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Abstract

Key message Lowered pollen and seed quality of B. humilis compared to its widespread tree relatives may threaten
its populations at the southwestern edge of the species range.

Abstract Inability to produce vital propagules is the main threat to the persistence of rare plants at the edges of species
distribution. In the present investigation, factors responsible for the low germinability of shrub birch (Betula humilis) seeds
in the peripheral populations were analysed. As shrub birch populations are found in phosphorus (P)-limited peatlands
with high groundwater levels, the impact of groundwater PO,>~ ion contents and groundwater table for B. humilis flower-
ing was also studied. Qualities of the B. humilis seeds and pollen were compared to those of tree congeners silver birch (B.
pendula) and downy birch (B. pubescens), which usually represent a high reproductive performance. We revealed that the
poor germination ability of B. humilis seeds was caused by the high proportions of empty seeds (44.8%) and seeds with
partially developed embryos (47.3%). The insufficient numbers of viable seeds may be a consequence of low-quality shrub
birch pollen, as only 1.6% of pollen grains sprouted. The germinability of shrub birch pollen was significantly lower than
that of Betula tree pollen; thus, there is a risk of pollination of B. humilis female flowers by pollen grains of tree birches.
Positive relationships between the P concentrations in seeds and seed germinability were revealed in tree birches, but not
in B. humilis. The availability of PO,>~ ions in the groundwater did not affect B. humilis flowering, but male inflorescences
were more numerous in stands with higher groundwater levels. Consequently, the maintenance of peatlands is crucial for
the efficient sexual reproduction of shrub birches.
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Introduction invasion of alien species are the ultimate reasons for the cur-

rent species extirpation (Borges et al. 2019; Gaitan-Espitia

Human-driven climate change, habitat fragmentation and
degradation resulting from the human demography and
economy, overexploitation of organisms, pollution, and
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and Hobday 2021). Plants, as sedentary organisms, seem
to be especially vulnerable to environmental changes. The
proximate cause of plant species decline results from their
inability to produce vital propagules necessary to replace
generations to sustain populations (Hamrick and Godt 1996;
Shivanna and Tandon 2014). Unfortunately, the formation
of seed sets, seed germination or seedling establishment is
often impossible in adverse habitats (Barrett 2015). Sexual
reproduction can be especially disturbed in the marginal
populations of rare plant species, as they usually occupy
suboptimal environmental conditions and are smaller and
more isolated than populations from the centre of species
distribution (Jump and Woodward 2003; Rasmussen and
Kollmann 2004). In temperate regions, most endangered
and slow-growing plants, often poor competitors, are found
at P (phosphorus)-restricted sites (Fujita et al. 2014). In the
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P-poor habitats the number of species is limited; thus, less
competitive plants have a chance to develop (Wassen et al.
2005; Fujita et al. 2014). However, at P-limited sites, plants
invest less in growth and sexual reproduction, which results
in delayed propagation, shorter flowering periods, reduced
fruiting, and lower numbers of seeds (Nord et al. 2011;
Fujita et al. 2014). In turn, spatial isolation of peripheral
localities can prevent gene flow; consequently, a decrease
in population viability due to the genetic drift and inbreed-
ing depression can be observed (Ellstrand and Elam 1993).
Furthermore, it is likely that lack of conspecific, genetically
different mates in small, isolated populations will increase
the risk of hybridisation with a common congener (Rhymer
and Simberloff 1996). All these phenomena can drive small,
isolated populations to extinction (Rasmussen and Kollmann
2004).

One of the endangered plant species in western and
central Europe is the shrub birch (Betula humilis Schrk.).
The southwestern boundary of the continuous range of B.
humilis is located in Poland, where its population decreased
approximately fivefold during the twentieth century due to
meliorations and draining in the past and present-day cli-
mate change (Zatuski et al. 2014). Shrub birch can inhabit
diverse habitats, from entirely natural habitats of the spe-
cies to their drained variants (Jabtoniska 2012). However,
the plant as an inferior competitor can survive on poor, sub-
neutral and alkaline fens and spring mires and alkaline wet
meadows, where conditions for development of other species
are difficult (Jabtoniska 2012; Zatuski et al. 2014). When the
groundwater table is low (> 10 cm below the peat surface),
B. humilis suffers from the overgrowing by competitive for-
est and scrub plants (Jabloriska 2012; Zatuski et al. 2014).
Thus, the subsequent threats for marginal populations of B.
humilis are its two closely related congeners, the silver birch
(Betula pendula Roth) and downy birch (Betula pubescens
Ehrh.). Although tree birches always coexist with endan-
gered shrub birch, they are selectively superior to this spe-
cies in human- or climate-impacted habitats. They represent
a wide ecological tolerance and produce pollen grains in
large quantities, and their seeds exhibit high germination
capacity (Atkinson 1992; Franiel 2012).

