in fixed amounts to all treatments. We
have indicated the range of Cl addition in Online
Resource Table S1.

In addition to receiving nutrient solutions, plants
were watered frequently with demineralized water to
prevent drying out. The pots were switched around
regularly to randomize possible differences in light,
temperature, and moisture conditions in the
greenhouse.

For both species, the number of dead individuals
was recorded at the end of the experiment, after
monitoring a full life cycle from seed to seed. Survival
of each species from each location in each pot was
then calculated by dividing the number of surviving
plants by the total number of original seedlings (which
was 4).

Data analysis

One-tailed ¢ tests were used to compare the difference
of the following parameters between location MD1
and location MD2: N and P concentrations in the
above-ground biomass, N and P concentrations, and N
and P contents of seed material of H. lanatus,
respectively, as well as of seed material of P. palustris,
respectively, seed traits (length, area, weight) of H.
lanatus, respectively, as well as of P. palustris,
respectively, and the survival of P. palustris under
various nutrient treatments.

The between-location differences in seed germina-
tion of H. lanatus and P. palustris were analyzed using
a Chi-square test. The difference in plant survival of P.
palustris per location and for the two locations
together, under different nutrient treatments, was
tested in one-way ANOVA with standard post hoc
test of Gabriel’s procedure to analyze differences
between treatments with the combination of different
nutrient supply ratios and levels. Differences were
considered to be statistically different at P < 0.05. All
tests were performed with SPSS 24.0 software (SPSS,
Chicago, USA); the figures were also created in SPSS.
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Results
N and P concentrations of above-ground biomass

P concentration in the above-ground biomass was
significantly higher at location MD1 than at location
MD2, but no significant difference was found for N
(Table 1). The two locations differed significantly in
the relative availability of N and P, as indicated by N:P
ratio of the above-ground biomass. The N:P ratio in
above-ground plant material was 22.3 at location MD1
and 40.5 in MD2, indicating that at both locations
plant growth was limited by P but that location MD2
was more strongly P-limited than location MDI1
(Giisewell and Koerselman 2002).

Seed N and P concentrations and N and P contents

As with N concentration in the above-ground biomass,
there was no difference in seed N concentration for
either H. lanatus or P. palustris between locations
(Table 2). The seed P concentration of H. lanatus from
the more severely P-limited location (MD2) was
significantly higher than that from location MDI1, but
there was no significant difference in the seed P
concentration of P. palustris between locations
(Table 2). Unlike the N:P ratio of above-ground
biomass and thus contrary to expectations, the seed
N:P ratio of H. lanatus from the strongly P-limited
location MD2 was significantly lower than that from
location MD1 (Table 2). No significant inter-location
difference was found for the seed N:P ratio of P.
palustris.

The seed N and P contents of H. lanatus and P.
palustris showed the same tendency as seed N and P
concentrations: no significant inter-location difference

Table 1 Comparisons of N and P concentrations (mg g’l dry
material) in above-ground biomass from locations MD1 and
MD2. Data are means £ SD

Location N conc. P conc. N:P
MDI1 36.71 &+ 3.69 1.65 £ 0.06% 22.29 + 2.14°
MD2 41.81 £ 5.19 1.03 £ 0.09° 4047 £+ 1.67%

Different lowercase letters indicate significant difference of the
same parameter (N conc., P conc., or N:P) between locations
MD1 and MD2. Values without lowercase letter are not
significantly different (P = 0.05)
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Table 2 Comparisons of seed N and P concentrations (mg g~ dry material), seed N and P content (mg), and seed N:P of H. lanatus
and P. palustris between locations MD1 and MD2. Data are means & SD

Species Location N conc. P conc. N content P content N:P

H. lanatus MD1 1.375 4 0.064 0.053 £ 0.004° 0.032 4 0.002 0.001 =+ 0.0001° 25.754 £ 0.912*
MD2 1.540 4 0.148 0.148 £ 0.025" 0.036 £ 0.003 0.004 £ 0.001* 10.791 + 2.982°

P. palustris MD1 3.720 £ 0.085 0.330 & 0.001 0.012 £ 0.0003 0.001 £ 0.000004 11.273 + 0.310
MD2 3.283 £ 0.379 0.254 £+ 0.089 0.010 £ 0.001 0.001 £ 0.0003 14.820 + 8.267

Different lowercase letters indicate significant difference of the same parameter (N conc., P conc., N content, P content, or N:P)
between locations MD1 and MD2. Values without lowercase letter are not significantly different (P = 0.05)

Seed N and P contents of H. lanatus were measured per 100 seeds; seed N and P contents of P. palustris were measured per 200 seeds

was found for seed N or P content of P. palustris, but
the seed P content of H. lanatus from location MD2
was significantly higher than that from location MD1
(Table 2).

