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Abstract: The leaf pigment complex traits of 44 wetland plant species from the Middle Urals (Russia)
were studied to analyze their diversity in relation to taxonomy and life forms. The chlorophyll content
per dry weight (ChlDW) and leaf area (ChlArea), the ratio of chlorophylls a and b, and CO2 uptake rates
(ADW) were determined. ChlDW varied by 10-fold from 2.20 to 21.9 mg g−1 among the wetland plant
species. The influence of taxonomy at the level of classes on the variation of the pigment complex
traits was revealed. Dicots had greater ChlDW and had a greater proportion of chlorophylls in the
light-harvesting complex (ChlLHC) than monocots. In dicots, ChlLHC was positively correlated with
leaf area ratio (r = 0.63, p < 0.01), and the effect of life forms on the content and ratio of pigments was
determined. In monocots, chlorophyll content was positively correlated with ADW (r = 0.75, p < 0.001)
and plant height (r = 0.66, p < 0.001). In monocots, the effect of families on the pigment content was
observed. The lack of differences in ChlArea between the different systematic groups and life forms
indicates a similar ability of the leaf area unit to absorb a solar energy.

Keywords: chlorophyll; Chl a/b; carotenoids; light-harvesting complex; LMA; LAI; CO2 uptake rate;
dicots; monocots

1. Introduction

Chlorophyll is the primary photon acceptor in the pathway through which sunlight is
harvested to produce energy for the creation of the chemical bonds of organic compounds.
It has been established that the composition of photosynthetic pigments is fairly constant
among vascular plants and is represented by two chlorophylls (Chl a and Chl b) and
six carotenoids [1]. Chlorophylls are the main light-harvesting pigments, while carotenoids
are involved in both collecting light as well as photoprotection [2]. Within chloroplasts,
pigments are structured in photosystems (photosystem I and photosystem II), which are
multi-subunit membrane complexes [3]. Chl a is located in the reaction centers and antennas
of both photosystems, while Chl b is only present in the light-harvesting complex [4].
Carotenoids are always associated with the proteins of antenna complexes, except for
β-carotene, which is mostly located in the core complexes of both photosystems, where it
quenches Chl triplets and singlet oxygen [5].

The chlorophyll content, as well as the ratio of chlorophylls a and b (Chl a/b) and the
ratio of chlorophylls and carotenoids (Chl a+b/Car), alter under stressful conditions [6–8].
This adaptation of the photosynthetic apparatus occurs due to changes in the composition
and size of the photosystem II antenna and the adjustment of photosystem II/photosystem
I ratio [6].

Chlorophyll content in leaves affects their photosynthesis rate and thus has an effect
on plant growth and productivity [9–14]. Positive correlations have been observed between
chlorophyll concentration and several leaf traits, such as the leaf mass per area (LMA) and
leaf nitrogen content [10,11,15–19].
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The relationship between plant productivity and chlorophyll content, and the im-
portant role of leaf pigment complex traits in the photosynthetic system’s acclimation in
different environments, contributes to the high levels of interest in the study of these pa-
rameters in plants of various taxonomic groups as well as life and growth forms in different
biomes. It has been shown that plant species of the taiga zone in European Northeast
Russia contain a relatively small concentration of chlorophylls, ranging from 2 to 6 mg g−1

DW [20]. It was also found that arctic and arctic–alpine plant species had a low Chl a+b/Car
under these conditions [20,21]. When studying the plant species of forest ecosystems in
China along the latitudinal transect, a large variation in the chlorophyll content (from 1.45
to 19.2 mg g−1), as well as a tendency for a decrease in the plants’ chlorophyll content
with increasing latitude, was revealed [18]. A comparative analysis of the pigment content
in the leaves of plants from different biomes showed that steppe and desert species are
characterized by low concentrations of chlorophylls [11,22], and within arid regions, the
chlorophyll content declines with an increase in the climate’s aridity [16,23,24]. When
studying steppe plant species in the South Urals along the latitudinal transect, the results
revealed an increase in the Chl a/b ratio from 1.8 to 2.8, and, on the contrary, a decrease
in the ratio of Chl a+b/Car from 5.6 to 3.5, with increasing latitude [25]. It was noted that
under the same climatic conditions, plants in habitats with a high moisture level contain
more chlorophylls in their leaves (for example, oasis plants) compared to desert species [11].