To our knowledge, there is no information about pollen
production in the B. humilis populations. In turn, the pro-
duction of seeds at the southwestern margin of the species
distribution seems to be disturbed. It was evidenced that the
number of germinated seeds was significantly lower in the
marginal Polish localities (median values from O to 16.5 per
individual) compared to subcentral populations situated in
Belarus (median values from 1 to 32 per individual) (Chr-
zanowska et al. 2016). The outcome of second analysis of B.
humilis seed germination capacity conducted in six marginal
Polish populations was even more distressing. Bona et al.
(2019) revealed that only 2.7% of seeds were able to sprout,
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and the median numbers of germinated seeds per shrub birch
individual ranged from O to 3.5. Habitat conditions appear
to be the ultimate factor of poor germination capacity of
shrub birch propagules as seeds from localities with the high
groundwater table and no canopy cover or canopy cover of
50% were significantly heavier and reached higher germi-
nation capacity than seeds sampled in dry and fully shaded
stands (Chrzanowska et al. 2016). However, the proximate
reason responsible for low sprouting success of the B.
humilis seeds remains unknown. In our opinion, there are
several possible explanations for the reduced germination
success of endangered B. humilis. The first explanation is a
substantial contribution of empty seeds (without embryo),
as was discovered in relict central European localities of
dwarf birch (Betula nana L.) (Schwartz and Poschlod 2015;
Jadwiszczak et al. 2017). Empty seed production can result
from a decrease in the quality or quantity of pollen (pollen
limitation), which can significantly reduce maternal plants’
reproductive success (Knight et al. 2005; Balogh and Bar-
rett 2018). Another possible explanation for the germination
failure of shrub birches is inadequate phosphorus contents in
the seeds. It is likely that B. humilis individuals populating
P-limited sites produce seeds with low P contents. As P is of
prime importance for early development of seedlings (White
and Veneklaas 2012 and references therein), P deficiency in
the seeds could limit their germination ability.

In general, after applying Holm—Bonferroni's correction,
Chrzanowska et al. (2016) revealed that the chemical param-
eters of the studied habitat did not influence the reproductive
efficiency of shrub birch. However, the regression models for
the total number of inflorescences (F'=4.489, P=0.045) and
the number of male inflorescences (F=4.267, P=0.026)
per flowering individual were close to the significance.
These outcomes resulted from a significant impact of the
PO,*~ concentration variable on the number of male inflo-
rescences and, then, on the total number of catkins per
flowering specimen. This might suggest positive associa-
tion between the abundance of phosphorus and the number
of male inflorescences in the B. humilis populations. The
quantity of pollen is positively correlated with the number
of flowers in the anemophilous tree species (Tormo Molina
et al. 1996); therefore, it still seems possible that P concen-
trations in groundwater can positively impact the reproduc-
tive capacity of shrub birch.

The main objective of this study was to reveal the causes
of the low germination ability of shrub birch seeds in popu-
lations situated at the southwestern margin of the species
range. To assess the sexual reproduction performance of
endangered B. humilis, data obtained for this species were
contrasted with pollen and seed quality of B. pendula and
B. pubescens inhabiting the same peatlands. The following
hypotheses were tested: (1) the low germinability of shrub
birch seeds results from a lack of embryos present in seed
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coats; (2) shrub birch pollen quality is lower than that of
tree birches; (3) B. humilis individuals with higher P con-
tent in seeds manifest higher seed germination capacity, and
finally (4) flowering intensity of B. humilis does depend on
groundwater P.

Materials and methods
Sample collection and laboratory analyses
Seed quality of birches

All seed analyses were carried out using randomly selected
propagules, after removing seeds having visible damage.
Seed quality of 180 B. humilis individuals from the six larg-
est stands located in northeastern Poland: SOL, JEZ, ROS,
MB, GP and SUS situated in the Biebrza National Park
(Fig. 1) was studied. Seed samples were obtained from the
germination experiment conducted previously (Bona et al.
2019). As authors revealed very low germinability of shrub
birch seeds, we have decided to determine the degree of
embryo development in unsprouted seeds. Thus, non-ger-
minated shrub birch seeds were examined under a binocular
microscope and classified in terms of the degree of embryo
development as fully developed (FDE), partially developed
(i.e.,<60%; PDE) or empty seeds with no embryo (ES),
according to Holm (1994).

To assess B. humilis seed quality, seeds of this species
were compared to those of 63 B. pendula and 21 B. pube-
scens control specimens inhabiting the same peatlands.
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olLS
oTM
POLAND
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Fig. 1 Location of sampling sites of shrub birch and tree birches in
Poland

Seeds from tree birches were used in the germination experi-
ment and embryo development analysis. A total wet mass
of 100 seeds per individual was measured with an accuracy
of 0.0001 g. One hundred seeds per individual were used
to test germination capability, according to the method of
Holm (1994).

