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ABSTRACT

By the bank of the Northern Dvina River for the first time Nymphoides peltata
was registered in 2014. In the course of 4 years the area occupied by the popula-
tion increased twofold and the projective cover degree of floating leaves also
rose from 50 % in 2014 to 100 % with a considerable overlap of leaf blades in
2018. Structural-functional adaptations (high values of SLA and leaf thickness)
are aimed at the acceleration of photosynthesis and growth. The analysis of the
rapid light curves of chlorophyll fluorescence demonstrated that the species is
well-adapted to the medium range of light values (400-600 pmol m? s*). The
optimal values of the maximum photochemical quantum yield of PSII (Fv/Fm
= 0.81) are indicative of the absence of stress conditions. Our data indicate that
Nymphoides peltata is well-adapted to the environment in the studied habitat, have
the high capacity for extending over a new territory and demonstrates signs of
an invasive species.

Keywords: aquatic plants, adaptation, chlorophyll fluorescence, invasive species, leaf
anatomy, SLA

PE3IOME

Mapxosckaa E.®@., Hosuuonok E.B., Apauxosa T.FO., Mopososa K.B.
Nymphoides peltata (S.G. Gmel.) O. Kuntze Ha rpanuie apeaia: 9KOAOIro-
¢usnmosormueckue ocobeHnocru. Briepssie Ha Gepery peku CeBepras Apuaa
BUA Nymphoides peltata Guin 3aperncrpuposan B 2014 roay. 3a 4 roaa maoImasp
ITOIYASALINH YBEAUYHNAACH B ABA Pa3a, CTEIICHb IIPOCKTUBHOIO IIOKPHITHSA ITAABA-
rormux AUCTBEB BEIpocaa ¢ 50 % (B 2014 roay) Ao 100 % co smaunTeABHBIM ITEpE-
KPBITHEM AHCTOBBIX ITAACTHHOK (B 2018 roay). BerBaens! crpykrypHO-pyHKIIH-
OHAABHBIC AAAIITAIINH (BBICOKHE 3HAYCHUA SLLA M TOAIIMHBI AMCTa), KOTOpPbIC
HAIIPABACHBI HAa YCKOPEHHE CKOPOCTH (POTOCHHTE3a B POCTA. AHAAN3 OBICTPHIX
CBETOBBIX KPHBBEIX (PAYOPECLEHIINN XAOPO(HAAA IIOKA32A, YTO BHA XOPO-
IITO AAAIITHPOBAH K CPEAHEMY AMAIta3oHy sHaueHnil ocsererroctu (400—-600
MEMOAB M7 ). OmrTuMaAbHblE 3HAYECHHA MAKCHMAABHOIO (POTOXHMHYECKOTO
kBaHTOBOTO BEIXOAA (potocucremst 11 (Fv/Fm = 0.81) ceuaereanctayror 06 ot-
CyTCTBUM HAIIPAAKEHHBIX ycAoBuil. Harr AanHbIe TOKaseBaroT, uro Nymphoides
peltata XOPOITIO AAAIITHPOBAH K OKPY/KAOIIEH CPEAC B M3yIACMOM MECTOODHTA-
HIM, 0OAAAAET BEICOKOH CITOCOOHOCTBIO PACHIPOCTPAHATHCA HA HOBYIO TEPPHTO-
PHIO U ACMOHCTPHPYET IIPU3HAKH HHBA3HBHOIO BUAA.

KaroueBnie caoBa: BOAHBIC PACTCHUA, aAAIITAIHS, (pAyOpCCL[CHL[I/IH XAOpO(’l’)HAAﬁ,
WHBA3MBHBIC BUADI, AHATOMUS AMCTA, YACABHAS ITAOIIIAAD AUCTA

Nymphoides peltata (S.G. Gmel.) O. Kuntze — is a pluri-
zonal circumpolar species, its geographical range being in the
temperate zone of Furasia (Li et al. 2011, Sdndulescu et al.
2016). This species has also been observed in North Ameri-
ca since the late 19th century and in New Zealand since the
late 20th century (Champion & Clayton 2003, Darbyshire &
Francis 2008). In the territory of Russia, the species occurs
to the north-east of the Northern Dvina River and also
along the upper and lower course of the Vychegda River
(Ivanina et al. 1977). In a number of regions in Russia this
species is subject to protection as an rare species or species
on the brink of extinction and is enlisted in the Red Books
(Shchepovskih 1995, Fedorovskih 2003, Horuzhik 2005,
Chernyagina 2007, Rozenberg 2007).