Many authors have revealed significant variations in plants’ pigment complex parame-
ters within biomes [10,11,18,21,25]. One of the factors contributing to this variation has been
the diversity of life forms among the studied species. In the taiga zone of European North-
east Russia, herbs had two to three times greater chlorophyll concentrations compared to
trees [20]. In the forest ecosystems of Eastern China, the leaf chlorophyll content increased
in the order trees—shrubs—herbs, while the Chl a/b ratio, on the contrary, declined in this
series [26]. In the desert ecosystems of Mongolia, the leaf chlorophyll content increased in
the order subshrubs—perennial herbs—annuals [11]. Several studies have established the
effect of taxonomy on plants’ chlorophyll content. A high chlorophyll concentration was
noted in species of the Fabaceae family [20]. It was found that the source of variation in the
pigment content in plants of the same life form is the taxonomic origin [26].

The variation in leaf pigment complex traits among wetland plant species and the
factors that determine it have been studied to a lesser extent compared to plants in other
ecosystems. The research on macrophytes in the Middle Urals and European Northeast
Russia has shown a large variation in the chlorophyll content from 3 to 17 and from 3 to
13 mg g−1 DW, respectively, as well as a low ratio of chlorophylls to carotenoids from 2.3
to 3.5 in plant leaves [10,27]. In both studies, this variation was predominantly due to the
presence of hydrophytes of different groups (submerged and emergent).

Thus, the variation in leaf pigment complex traits in hydrophytes with emerged leaves
and riparian plants, as well as the factors that affect it, remains poorly understood. In
this study, a hypothesis is proposed wherein the variation in leaf pigment parameters
in wetland plants is associated with taxonomy and life forms, similar to plant species in
other ecosystems.

The objectives of this work were as follows: (a) to study the variation of the leaf
pigment complex traits of wetland plants in the Middle Urals; (b) to analyze whether
the variation in the content of pigments is associated with taxonomy and life forms; and
(c) to reveal the relationship of pigment complex parameters with leaf traits and plant
aboveground biomass.

2. Materials and Methods
2.1. Study Area and Plant Material

The plants analyzed in this study were collected on the banks of the Iset’ (56.841191 N,
60.509337 E), Aramilka (56.681439 N, 60.786025 E), and Povarnya (56.442116 N, 60.190558 E)
rivers in the south of the Sverdlovsk region (Russia). The study area is located on the
eastern macroslope of the Ural Mountains in the southern taiga subzone. The climate of
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this region is temperate continental. The mean annual air temperature is about +3 ◦C.
The mean temperature of the warmest month (July) is +19 ◦C. The annual precipitation is
470–540 mm. The level of photosynthetically active radiation is over 2000 µmol m−2 s −1

at midday in July. The duration of the growing season is up to 130 days.
Chlorophyll and carotenoid content, leaf traits, leaf canopy parameters, and above-

ground biomass of 44 wetland plant species were determined. The species studied account
for 75% of the species frequently found in the wetlands of the Middle Urals [28]. A list
of the species under study with the designated families, life forms, and sampling sites is
provided in Table S1. The species examined are herbaceous plants, including 41 perennials
and 3 annuals. Raunkiaer’s system, which is based on the position of the perennating
buds during the unfavorable season [29], was used to classify the studied herbaceous plant
species into life forms. The life form of each species has been derived from the research pre-
sented in [30], which includes a list of species with their biological and ecological attributes.
Five life forms were defined among wetland plant species studied: (1) chamaephytes—
plants with perennating buds located at a low level (up to 30 cm) above the soil surface
in an unfavorable season; (2) hemicryptophytes—plants with buds located at the level
of the soil surface; (3) geophytes—plants with buds located at some depth in the soil;
(4) helophytes—plants with buds located at some depth in water or waterlogged soil; and
(5) therophytes—annuals surviving an unfavorable season in the form of seeds [29]. All
these life forms were found in dicots and four (excluding chamaephyte) were found in
monocots (Figure 1A). Dicot plant species from 12 families accounted for 43% of the species
studied and monocot plant species from 9 families accounted for 57% (Figure 1B).
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Well-developed flowering plants from open, wet habitats (riversides without trees 
and shrubs) were selected for analysis. The measurements were carried out on third and 
fourth leaves located below the inflorescence. The CO2 uptake rate was measured on the 
third leaf. After that, the pieces from the third leaf were frozen in liquid nitrogen and kept 
in the dark until the chlorophyll and carotenoid concentrations were determined. The 
fourth leaf was used to determine leaf mass per area (LMA). In the aphyllous species Ele-
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Figure 1. Ratios of life forms (A) (HP, helophyte; GP, geophyte; HCP, hemicryptophyte; TP, therophyte;
CP, chamaephyte) and families (B) (Dicots: Ast, Asteraceae; Lam, Lamiaceae; Ona, Onagraceae; Pol,
Polygonaceae; Pri, Primulaceae; Ran, Ranunculaceae; Oths, all other families in which only one species
has been studied. Monocots: Ali, Alismataceae; Cyp, Cyperaceae; Poa, Poaceae; Typ, Typhaceae; Oths, all
other families in which only one species has been studied) in the total sample of dicotyledonous and
monocotyledonous wetland plant species studied.