The seeds from 131 shrub birch individuals and 66 tree
birch specimens not used in the germination experiment
were used in the analyses of the total phosphate (Pt), organic
phosphate (Po) and inorganic phosphate (Pi) contents. Tak-
ing into account that birch seeds are very small and light,
we were not able to estimate the phosphate contents in indi-
vidual propagules. Instead, 200 seeds per individual were
considered in the analysis, and the concentrations obtained
were divided by the seed number to estimate the average
phosphate levels per seed. Before the measurements were
taken, 200 seeds of each individual were weighed and
homogenized in a frozen 10% trichloroacetic acid (TCA)
solution in a TissueLyser LT bead mill (Qiagen). The mix-
ture obtained was then used to estimate the Pt, Po and Pi
contents in each sample. The Pi content was determined
according to the method of Ames (1966) using ascorbic acid,
sulfuric acid and ammonium molybdate. To evaluate Pt, the
seed extract was incubated in a mixture of 60% perchloric
acid and 2 N nitric acid in a ratio of 1:3 at 60 °C for 18 h.
The Pt content was then analysed according to the same
method as that used for Pi. The P concentrations were ana-
lysed using a UV/Vis Spectrophotometer DU730 (Beckman
Coulter) at a wavelength of A=700 nm. The calculations of
Po were performed according to the formula Po=Pt — Pi.

Pollen quality of birches

Detailed laboratory analyses of pollen quality were carried
out for six B. humilis stands: SOL, JEZ, ROS, MB, as well as
SUS and GRZ located in the Biebrza National Park (Fig. 1).
Pollen quality was also tested for samples of tree birches
growing in the same peatlands.

Male catkins with mature flowers containing pollen were
sampled from 71 B. humilis, 54 B. pendula and 21 B. pube-
scens individuals. Because the periods of pollen release of
the shrub birch and tree birches overlap only partially, male
catkins were collected from tree birch specimens twice in
the peatlands: once during the maximum pollen release of B.
pendula and B. pubescens (MPBp) and again approximately
two weeks later, when B. humilis flowers were releasing pol-
len grains (MPBh). The catkins were collected in paper bags
and stored at 4 °C until the analyses were conducted. Alam
and Grant (1971) revealed that pollen of birch species stored
at 2-5 °C lost its viability about three times slower than pol-
len stored at room temperature.

Up to 7 days after male catkins were collected, the pol-
len quality was tested using two methods: germination
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experiments and staining with acetocarmine solution.
In vitro germination was conducted in a medium containing
2.0% sucrose and 0.8% agar in distilled water, according to
the method outlined in Alam and Grant (1971). The pollen
was spread evenly on a medium on microscopic slides. The
slides were placed in closed Petri dishes with moist filter
paper and left in the light at room temperature for 4-5 h
to germinate. The slides were analysed under an Olympus
CX40 light microscope. A total of 400 pollen grains were
counted for each individual to determine the proportion of
germinated grains. Pollen grains with tubes longer than half
of their own diameter were recognized as having germi-
nated (Fig. 2a; Alam and Grant 1971). The effectiveness of
this method was shown previously for other birches: Betula
populifolia, Betula cordifolia and Betula papyrifera (Alam
and Grant 1971). Another pollen sample from each catkin
was stained on microscopic slides with 2% acetocarmine
solution, as was previously described in a study of the wil-
low Salix myrtilloides (Pogorzelec et al. 2016). The slides
were analysed within 1 h under a light microscope. From
each individual, 300 grains were analysed to determine the
proportion of stained grains. Fully stained pollen grains were
considered viable, while in nonviable pollen cells, the cyto-
plasm remained transparent (Fig. 2b).

Flowering of B. humilis and PO~ concentrations
in the groundwater

Analyses of the flowering intensities and PO,>~ concentra-
tions in the groundwater were conducted in the seven B.
humilis stands analysed for pollen and/or seed quality as well
as in 10 additional populations situated in northern (popula-
tions codes: LS, JM, TM, ZYT) and eastern Poland (popu-
lations codes: BIK, UU, KB, MOS, KAR, SPL) (Fig. 1).
Following the description in Jabtoriska (2012), in each B.
humilis stand, the habitats were assessed as dry when the
water table was more than 10 cm below the peat surface or

Fig.2 The B. humilis pollen @
grains tested with two methods:

in vitro germination (a) and

staining with 2% acetocarmine

(b); unstained and stained

pollen grains are indicated by

the white and black arrows, ¢ D
respectively LY
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wet when the water table was less than 10 cm below the peat
surface. Betula humilis shoots of a height of 1-2 m were
chosen to count inflorescences. Depending on the shrub
birch abundance, the total numbers of specimens examined
to determine flowering intensity in each population ranged
from 8 to 35. In total, male and female catkins were counted
on 514 individuals. Depending on the groundwater availabil-
ity, the groundwater samples were taken manually at a depth
of 0-70 cm below peat surface in 3—6 plots evenly distrib-
uted across populations. The concentrations of PO,*~ ions
in the groundwater samples were determined spectrophoto-
metrically using ammonium molybdate and ascorbic acid
(Hach Company 1992).