©Botanical Garden-Institute FEB RAS. 2019

Despite the fact that in the majority of its habitats
N. peltata is a rare species and is subject to protection, some-
times it is often considered to be a quickly proliferating inva-
sive species (Les & Mehrhoff 1999, Sindulescu et al. 2010).
The rapid proliferation of this species is achieved due to its
well-defined capability for vegetative propagation and clo-
nogenic growth (Velde et al. 1979, Velde & Heijden 1981,
Brock et al. 1983, Larson 2007). Previously it was shown
that vegetative propagation is the main means of reproduc-
tion in invasive populations of N. pelfata in the territory of
Sweden (Larson 2007). Being an invasive species and having
a high capability for covering large areas of water surfaces,
N. peltata can cause a reduction in the biodiversity of indige-
nous communities, have a negative impact on tourism and
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transport, and reduce the recreational functions of water
bodies (Larson 2007, Walther et al. 2009, Sindulescu et al.
2016). At the present time, the problem of species invasion is
aggravated due to the new challenges of global warming and
climate changing (Walther et al. 2009, Bradley et al. 2010).
The description of species communities with the pre-
dominance of this species has been given in the studies of a
number of researchers from Western Europe, mostly from
Romania (Krausch 1965, Nedelcu 1969). In Russia, there
have also been scientific works devoted to the studies of the
general architectural model of these plants (Lednev 2015),
as well as the anatomical and morphological structure of
their vegetative organs (Markovskaya et al. 2015, 2018).
However, there are very few data on the physiological pecu-
liarities of N. peltata. Previously it was shown that N. peltata
has a high capacity for adaptation to the changing environ-
ment (including land environment) due to the changes in
its anatomical and morphological features (Li et al. 2011).
In the area of the present study (the Arkhangelsk Re-
gion), N. peltata occurs at the northern limit of its geogra-
phical range and therefore is considered to be vulnerable. In
view of this, it is highly relevant to study its adaptive capaci-
ty, as well as its morphological, anatomical and physiologi-
cal peculiarities under the present habitat conditions. How-
ever, in recent years there has been an active proliferation
of N. peltata along the banks of the Northern Dvina River,
which also calls for the need to study the cause of this phe-
nomenon and make forecasts as to its further proliferation.

MATERIAL AND METHODS

Subject and study area

The subject of the study is Nymphoides peltata
(8.G. Gmel.) O. Kuntze. — a perennial herbaceous aquatic
plant of the family Menyanthaceae. N. pe/tata populations,
as a rule, occur in water bodies with quiescent water, such
as ponds, lakes and the slowly flowing waters of crescentic
lakes (Gubanov et al. 2004, Wang et al. 2004).

N. peltata as a rare adventitious species was first registe-
red in 2014 on the left bank of the Northern Dvina River
in the village of Anfimovskaya (the Archangelsk region)
(62°2'N 45°4'E), which gave reason to believe that this
species occurrence at this location is a floristic find.

The study was conducted in the area of taiga. The stu-
dy region is located in an excessive moistening zone — the
annual precipitation is 700 mm. Throughout the year, pre-
cipitation varies considerably. During the cold season (No-
vember—March), the precipitation is 250 mm, during the
warm season (April-October), it can reach 450 mm. The
mean annual temperature is 1°C. The average monthly
temperature ranges from -13.5°C in January to +10°C in
July. The duration of the freeze-free period is about 100
days (Fedorov et al. 1976, Tarkhanov et al. 2004).

The biometrical studies were conducted in the growing
seasons of 2014, 2017 and 2018. The anatomical and phy-
siological studies were carried out in the period of active
vegetation (end of July—August) of 2018.

Biometric measurements
In order to take biometric measurements, each year du-
ring the study period, 100 of well-developed floating leaves

were sampled. For the measurement of the leaf area, the
leaves were scanned. Leaf area was measured using Image]
software. The specific leaf area (SLA) was calculated as a
leaf area to dry leaf mass ratio. For its estimation, leaf with
a known area were dried until oven-dry at 80°C and then
weighed.