Well-developed flowering plants from open, wet habitats (riversides without trees
and shrubs) were selected for analysis. The measurements were carried out on third and
fourth leaves located below the inflorescence. The CO2 uptake rate was measured on the
third leaf. After that, the pieces from the third leaf were frozen in liquid nitrogen and
kept in the dark until the chlorophyll and carotenoid concentrations were determined.
The fourth leaf was used to determine leaf mass per area (LMA). In the aphyllous species
Eleocharis palustris and Schoenoplectus lacustris, all parameters were studied on the upper
third of photosynthetic stems. The pigment content, leaf traits, and CO2 uptake rates
were determined in 5 biological replicates. Plant height and aboveground biomass were
determined in 10 biological replicates.
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2.2. Plant Sizes and Canopy Parameters

Plant height was measured from the soil surface to the maximum location of its leaf
canopy. Plant diameter was determined to calculate the projection area of the plant canopy
onto the soil surface. After that, the aboveground part of the plant was severed, and
all leaves were photographed. Then, the aboveground part was dried and weighed to
determine the aboveground biomass. Leaf photos were used to measure leaf area using a
digital analyzer (Simagis Mesoplant, OOO SIAMS, Russia). Leaf area ratio (LAR, cm2 g−1)
was calculated by dividing the total leaf area of the plant by its dry aboveground mass.
Leaf area index (LAI) was calculated by dividing the total leaf area of the plant by the
projected area of its leaf canopy on the soil surface.

2.3. Leaf Traits

Freshly harvested leaves were photographed, dried, and weighed. Leaf photos were
used to measure leaf area using a digital analyzer (Simagis Mesoplant, OOO SIAMS, Russia).
Then, leaf mass per area (LMA, g m−2) was calculated.

2.4. Leaf Pigment Content and CO2 Uptake Rate

Pigments were extracted with 5 mL of 80% acetone from 25 mg fresh weight leaf pieces.
The optical density of the extracts was measured using a spectrophotometer (Odyssey
DR/2500, HACH, Loveland, CO, USA) at wavelength 663, 646, and 470 nm. The chlorophyll
and carotenoid concentrations were calculated according to the formulas presented in [31].
Using the mass and area of leaf pieces, the content of pigments per unit of fresh weight
(ChlFW, mg g−1; CarFW, mg g−1) and per leaf area (ChlArea, µg cm−2; CarArea, µg cm−2)
was calculated. Using LMA, the content of pigments per dry weight (ChlDW, mg g−1;
CarDW, mg g−1) was recalculated. The proportion of chlorophyll in the light-harvesting
complex (ChlLHC, %) was determined according to the technique presented in [32,33] using
the following formula:

ChlLHC = (Chl b + 1.2 × Chl b)/(Chl a + Chl b), (1)

where Chl a and Chl b are the concentrations of chlorophylls a and b.
The CO2 uptake rate was measured using a gas analysis system (Li-6400xt, Li-COR,

USA) at irradiance of 2000 µmol m−2 s−1, CO2 concentration of 380 ppm, air humidity of
50%, and air temperature of 24 ◦C. The photosynthetic rate was calculated per dry weight
(ADW µmol CO2 g−1 DW s−1) and per unit of chlorophyll weight (AChl, µmol CO2 g−1

Chl s−1).