Seed length, area, and weight

Parental N:P ratio influenced seed length and area; the
influences differed between H. lanatus and P. palus-
tris. Parental N:P ratio did not influence seed weight in
either species (Fig. 1). Seeds from the more severely
P-limited location (location MD2) were shorter and
smaller in the case of H. lanatus, but longer and bigger
in the case of P. palustris (Fig. 1).

Germination

Seed germination differed remarkably between the
two species: average germination was 6.3% for H.
lanatus and 59.6% for P. palustris. When comparing
seeds with a different parental N:P ratio (location
MDI1 versus location MD?2), no significant difference
was found for the germination of H. lanatus, whereas
seed germination of P. palustris from location MD2
was significantly higher than that from location MD1
(Table 3).

Offspring plant survival at the end of the life cycle

H. lanatus grew successfully under all the nutrient
treatments, irrespective of the parental N:P ratio. At
the end of the experiment, only four plants, all in a
single pot in treatment 45H (i.e., N:P ratio of 45, high
supply level), had died, resulting in an overall survival
of 97.9% for H. lanatus.

For P. palustris, again, no effect of parental N:P
ratio was detected, i.e., offspring plant survival of P.
palustris did not differ significantly between location
MDI1 and location MD2 (Fig. 2A). We therefore
pooled the results of locations MD1 and MD2 before
further analyzing the survival of P. palustris at
different N:P ratios and supply levels (Fig. 2B).

After pooling, the plant survival of P. palustris was
found to decrease with increasing N:P ratio, irrespec-
tive of nutrient supply level (Fig. 2B): i.e., the survival
of P. palustris was the highest (c. 81.3%) under the
treatments with an N:P ratio of 5 (N limitation) and the
lowest (c. 6.3%) under the treatments with an N:P ratio
of 45 (P limitation).

Discussion

In this experiment, we tested the effects of nutrient
conditions of parent plants on certain seed traits (seed
length, seed area, seed weight, seed N and P concen-
trations and contents), seed germination, and survival
of plants grown from these seeds under various
nutrient treatments, for a common species (H. lanatus)
and an endangered species (P. palustris) from two
field locations with two different N:P ratio growth
conditions. The N:P ratio in the above-ground biomass
was 22.3 for location MD1 and 40.5 for location MD?2.
The latter ratio indicates very strong P limitation
whereas the former is closer to an N and P availability
that is considered balanced (14.75: cf. Giisewell and
Koerselman 2002). The results for H. lanatus showed
that stronger P-limited conditions for the parent plants
decreased P concentration and content in seeds and
increased N:P ratio. No differences in nutrients in

@ Springer
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Fig. 1 Comparisons of seed length, seed area, and seed weight
of H. lanatus and P. palustris from locations MD1 and MD?2.
Data are means £ SD. Significant differences between

seeds from different parental N:P ratios were found for
P. palustris. Stronger P-limited conditions promoted
the seed germination ability of P. palustris signifi-
cantly but not for H. lanatus. Additionally, no
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locations are indicated by different lowercase letter(s). Values
with the same lower letter(s) are not significantly different
(P =0.05)

significant inter-location difference in seed weight
was found for either species, while for seeds from
parent plants under stronger P-limited conditions, seed
length, and area were restricted in H. lanatus but
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Table 3 Number of seeds, number of seedlings, and germination (%) of H. lanatus and P. palustris from locations MD1 and MD2

Species Location MD1 Location MD2
Number of Number of Germination Number of Number of Germination
seeds seedlings (%) seeds seedlings (%)

H. lanatus 5044 325 6.44 5515 329 6.15

P. palustris 5112 2900 56.73" 6721 4193 62.39°

Bold values indicated by different characters are significantly different between location MD1 and location MD2 (P = 0.05)

i e Site MD1
A +Site MD2

Survival of P. palustris
N
——
*

5L 1518 45L 5H 15H 45H

Fig. 2 Offspring plant survival (%) of P. palustris from
locations MD1 and MD2 under different nutrient treatments
(A); offspring plant survival (%) of P. palustris under different
nutrient treatments, with locations MD1 and MD2 pooled (B).

promoted in P. palustris. Furthermore, no influence of
parental N:P ratio on offspring plant survival was
found.

Intraspecific differences between parental N:P
ratios of H. lanatus and P. palustris

Seed traits such as seed length, size, mass, and mineral
nutrient concentration have been shown to correlate
with seed quality, seed germination, and seedling
establishment (Vera 1997; Ellison 2001; Cordazzo
2002; Bu et al. 2007; Wu and Du 2007; Kaya et al.
2008; White and Veneklaas 2012). Our comparisons
of seed traits of H. lanatus and P. palustris collected
from the two locations with different parental N:P
ratios confirmed our hypothesis that parental N:P ratio
may affect seed trait expression and seed performance.