Anatomical measurements

Ten floating leaves were sampled (with an area of 40—
55 e¢m?) and fixed using 70 % ethanol. The leaf anatomical
structure was studied in the cross-section and longitudinal
section cuts made with a razor blade by hand with the help of
a light microscope (Zeizz, Germany). The biometric measu-
rements of the anatomical features were taken using an eye-
piece micrometer WEF10X/22 mm in 50 replicates. To study
the types of stomata, their number and size, longitudinal pa-
radermal sections of leaves were performed. The number of
chloroplasts was calculated in suspension after preliminary
cell maceration (Mokronosov & Borzenkova 1978) in 50 cells
of the palisade and the spongy mesophyll of leaves. The sto-
matal area was calculated using the formula:

S=7z’><D><£
4

where D — stomatal length, I — stomatal width. The volume
of cells was calculated using the linear dimensions of cells
(L — length, D — width) (Mokronosov & Borzenkova 1978)
with the correction factor £ (Tselniker 1978):

V=lyz'><DxL><k, k=0.38+0.117r'><£
4 D

The volume of cells corresponding to one chloroplast, or
the cellular chloroplast volume (CCT") was determined using
the formula:

Veell
Nch

CCV =

where 1¢el/ — cell volume, Neh— number of chloroplasts per
cell.

Determination of chlorophyll
fluorescence

To measure the chlorophyll fluorescence the fluorimeter
with a pulse-modulated light source JUNIOR-PAM, Walz,
Germany) was used. The chlorophyll fluorescence parame-
ters were measured after 30-minute dark adaptation. The
following chlorophyll fluorescence parameters were de-
termined: basic fluorescence yield (FO), maximal fluores-
cence yield (Fm) and variable fluorescence yield (Fv) (the
saturating impulse PPFD being 10 000 pmol m? sec™), the
maximum photochemical quantum yield of PS II (Fv/
Fm). The rapid light curves (RLLCs) were obtained using
the WinControl software. The fluorescence yield (F), the
maximum fluorescence yield of a light-adapted leaf (F'm),
the relative electron transport rate (ETR), the effective
quantum yield of PSII (Y(II)), the coefficients of photoche-
mical (qP) and non-photochemical fluorescence quenching
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(NPQ) were registered at PAR being 66, 90, 125, 190, 285,
420, 625 and 820 umol m™? s™'. Based on PAR-ETR cutves
minimum saturating irradiance (Ek) was determined.

RESULTS

The area populated by the plants includes territories
with a depth ranging from 30 to 70 cm. The area covered by
the population N. pelfata in 2014 was approximately 20 m?,
the projective cover degree of floating leaves accounted for
about 50 %, at times coming up to 80 %. In 2017, the area
covered by the population had increased and totaled to 30—
40 m?, the projective cover degree at some points reaching
100 %, with a considerable overlap of leaf blades. In 2017,
the leaf area in 1 m? was 1.4 m? in 2018 it was 1.8 m?%

All the samples of floating leaves were divided into se-
veral groups depending on their leaf blade area: group I —
leaves with an area 5-15 cm?, group II — 20-35 cm?, group
IIT — 40-55 cm? (see Table 1). In 2018, as compared to
2017, there was a decrease in the number of leaves with the
smallest area (group I) and an increase in the number of
large leaves (group III), whereas the percentage of leaves
with medium values of leaf blade area (group II) remains
the same and accounts for about 60%. The SLA values va-
ried over a wide range. In 2017, they were similar in leaves
of all the three groups. In 2018, the SLA values
were similar in leaves of groups II and III; the 600 1 1)
highest SLLA values were observed in leaves of |
group L. In 2018, the SLLA values for all leaves
increased almost twofold (Table 1).

Anatomical measurement showed that leaves
of N. eltata belong to the dorzoventral type. The
palisade mesophyll is located on the adaxial side,

time, the mean cell volume of one particular chloroplast in
the cells of spongy mesophyll is three times as high as that
in the cells of palisade parenchyma (Table 2).

The study of the chlorophyll fluorescence parameters
showed that the Fv/Fm ratio 0.81+0.014. The study of
the RLC revealed a relatively gradual decrease in Fm' with
increasing PAR (Fig. 1). The reduction of Fm' between
SF1 (saturation flash 1) and SF9 equaled 44.8 %. T rises
sharply with PAR increasing up to 66 umol photons m?
s, and then it gradually decreases. The rise in PAR leads
to a considerable decrease in Y(II) and qP and an increase
in NPQ and ETR. Moreover, ETR does not go down after
satutation (Ek = 382.3 pmol photons m?s"') (Fig. 1).