Data analyses

Unequal numbers of both tree birch specimens collected in
particular locations result from the fact that B. pendula pre-
fers drier localities, while B. pubescens can grow in stands
with higher groundwater levels. Since the samples of both
tree species did not differ significantly in terms of seed and
pollen quality, they were considered in the study as one
group. Randomized one-way ANOVA tests with 10,000
randomizations, post hoc tests and the Holm—Bonferroni’s
correction were conducted to compare the proportions of
stained and germinated pollen grains among the shrub birch
populations. The quality of pollen was also analysed among
three groups: the shrub birch, tree birches sampled during
MPBp, and tree birches sampled during MPBh.
Randomized linear regression (10,000 randomizations)
analyses were performed to test the relationships between
the different parameters of seed quality (germination ability
and the degree of embryo development of non-germinated
seeds) and Pi and Po concentrations in the seed sets. The
regression analysis was also used to detect a relationship
between the seed germinability and seed weights. To visu-
alize results of regressions, the chord diagram plots were

b
4
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created in R software using the circlize package (Gu et al.
2014). Two-sample randomization tests (test statistic—
median difference; 10,000 randomizations) were carried out
to compare the Pi, Po and Pc concentrations, seed masses,
seed germinabilities and embryo developments between
shrub birches and tree birches. As the collected shrub birch
seeds were significantly heavier than the tree birch seeds, the
phosphate concentrations were calculated per seed weight
for the interspecific comparison. A randomized one-way
ANOVA test was conducted to compare the above param-
eters among the shrub birch populations.

Randomized linear regression was carried out to deter-
mine whether the median values of male, female and
total inflorescences were related to the concentrations of
PO,* ions in the groundwater. A randomized one-way
ANOVA test was performed to compare the concentra-
tions of groundwater PO43' ions, the number of male and
female catkins and the total number of catkins among the B.
humilis populations. These parameters were also analysed
between stands with high and low groundwater levels using
two-sample randomization tests. All statistical analyses were
performed in Rundom Pro 3.14 (Jadwiszczak 2009).

a FDE

Fig.3 Chord diagrams showing the results of regression analyses
between organic phosphate (Po) contents in seeds and the seeds qual-
ity parameters (green colour) and inorganic phosphate (Pi) contents in
seeds and the seeds quality parameters (violet colour) in (a) B. humi-
lis and (b) tree birches. Variables included in the analyses: GS num-
ber of germinated seeds per individual, FDE number of seeds with

Results
Seed quality

Results of seed quality analyses, i.e., percent of germi-
nated seeds (GS), seeds with fully developed embryo
(FDE), seeds with partially developed embryo (PDE),
empty seeds with no embryo (ES), and mean phosphate
concentrations per seed in shrub birch and tree birches
populations are given in Online Resource 1. The linear
regression analyses showed a significant, albeit weak nega-
tive relationship between the Pi concentration in the B.
humilis seeds and PDE seeds (R2=0.061, b=- 32.69,
P=0.002; Fig. 3a). In the tree birch seeds, a positive
relationship was found between Pi and GS (R2:O.197,
b=158.74, P=0.0005) as well as between Po and GS
(R>=0.221, b=25.08, P=0.0003; Fig. 3b). In turn, the
relationship between Po and ES was significantly nega-
tive (R>=0.185, b=— 29.53, P =0.0005). Shrub birch
seed mass was positively correlated with GS (R*=0.096,
b=404.02, P=0.0002). ANOVA showed that two shrub
birch population pairs only (ROS and SUS, JEZ and ROS)
were differentiated in terms of the Po contents in their
seeds (F=4.181, P=0.0014), while the differences in Pi
(F=3.324, P=0.0077) and Pt (F=3.671, P=0.0037)
were nonsignificant between populations after Holm—Bon-
ferroni’s correction (Table 1 and Online Resource 2). The