2.5. Data Analysis

To estimate the variation in leaf pigment complex traits in wetland plant species, the
coefficient of variation (CV) was calculated. A one-way analysis of variance (ANOVA)
was carried out to determine the effects according to class, family, and life form on the
parameters studied. Families and life forms in which the number of species was less than
two were excluded from the analysis. Tukey HSD was used to assess the significance of
differences between the means. Differences are considered to be significant at p < 0.05.
Statistical analysis was performed using STATISTICA 13 (StatSoft Inc., Tulsa, OK, USA).

3. Results
3.1. Variation of Leaf Pigment Complex Traits across Wetland Plant Species

The Chl and Car content per fresh weight, per dry weight, and per unit area as well
as AChl varied significantly among the wetland plant species (Table 1). ChlDW varied by
ten-fold, from 2.20 to 21.91 mg g−1; CarDW by six-fold, from 0.79 to 4.80 mg g−1; and AChl
by over eight-fold, from 11 to 95 µmol CO2 g−1 Chl s–1. Chl a/b and ChlLHC were the least
variable (9 and 7% respectively).
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Table 1. Statistics of leaf pigment complex traits in dicotyledonous (n = 19) and monocotyledonous
(n = 25) wetland plant species. Different letters denote significant differences between dicots and
monocots at p < 0.05. SE, standard error; CV, coefficient of variation.

Traits Mean SE Minimum Maximum CV

ChlFW a+b, mg g−1 Dicots 1.95a 0.10 1.33 2.66 0.23
Monocots 1.87a 0.18 0.44 4.38 0.49

Total 1.90 0.11 0.44 4.38 0.39

CarFW, mg g−1 Dicots 0.44a 0.03 0.25 0.84 0.29
Monocots 0.47a 0.04 0.22 0.99 0.42

Total 0.45 0.03 0.22 0.99 0.37

ChlDW a+b, mg g−1 Dicots 11.79a 1.13 5.23 21.91 0.42
Monocots 8.56b 0.85 2.20 18.51 0.50

Total 9.95 0.72 2.20 21.91 0.48

CarDW, mg g−1 Dicots 2.56a 0.22 1.27 4.80 0.37
Monocots 2.14a 0.19 0.79 3.82 0.44

Total 2.32 0.14 0.79 4.80 0.41

ChlArea a+b, µg cm−2 Dicots 32.82a 1.50 20.81 46.53 0.20
Monocots 40.25a 3.42 11.67 81.77 0.42

Total 37.04 2.10 11.67 81.77 0.38

CarArea, µg cm−2 Dicots 7.41b 0.46 3.35 11.50 0.27
Monocots 10.05a 0.62 5.18 17.37 0.31

Total 8.91 0.45 3.35 17.37 0.33

Chl a/b Dicots 2.34b 0.05 1.92 2.83 0.10
Monocots 2.53a 0.03 2.22 2.99 0.07

Total 2.44 0.03 1.92 2.99 0.09

Chl a+b/Car Dicots 4.58a 0.18 3.01 6.35 0.17
Monocots 3.94b 0.18 1.63 5.46 0.23

Total 4.22 0.13 1.63 6.35 0.21

ChlLHC, % Dicots 66.35a 1.07 57.42 75.52 0.07
Monocots 62.56b 0.60 55.20 68.57 0.05

Total 64.20 0.63 55.20 75.52 0.07

AChl, µmol CO2 g−1 Chl s−1 Dicots 36.67a 4.74 11.05 84.13 0.56
Monocots 46.82a 3.80 16.64 94.86 0.41

Total 42.44 3.04 11.05 94.86 0.47

ChlFW, CarFW, ChlArea, CarDW, and AChl did not differ between the dicotyledonous
and monocotyledonous wetland plant species (Table 1). ChlDW in the dicots was 1.4 times
higher than that in the monocots, while CarArea, on the contrary, was lower by the same
margin. Chl a/b in the dicots was lower than in the monocots, whereas Chl a+b/Car and
ChlLHC were higher.

The variation in ChlDW, CarDW, and CarArea in the dicots and monocots was similar
(Table 1). The variation in Chl a/b, ChlLHC, and AChl was greater in the dicots compared to
the monocots, and the reverse was true for the other studied parameters.