DISCUSSION

The population of N. peltata was first registered
in the studied area in 2014 and is still at the ecarly stages
of formation. In the course of four-year observations
(from 2014 to 2018), the area occupied by the population
increased twofold. The territory populated by the plants in-
cludes depths ranging between 30 and 70 cm, their further
expansion over greater depths is limited. The increase in
the population area is achieved through the propagation of
the species along the course of the river. Apart from that,

the spongy mesophyll — on the abaxial side. The
average leaf blade thickness is 1046 pm (Table 2).
On the top side of leaves, numerous anomocy-
tic stomata were identified. The lower epidermis
is characterized by the absence of stomata and
the formation of hydropotes. The hydropotes are
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Figure 1 Parameters of rapid light curves: (A) the fluorescence yield (F), (B) the
maximum fluorescence yield of a light-adapted leaf (F'm), (C) the quantum yield
of PSII (Y(I)), (D) the coefficients of photochemical quenching (qP), (E) the
coefficients of non-photochemical fluorescence quenching (NPQ), (F) the relative
electron transport rate (ETR), as a function of PPFD

Table 1. Percentage and specific leaf area (SLA) in Nymphoides peltata leaves of different groups.

Year Group of leaves | (S=5-15 cm?)

Group of leaves Il (S=16-35 cm?)

Group of leaves 111 (S=36-55 cm?)

Percentage of Percentage of

Percentage of

total leaves SLA, cm?g* total leaves SLA, cm?g* total leaves SLA, cm?g*
2017 30 100-180 60 120-200 10 120-180
2018 10 270-460 60 200-370 30 220-370
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Table 2. Quantitative traits of leaf anatomy of Nymphoides peltata.

Traits

Mean * standard
error of the mean

Leaf thickness, um 1046 + 12
Number of stomata on the adaxial side, pieces per mm? 440+ 9
Stomata area, pm? 323.1+11.4
313 palisade mesophy!ll 23.0x14
Cell volume, um?x10 spongy mesophy!ll 40.1+3.7
. palisade mesophyll 485+0.8
Amount of chloroplast, pieces spongy mesophyll 271406
2 palisade mesophyll 480.1+31.7
Cellular chloroplast volume, pm spongy mesophyll 1525 6 + 144.0

the species population is also adopting the water surface
through the increase in leaf density: in 2014 the projective
cover degree of floating leaves amounted to about 50 %o,
sometimes coming up to 80 %, in 2017 it reached 100 %
with a considerable ovetlap of leaf blades.

In 2018, SLLA value for all leaves increased almost two-
fold, which is indirectly indicative of an increase in photo-
synthetic rate and, consequently, the biological productivity
of the plant. The dependence between SLA values and
the amount of absorbed light is well established, as well
as that between photosynthetic rate per unit of dry mass
and relative growth rate (Poorter & Der Werf 1998, Evans
& Poorter 2001, Leishman et al. 2007). Previously it was
shown that SLA is one of the key parameters that allow for
the differentiation of species according to the strategy of
resource acquisition and utilization (Leishman et al. 2007).
High SILA values are characteristic of invasive species, they
ensure their rapid growth and are beneficial in the setting
of high resource availability. On the other hand, low SLA
values are typical of plants growing in habitats with limi-
ted resources, in situations when the preservation of the
acquired resources is top priority (Wilson et al. 1999, Leish-
man et al. 2007). The observed increase in SLA was asso-
ciated with the strategy of quick growth and provides for a
high capacity of IN. pelfata for expansion over a new territo-
ry and holding onto it (Leishman et al. 2007).

In 2018, as compared to 2017, an increase in the area
of leaves was noted. There was also a reduction in the
number of leaves with the smallest area (group I) and an
increase in the number of large leaves (group III), whereas
the percentage of leaves with meadium values (group 1I)
remains the same and amounts to about 60 %. Such a sharp
increase in the leaf area can be accounted for by the high
adaptation to the environmental factors and the strategy of
quick growth, as well as the climatic peculiarities observed
in 2018. In 2018, as compared to 2017, the mean air tempe-
rature values were higher (Table 3). Moreover, higher than
normal temperature values were occasionally reported in
this region. For instance, the highest air temperature in July
2018 was 30.6°C, in June it was 28.7°C.

The conducted anatomical study showed that leaves of
N. peltata have a typical structure, characteristic of floating
leaves of hydrophytes (IN. peltata in particular): high leaf
thickness, clearly differentiating dorsoventral mesophyll,
stomata located on the top surface of leaf and hydropodes
located on its lower surface, well-developed aerenchyma

Table 3. Mean air temperature values (°C) in 2017 and
2018 (according to rp5.ru, data for vil. Verkhnaya Toyma
which located 22 km away from study area).

2017 2018
June 12.0 13.0
July 18.1 19.2
August 16.2 155

with a large amount of cells occupying a considerable pro-
portion of the leaf blade (Ronzhina & P’yankov 2001a,
Mehrvarz & Nodehi 2016). At the same time, certain pe-
culiarities of the anatomical structure were also observed.