N:P
B supply
4- a a ratio
o5
+15
45
] 3
~
S ab ab
>
]
Q
a 2
G
o
©
2 b b
.E ‘| [
=)
wv

Low nutrient supply level High nutrient supply level

Values without character indicate no significant difference
between locations MD1 and MD2 under the same nutrient
treatment (P = 0.05) (A); values indicated by the same character
are not significantly different (P = 0.05) (B)

In detail, seeds of H. lanatus from the more
P-limited location (location MD2) were shorter and
smaller than those from the location with a more
balanced N:P ratio (location MD1) (Fig. 1). This is in
line with a previous greenhouse experiment on H.
lanatus that showed that seeds produced under P
limitation (N:P = 45) were significantly smaller and
shorter than seeds produced under N limitation and N
and P co-limitation (N:P =5 and N:P = 15) (Wang
et al. 2019). The shorter length and smaller seeds of H.
lanatus at location MD2 imply that conditions with a
low relative P availability in parent plants may reduce
the seed quality of common species, possibly because
P limitation restricts the vegetative growth of the
parent plant (Liao and Yan 1999; Wang et al. 2021).
Moreover, this greenhouse experiment on the invest-
ment in sexual reproduction of H. lanatus under a
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gradient of N:P ratios indicated that P limitation
dramatically restricted seed number and weight per
plant (Wang et al. 2019). In contrast, in P. palustris, P
limitation did not reduce seed length and seed area but
promoted them: seeds from the more P-limited
location (location MD2) were longer and larger in
area than those from the more balanced N:P ratio
(location MD1) (Fig. 1). This is in line with the finding
by Lamont and Groom (2013) that seeds were larger in
poorer soils. However, contrary to their other conclu-
sion that seeds produced on poorer soils are more
nutrient rich, in our study we found no inter-location
difference in N concentration, P concentration, N
content, or P content in the seeds of P. palustris
(Table 2).

The larger seed size might therefore be one of the
reasons that seeds of P. palustris from location MD2
had more successful germination than those from
location MD1, especially given the positive effect of
seed size on seed germination suggested by Schat
(1983). However, contrary to expectations, seed
germination of H. lanatus did not differ significantly
between our two locations, even though, as noted
above, there were inter-location differences in seed
size and P concentration in the seeds. The lack of
difference in germination of H. lanatus from different
parental N:P ratios contrasts with findings from other
studies. For instance, Hejcman et al. (2012) showed
that when parent plants had been grown under
conditions of insufficient P and K, the seed germina-
tion of Rumex crispus was lower than when parent
plants received a balanced supply of N, P, and K. Since
P is an element essential for plant vegetative growth
(Wang et al. 2021) as well as for sexual reproduction
(Fujita et al. 2014; Wang et al. 2019), the lack of inter-
location difference in germination of seeds of H.
lanatus might be explained by the observation that
although the seeds from the stronger P-limited loca-
tion were smaller, they also had a higher P concen-
tration, which may have counterbalanced the negative
effects of a smaller seed size.

Where the seedling establishment of H. lanatus
under the various nutrient treatments was relatively
stable, with a high offspring plant survival of 97.9%,
the offspring plant survival of P. palustris varied
greatly under different nutrient treatments: the highest
survival was at N:P 5 (indicating severe N limitation)
and the lowest was at N:P 45 (indicating severe P
limitation) (Fig. 2). In addition, throughout their life

@ Springer

cycle, the surviving individuals under N:P 45 also
showed poor growth and a stunted appearance com-
pared to the individuals under N:P 5 and 15. According
to Tilman’s (1982) resource ratio hypothesis, a species
whose requirement ratio of multiple resources is closer
to the supply ratio of the resources will be likely to
persist better than a species with a more divergent
ratio. We may therefore deduce that an N:P ratio of 5 is
more optimal for P. palustris than a ratio of 15 or 45—
which is opposite to our original assumption that the
endangered species P. palustris would prefer P
limitation. This unexpected conclusion might be
explained by the fact that although P limitation has
proved to be a condition under which endangered
species persist, this does not mean that all endangered
species predominantly confined to P-limited ecosys-
tems. In fact, 51% of the endangered species in the
dataset of Fujita et al. (2014) occurred under N:P ratios
in above-ground biomass that were below 16, indicat-
ing N limitation or N and P co-limitation. The apparent
preference of the endangered species P. palustris for N
limitation during its growth contrasts with our finding
that the seed characteristics of this species was
promoted under P limitation. However, under natural
conditions the negative influence of P limitation on the
growth and survival of this endangered species
observed in our experiments may still might be offset,
compared to the situation under N limitation where
large number of competitors around exist. Moreover,
despite the better characteristics and performance of
seeds of P. palustris from the more P-limited site, i.e.,
longer and bigger seeds, as well as higher germination
success (Fig. 1, Table 3), we noticed that plants of P.
palustris growing from seeds from the more P-limited
site (location MD2) were more easily infected by
fungi, i.e., offspring of P. palustris growing from
seeds from parent plants grown under P-limited
conditions is more susceptible to fungal infection than
those from parent plants grown under more balanced
N:P ratio growth conditions. Although at the end of the
growing season there was no significant inter-site
difference in the offspring plant survival of P.
palustris (Fig. 2A), the higher infection rate may
affect its competitive ability when grown in compe-
tition with other species (Alexander and Holt 1998).