012 og 004

fully developed embryo, PDE number of seeds with partially devel-
oped embryo, ES number of empty seeds. Width of the arc connect-
ing the variables reflects the value of the coefficient of determination
(R?), according to the numerical scale. Asterisks indicate significant
relationships after Holm—Bonferroni’s correction
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Table 1 .Results of.ANOVA Variable df F P
comparing populations of B.
humilis Seed quality
Pi 130 3.324 0.0077
Po 130 4.181 0.0014*
Pt 130 3.671 0.0037
Seed mass 179 5.740 0.0002*
FDE 179 4.528 0.0007*
PDE 179 8.435 0.0001*
ES 179 12.894 0.0001*
Pollen quality
Pollen staining 70 0.924 0.459
Pollen germination 70 3.096 0.013
Flowering and groundwater PO,>~
Groundwater PO,>~ 85 16.493 0.0001
Number of male inflorescences per individual 513 7.824 0.0001*
Number of female inflorescences per individual 513 4.133 0.0001*
Number of male and female inflorescences per individual 513 8.857 0.0001*

Pi inorganic phosphate, Po organic phosphate, Pt total phosphate, FDE number of seeds with fully devel-
oped embryo, PDE number of seeds with partially developed embryo, ES number of empty seeds

*Statistically significant value of P

after Holm—Bonferroni’s correction. Detailed results of post hoc tests

are given in Online Resource 2 and Online Resource 5

differences in seed quality (seed mass, FDE, PDE and ES)
were significant between B. humilis populations (Table 1
and Online Resource 2). Two-sample randomization tests
revealed that the shrub birch populations were character-
ized by higher Po (median difference =0.150, P =0.0002)
and Pt concentrations (median difference=0.177,
P=0.0001) in their seeds, higher seed masses (median

difference =0.004, P=0.0001), lower germination abili-
ties (median difference=— 5, P=0.0001), higher numbers
of seeds with partially developed embryos (median differ-
ence =32, P=0.0001) and lower numbers of seeds with no
embryos (median difference=— 19, P=0.0002) compared
to the control samples of tree birches (Fig. 4).

Pi Po Pt GS FDE PDE ES
100 a a b

S 28 a 0036 | T b
2 2 9%
S 24 _ 0032
= 2 2 b 80
= & 0.028

20 S @ 70
2 b
T 18 a ® 0.024 B
> 6 e 0 60
ko] y—
3 1 8 0.020 5 50
[ZINP b 5 0.016 @
o} b = 8 40
o 10 S 0.012 E a
g 8 o) = 30
2 = o008 | L 20

4
: ) % 0.004 10

Bh  Bp Bh Bp Bh Bp Bh Bp Bh Bp Bh Bp Bh Bp Bh Bp

Fig.4 Box plots showing differences in seed quality parameters (P
contents in seeds, seed mass and the degree of embryo development)
between the shrub birch (Bh) and tree birches (Bp). Pi inorganic
phosphate, Po organic phosphate, Pt total phosphate, GS germinated
seeds per individual, FDE seeds with fully developed embryo, PDE
seeds with partially developed embryo, ES empty seeds. The upper
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and lower whiskers show the maximum and minimum values, respec-
tively. The ends of the boxes are on the first and third quartiles. The
horizontal lines in the boxes show the median values. Different letters
indicate significant differences between groups revealed by two-sam-
ple randomization test after Holm—Bonferroni’s correction
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Pollen quality

Among the B. humilis populations, the differences in pol-
len grain stainability and germinability were nonsignifi-
cant between sites after Holm—Bonferroni’s correction was
applied (F=0.924, P=0.459 and F=3.096, P=0.013,
respectively; Table 1). Despite the very high stainability of
B. humilis pollen (95.5%) as well as that of the tree birch
pollen collected during the maximum pollen release of B.
pendula and B. pubescens (97.9%) and the maximum pollen
release of B. humilis (96.3%), the pollen germination ability
was low in all the groups studied (1.6%, 32.5% and 5.1%,
respectively; Online Resource 3).

ANOVA revealed that pollen stainability did not differ
among the B. humilis and tree birch samples collected during
the two flowering periods (F=0.38, P=0.695). However,
the differences in pollen germinability among the B. humilis
and tree birch samples collected during the two flowering
periods were significant (F=171.34, P=0.0001; Fig. 5).
Post hoc tests showed that the tree birch pollen germination
ability was significantly higher when collected during MPBp
compared to the pollen that was collected later during MPBh
(P,4j=0.0003). The number of germinated pollen grains was
also significantly higher in the tree birch samples collected

100

90

80

70

60

50

40

30

20

percent of germinated pollen grains

b
10 a

L =

Bh Bp (MPBh)
pollen category

Bp (MPBp)

Fig.5 Box plot showing differences in the number of germinated pol-
len grains of B. humilis (Bh) and tree birches (Bp) collected during
maximum pollen release of B. humilis (MPBh) and maximum pollen
release of tree birches (MPBp). The upper and lower whiskers show
the maximum and minimum values, respectively. The ends of the
boxes are on the first and third quartiles. The horizontal lines in the
boxes show the median values. Different letters indicate significant
differences between groups (ANOVA; P <0.05)

during MPBp and MPBh than in the collected B. humilis
pollen (P,4;=0.0002 and P,4;=0.0001, respectively).