The study of the leaf blade thickness showed that, in
the studied habitat, thick leaves are typical of N. peltata. By
way of comparison, in N. peltata plants growing in Lake
Liangzi (China) and studied in the course of an experiment
conducted by Chinese scientists, the thickness of leaves was
twice as low (i et al. 2011). The leaf thickness of the N. pe/
tata plants studied in our experiment was higher than the
thickness typical of floating leaves of various aquatic plants
(Croxdale 1979, Nielsen & Sand-Jensen 1993, Ronzhina &
P’yankov 2001b). The increase in leaf thickness is expected
to lead to a higher photosynthetic rate (Pattison et al. 1998,
Niinemets 1999, Yamashita et al. 2002). Thick leaf blades
with a well-developed aerenchyma enable plants to store
CO, released during breathing and photorespiration, which
makes it possible for them to re-use this CO, in the photo-
synthetic process. (Ronzhina & P’yankov 2001b).

In the studied plants, the cells of palisade mesophyll
were arranged in two rows. It has been noted in the literature
that it is dorsoventral mesophyll with two to three layers of
palisade tissue that is characteristic of floating leaves of hyd-
rophytes growing under sufficient light conditions (Ronzhi-
na & P’yankov 2001b). At the same time, in N. pelfata plants
growing in more southern regions, three to four rows of
columnar cells have been observed (Mehrvarz & Nodehi
2016, Siandulescu et al. 2016). The reduction in the number
of layers of palisade mesophyll in plants growing in the
North, as compared to plants of more southern regions,
can be associated with the different levels of light avai-
lability. The increase in the number of layers of palisade
mesophyll is characteristic of leaves growing under high
light conditions (Vogelmann 1993, Vogelmann &Martin
1993). In this case, the additional layers of columnar cells,
apart from facilitating CO, exchange, also serve for optical
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purposes. They ensure a more equal distribution of light
inside the leaf, which in the context of excessive light pre-
vents photoinhibition and photodamage (Vogelmann 1993,
Vogelmann & Martin 1993).

The photochemical activity of the photosynthetic appa-
ratus of N. peltata was of special interest. It was determined
that in all leaves the Fv/Fm was 0.8120.014, which is close
to the optimal value of Fv/Fm (0.83), and is illustrative of
the optimal conditions under which this species is growing
(Bjorkman & Demming 1987). The findings are indicative
of the presence of actively functioning systems which keep
the photosynthetic activity of the photosynthetic apparatus
at a high level. The decrease in Fm” (fluorescence during
saturated impulse) between SF1 (saturation flash) and SF9
was trelatively low and totaled to 44.8 %. This indicates the
limited capability for non-photochemical energy dissipation
(Ralph & Gademann 2005) and is confirmed by the relati-
vely low values of NPQ. For instance, at a level of PAR
being 820 umol photons m? s, the values of NPQ were
0.80+0.26 (Fig. 1).

The dependence between ETR and PAR is also
indicative of the limited capability for energy dissipation
(Fig. 3). The ETR does not go down after saturation (Ek
= 382.3 pmol photons m? s™). These data suggest that
even at the values of PAR exceeding the saturation point,
no acceleration of its loss due to non-photochemical quen-
ching is registered (White & Critchley 1999). However, the
observed low values of Ek can imply that in the setting
of high light and limited capability for the dissipation of
energy, the photodamage of the photosynthetic apparatus
is likely to occur (White & Critchley 1999). The analysis of
the dependence between Y(II) and PAR demonstrated that
with increasing PAR, Y(II) drops sharply due to the limited
capacity for photochemical utilization of energy. This is
also confirmed by the sharp rise in I with increasing PAR
(Fig. 3) due to the closure of reactive centers.

The increase in PAR also resulted in the quick decrease in
qP (Fig. 3). Such variations of qP were caused by the closure
of reactive centers due to the light saturation (Goltsev et al.
2014). These data suggest that the photosynthetic apparatus
of this species is well-adapted to the medium range of light
values (400—600 umol m™ s™), which prevailed during the
study period.

Summing up what has been said, the conducted study
showed that N. peltata is well-adapted to the climatic con-
ditions of North-West Russia. Its structural and physiolo-
gical adaptations are aimed at the acceleration of photo-
synthetic processes (in the setting of high availability of
resources) and growth respectively, which resulted in the
rapid proliferation of the studied population. N. pelfata de-
monstrates signs of an invasive species and in view of this,
the propagation of N. pe/fata in the territory of North-West
Russia must be closely monitored.
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