Plant Ecol (2021) 222:1129-1142

1139

Interspecific differences between H. lanatus and P.
palustris

Seeds of the common species H. lanatus were
generally bigger than those of the endangered species
P. palustris (Fig. 1). This is consistent with the theory
suggested by Mitchley and Grubb (1986) that com-
petitive superiority of large-seeded species allows
them to become common, while small-seeded species
are fugitive occupants of relatively rare microsites. As
mentioned in the discussion above, under stronger P
limitation, the seed quality of P. palustris tended to
improve (longer and bigger seeds, with higher germi-
nation), whereas the seed quality of H. lanatus
suffered (shorter and smaller seeds). A possible
explanation for this opposite intraspecific responses
between the common and the endangered species is
that, endangered species are more sensitive to P
enrichment, as endangered species occur more fre-
quently under conditions of P limitation (Wassen et al.
2005), where plants invest less in sexual reproduction
than they do under conditions of N limitation or co-
limitation (Fujita et al. 2014). As P is proportionally
the most important element in plant seeds (Van Andel
and Vera 1977; Fenner 1986a), the bigger seed size of
P. palustris in more P-limited conditions may be a
strategy to acquire and store sufficient P for the next
generation.

The somewhat counterintuitive finding that germi-
nation of the larger seeds of H. lanatus was much
lower than that of the smaller seeds of P. palustris
(Table 3) which is in line with the finding of Hanley
et al. (2003) that the germination for fire-following
species was greater for the smaller-seeded species than
for the larger-seeded species at high temperature.
However, to our knowledge, the relationship between
seed size and germination of non-fire-following
species has rarely been studied, which probably
deserve further research. Moreover, the low germina-
tion of seeds of H. lanatus might also derive from the
restriction of parental P-limited growth conditions.
Interestingly, although germination was lower for H.
lanatus and higher for P. palustris, offspring plant
survival of these two species was very different: 98%
for H. lanatus but only 42% for P. palustris. The low
germination but high offspring plant survival of H.
lanatus in our research is consistent with the result
Isselstein et al. (2002) reported for this species. In
general, the pattern of plant mortality risk depends

largely on specific tolerances, which may strongly
differ between species: for instance, P. palustris
requires particular environmental conditions (Schat
1983), whereas H. lanatus has a much broader
ecological amplitude (Veeranjaneyulu and Ramadas
1982). The relatively low plant survival of P. palustris
(especially under P limitation) (Fig.2, Online
Resource Fig. S1) and the fact that its plants are small
(Bonnin et al. 2002) indicate that rejuvenation of P.
palustris is hampered by P limitation and probably
puts this species at a strong competitive disadvantage
vis-a-vis common species like H. lanatus and might be
a factor accounting for P. palustris being endangered
in the wild.

Conclusion

In conclusion, this experiment shows potential influ-
ences of parental N:P ratio, especially P limitation in
the parental environment, on seed characteristics, and
performance for both of the common species and the
endangered species. However, seed quality of the
endangered species was improved under P limitation
in the parental environment, while the common
species suffered under P limitation. Remarkably, for
P. palustris, seed germination was significantly
enhanced under stronger P-limited conditions in the
parental environment, whereas the offspring survival
decreased under stronger P-limited conditions in the
offspring environment, suggesting that P limitation
negatively affects P. palustris rejuvenation. Our
results point to the potential importance of the
management to reduce P availability to conserving
endangered species because of its potential effects on
reproduction and dispersal. However, since only two
plant species were studied and so little research has
been done on the relations between parental N and P
concentration and seed characteristics and perfor-
mance, it is difficult to draw generalizable conclu-
sions. We therefore suggest that future research
examines more common and endangered species to
better understand the potential impact of eutrophica-
tion on the conservation status of plant species by
affecting their sexual reproduction success and dis-
persal capacity.
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