Flowering and P concentration in the groundwater

Median values of the male, female and total numbers
of inflorescences per individual as well as the median
PO,>~ concentrations in groundwater in the B. humilis
populations are given in Online Resource 4. Very limited
flowering was found in the most northern ZYT population,
where many shrubs did not flower at all or only had few
inflorescences (median number of total catkins per individ-
ual =2). Flowering was the most intense in the KAR locality
(72.5); however, only eight specimens were found at this
site. ANOVA revealed that the number of male, female and
total catkins per individual differed significantly between
populations (F=7.824, P=0.0001; F=4.133, P=0.0001;
F=8.857, P=0.0001, respectively; Table 1 and Online
Resource 5).

Two populations, ROS and ZYT, were characterized by
very high concentrations of PO,>~ ions in the groundwa-
ter (3.574 mg 17! and 2.616 mg 17!, respectively; Online
Resource 4). Nevertheless, the differences in the PO,*~ con-
centrations among stands were nonsignificant after apply-
ing Holm—Bonferroni’s correction (F=16.493, P=0.0001;
Table 1). The regression analysis showed no relationships
between the PO,>~ concentrations in groundwater and the
medians of male, female or total inflorescences per indi-
vidual in the studied B. humilis populations (R>=0.027,
P=0.552; R*=0.014, P=0.660; R*=0.021, P=0.592,
respectively). There were no differences in the contents of
PO, ions between stands with high and low groundwa-
ter levels (median difference=— 0.0405, P=0.253). Sig-
nificantly higher numbers of male (median difference=11,
P=0.0007) and total inflorescences (median difference=17,
P=0.0001) were found in shrub birch stands characterized
by high groundwater levels compared to drier locations
(Fig. 6).

Discussion
Pollen and seed quality

In the present study, we revealed mean values of 44.8%
empty seeds (ES) and 47.3% seeds with partially devel-
oped embryos (PDE) per B. humilis population. Thus, the
substantial proportion of non-vital propagules seems to be
directly responsible for the previously reported low repro-
ductive success of the shrub birch populations (Chrzanowska
et al. 2016; Bona et al. 2019), and this observation is in
agreement with our hypothesis. Chrzanowska et al. (2016)
found a significantly lower number of sprouted seeds in the
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Fig.6 Box plot showing differences in the number of B. humilis
inflorescences between sites with high (HWL) and low groundwater
levels (LWL). The upper and lower whiskers show the maximum and
minimum values, respectively. The ends of the boxes are on the first
and third quartiles. The horizontal lines in the boxes show the median
values. Different letters indicate significant differences between
groups revealed by two-sample randomization test after Holm—Bon-
ferroni’s correction

Polish marginal localities of shrub birch compared to the
subcentral stands situated in Belarus. A few years later, the
germination ability of shrub birch seeds collected from six
populations in northeastern Poland was even worse (Bona
et al. 2019). We found that the germination ability of the B.
humilis seeds was significantly lower than that of the tree
birches. The production of seeds with no embryos is not a
rare phenomenon in the birch taxa. For example, the median
numbers of empty seeds in B. nana populations have been
measured as ranging from 86 to 99 per 100 seeds (Jadwiszc-
zak et al. 2017). Seeds without embryos constituted 57.6%
of the B. pendula seed set and 58.5% of B. pubescens seed
set in northern Sweden (Holm 1994). Empty seeds are often
produced by birches in the absence of pollination and under
circumstances of embryo developmental arrest (Atkinson
1992; de Groot et al. 1997).

Lack of effective pollination can be a consequence of low
pollen quality and/or quantity (pollen limitation). We used
two methods to study B. humilis pollen quality: staining
with acetocarmine solution and germination assays (Alam
and Grant 1971). The results obtained were quite different
between the two methods: 95.5% of the shrub birch pollen
grains were considered viable based on the intensive colour
of the protoplasts, but only 1.6% of cells germinated in vitro.
Based on various studies determining pollen quality, Dafni
and Firmage (2000) reported that pollen staining could
sometimes overestimate pollen viability. As the stained pro-
toplasts do not indicate the ability of shrub birch pollen to
germinate, the germination capacity of pollen grains tested
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in vitro turned out to be a better indicator of pollen quality
than pollen staining; thus, we made conclusions about the
quality of the pollen from the results of the in vitro germina-
tion experiment exclusively. Among the B. humilis popula-
tions, the ability of pollen to germinate was seen in 0.8%
of the pollen grains in ROS up to only 3.1% in the JEZ.
Therefore, we assume that significant pollen limitation is a
highly probable cause of the production of substantial num-
bers of empty seeds. Reduced sexual reproduction efficiency
caused by quantitative and qualitative pollen limitations has
been observed in numerous plant populations (Byers 1995;
Nagamitsu et al. 2006; Amat et al. 2011).

An insufficient amount of viable pollen of a particular
species increases the risk of that species being pollinated
by the abundant pollen of closely related species. The likeli-
hood of interspecific crosses significantly increases in small
populations where the chance of pollination within the same
species is greatly reduced (Rhymer and Simberloff 1996;
Knight et al. 2005). Our study showed that the germination
ability of B. humilis pollen grains was significantly lower
than that of the tree birches analysed during both terms:
maximum pollen release of B. humilis and maximum pollen
release of tree birches. This observation is congruent with
our hypothesis; however, it seems to be especially distressing
because it suggests that even during the mid-flowering time
of the endangered B. humilis, its pollen quality is lower than
the pollen quality of two common tree birches, B. pendula
and B. pubescens, growing in the same area. This phenom-
enon can increase the probability of interspecific pollination
and potentially can result in the formation of hybrid progeny.
The analysis of amplified fragment length polymorphism
(AFLP) markers in the B. humilis populations located at the
southwestern margin of the species distribution revealed
three specimens of hybrid origin, providing evidence of the
existence of an incomplete reproductive barrier between B.
humilis and its tree relatives (Bona et al. 2018). As three
hybrid specimens were found in dry habitats, the authors
implied that deteriorating environmental conditions could
increase the number of interspecific crosses.

If the parental taxa have incompatible genomes, then one
of the outcomes of interspecific hybridisation is arrested
embryo development (Zenkteler 1990; Lester and Kang
1998; Oneal et al. 2016). In our study, the number of seeds
with partially developed embryos in the shrub birch samples
(mean PDE =47.3%) was approximately twice as high as
that in the tree birches (mean PDE =24.4%). Thus, it cannot
be excluded that the co-occurrence of different birch species
in peatlands can generate seeds with nonviable embryos as
aresult of interspecific gene exchange.

Self-pollination of usually outcrossing species may
also prevent the proper development of embryos (Bellusci
et al. 2009; Liao et al. 2014). Most birch species are self-
incompatible (Atkinson 1992; de Groot et al. 1997); thus,
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self-pollination could significantly decrease their reproduc-
tive success. Moreover, the self-pollination rate is higher in
clonal plants representing clustered growth types, in which
the mixing of shoots of different clones is highly limited
(Barrett 2015). In the studied shrub birch populations, clonal
growth was common, and most neighbouring specimens
shared the same genotype (Bona et al. 2019). However, Bona
et al. (2019) denied that clonality was the main reason for
seed production failure, as seed germinability was similarly
low in populations representing different clonal propaga-
tion patterns. Nevertheless, the self-pollination rate and the
efficiency of the sexual reproduction of B. humilis by selfing
have not been studied thus far.

Environmental conditions shaping sexual
reproduction parameters

High phosphate availability in the environment often posi-
tively affects the sexual reproduction of plants (e.g., Lau
and Stephenson 1994; Wang et al. 2011). However, the
endangered species very often occur at P-poor sites and
limit investment in the sexual reproduction in the temperate
regions (Fujita et al. 2014). For example, they can produce
a small number of seeds but the P concentration per seed is
high (Fujita et al. 2014). Taking into account the way the
phosphate concentrations were calculated per seed in the B.
humilis specimens as well as control samples of B. pendula
and B. pubescens, all relationships between parameters of
shrub birch seed quality (GS, FDE, PDE, ES) and Pi or Po
were nonsignificant or very weak. Hence, our hypothesis
concerning the positive relationships between seed P and
seed germination capacity in the B. humilis individuals was
not confirmed. However, the relationships between Pi and
GS as well as Po and GS were significantly positive, whereas
significant and negative relationship was found between Po
and ES in the tree birches. It seems that P contents did not
affect shrub birch seed quality but could increase tree birch
seed quality and simultaneously enhance their competitive
strength against B. humilis. Shrub birch seeds had signifi-
cantly higher Po concentrations per seed mass than tree
birches. High P reserves allow seedlings to establish faster
and accelerate seedling growth (Zhu and Smith 2001; White
and Veneklaas 2012), which are of great importance in
poorly competitive species. However, the studied tree birch
seeds still showed better germination abilities than did the B.
humilis seeds. Thus, as P concentrations in silver and downy
birches seeds explained up to 22.1% of variability, P contents
were not a main factor affecting the seed germinability and
successful seedling establishment in peatlands.

Our study revealed that the numbers of male, female, and
total inflorescences of the shrub birch were not related to

P availability in the groundwater. The studied shrub birch
populations differed significantly in terms of their reproduc-
tive output parameters, i.e., flowering and seed quality, but
it seems that groundwater P availability was not a limiting
factor in the B. humilis stands. For example, the MOS popu-
lation, which had the lowest concentration of PO43‘ ions
in the groundwater among all sites (0.031 mg 17!), was
characterized by an above-average median number of male
inflorescences and the highest median number of female
inflorescences (30 and 15.5, respectively). At the ROS site,
the groundwater concentration of PO, ions was the high-
est among all sites (3.574 mg 171). Although the flowering
intensity of B. humilis was quite abundant here, the seed
germination was very low (GS=1.7%; Bona et al. 2019).
Highest numbers of germinated seeds were noted in MB
and SOL populations, where PO,’>~ concentrations were
0.159 and 0.145 mg 17!, respectively. The above outcomes
allow us to definitively reject the hypothesis that the shrub
birch flowering intensity may be related to PO,>~ concentra-
tions in groundwater and to decisively confirm the remark
of Chrzanowska et al. (2016). In general, our observations
are congruent with those presented by Serafin et al. (2018),
who revealed that the B. humilis specimens functioned well
when the total P concentrations in the water ranged from
0.08 to 0.32 mg 1"! and when PO,*"=0.1 mg 1~!. However,
as P is the limiting macronutrient in many ecosystems and
its availability is relatively low and is rarely adequate for
optimal growth (Abel et al. 2002; Elser et al. 2007), we can-
not exclude that soil P enrichment could positively affect the
growth and reproduction of shrub birch. On the other hand,
fertilization of peatlands can cause invasions of non-peat-
land species, such as Betula trees (Sottocornola et al. 2007;
Serafin et al. 2018). This would be particularly detrimental
to the preservation of shrub birch populations; therefore,
these practices are not recommended.

As B. humilis is a poor competitor in the western and
central European peatlands, high water levels may be ben-
eficial for this species (Jabtoriska 2006, 2012). We found
that groundwater levels had a significant impact on the for-
mation of the male inflorescences. This result was surpris-
ing, as Chrzanowska et al. (2016) showed no relationship
between the groundwater table and the flowering intensity
of shrub birch. Nevertheless, our research, which was con-
ducted on a larger sample set, indicated that draining mires
can negatively affect flowering and, consequently, forming
new generations. Chrzanowska et al. (2016) also suggested
that sprouting shrub birch seeds could be more successful
in flooded habitats, as seeds from sites with higher water
levels had higher masses, and heavier seeds showed bet-
ter germination ability. Our study confirmed the positive
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relationship between the seed mass and germination ability
of B. humilis. Given the above information, we conclude that
the protection of peatlands to maintain the current habitats
of relict shrub birch populations is of great importance for
the preservation of the species.

Conclusions

In this study, we investigated the reproductive performance
of B. humilis in peatland stands to indicate reasons for low
reproductive efficiency at the end of the species range. The
pollen and seed qualities of the shrub birches were com-
pared with those of the sympatrically growing tree birches
B. pendula and B. pubescens. The shrub birch seed quality
analysis showed that the direct cause of the reduced seed
germinability reported in previous studies (Chrzanowska
et al. 2016; Bona et al. 2019) was a small share of seeds
containing fully developed embryos. Our study revealed
very low-quality shrub birch pollen, and we consider this
to be the main reason for the lack of embryos in seeds.
Moreover, as the germination ability of the studied shrub
birch pollen grains was significantly lower than that of
the pollen of the close congeners, interspecific pollina-
tion caused by predominant pollen of B. pendula and B.
pubescens cannot be excluded.

The study did not confirm the hypothesis of Chrzanow-
ska et al. (2016) concerning the positive relationship
between the seed germination capacity and P accumulation
in seeds in the B. humilis individuals. In contrast, despite
smaller overall P concentrations in the studied B. pendula
and B. pubescens seeds compared to the shrub birch seeds,
Po and Pi were positively related to the number of germi-
nated seeds in tree birches. The availability of PO,>~ ions
in the groundwater did not affect the observed number of
shrub birch inflorescences. However, the numbers of male
inflorescences were significantly higher in localities with
high groundwater levels than in drier stands. This observa-
tion confirms the importance of water abundance in shrub
birch stands. High water levels limit the overgrowth of B.
humilis stands by other plants, including closely related
tree birches, which reduces the risk of interspecific mat-
ing and facilitates the preservation of populations of this
poorly competitive species.
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