Considering the influence of factors on the variation in leaf pigment complex traits,
the sampling site was not significant with respect to the dicots and monocots (Table S2).
The type of family also did not affect the parameter values in the dicots, whereas the type
of life form influenced certain traits, namely, ChlDW, CarDW, Chl a/b, Chl a+b/Car, and
ChlLHC (Table 2). In the monocots, on the contrary, the type of life form did not have a
significant effect, and the type of family influenced pigment complex parameters, such as
ChlFW, CarFW, ChlDW, and CarDW.
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Table 2. Results of one-way ANOVA of leaf pigment complex traits in dicotyledonous and mono-
cotyledonous wetland plants. F values and their significance (ns, not significant; *, p ≤ 0.05;
**, p ≤ 0.01; ***, p ≤ 0.001) are presented.

Traits
Dicots Monocots

Life Form
n = 18

df = 3, 14

Family
n = 13

df = 5, 7

Life Form
n = 24

df = 2, 21

Family
n = 20

df = 3, 16

ChlFW a+b, mg g−1 0.88 ns 1.20 ns 0.57 ns 6.80 **
CarFW, mg g−1 2.60 ns 0.68 ns 0.60 ns 6.09 **

ChlDW a+b, mg g−1 6.17 ** 0.75 ns 0.55 ns 9.99 **
CarDW, mg g−1 7.15 ** 0.83 ns 0.09 ns 13.35 ***

ChlArea a+b, µg cm−2 0.04 ns 0.61 ns 0.36 ns 1.39 ns
CarArea, µg cm−2 1.67 ns 0.85 ns 0.18 ns 1.86 ns

Chl a/b 4.55 * 2.24 ns 1.00 ns 2.34 ns
Chl a+b/Car 4.15 * 1.46 ns 1.28 ns 0.75 ns
ChlLHC, % 4.63 * 1.93 ns 0.95 ns 2.14 ns

AChl, µmol CO2 g−1 Chl s−1 2.66 ns 2.97 ns 0.24 ns 0.66 ns

3.2. Variation of Leaf Pigment Complex Traits in Dicots of Different Life Forms

Among the dicotyledonous wetland plants, species of various life forms differed in
terms of ChlDW, CarDW, Chl a/b, Chl a+b/Car, and ChlLHC (Figure 2C–G). Geophytes and
hemicryptophytes contained lower ChlDW than helophytes by 2.5- and 1.6-fold, respectively
(Figure 2C). The CarDW in the geophytes and hemicryptophytes was also about two-fold
lower than in the helophytes and therophytes (Figure 2D). The Chl a/b was higher in the
geophytes and therophytes compared to the helophytes and hemicryptophytes, and the
reverse was true for Chl a+b/Car and ChlLHC (Figure 2E–G). The ChlFW, CarFW, and AChl
did not differ in the various life forms (Figure 2A,B,H).
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Figure 2. Leaf pigment complex traits in dicotyledonous wetland plants of different life forms (HP,
helophyte; GP, geophyte; HCP, hemicryptophyte; TP, therophyte). (A) Chlorophyll and (B) carotenoid
content per fresh weight. (C) Chlorophyll and (D) carotenoid content per dry weight. (E) Ratio of
chlorophylls a and b. (F) Ratio of chlorophylls and carotenoids. (G) Proportion of chlorophyll in
the light-harvesting complex. (H) CO2 uptake rate per unit of chlorophyll weight. Different letters
indicate significant differences between life forms (p < 0.05). Error bars represent standard error (SE).

3.3. Variation of Leaf Pigment Complex Traits in Monocots of Different Families

Among the monocotyledonous wetland plants, species of various families differed
in terms of ChlFW, CarFW, ChlDW, and CarDW (Figure 3A–D). Species in the Poaceae fam-
ily contained 1.7-fold greater ChlFW and CarFW compared to species in other families
(Figure 3A,B). The ChlDW and CarDW in Cyperaceae and Typhaceae were about 2-fold lower
than in Alismataceae and Poaceae (Figure 3C,D). The Chl a/b, Chl a+b/Car, ChlLHC, and AChl
did not differ in various families (Figure 3E–H).
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3.4. Relationships between Leaf Pigment Complex Parameters, Leaf Traits, and Plant Productivity

In the wetland plants, the ChlDW was significantly negatively correlated with LMA in
the dicotyledonous and monocotyledonous species (Figure 4A). In contrast to the monocots,
the dicots presented a significant positive correlation between Chl a/b and LMA (Figure 4B).
In addition, the dicots presented significant positive correlations between ChlLHC and leaf
canopy traits, LAR, and LAI (Figure 4C,D), and a negative correlation between ChlDW and
aboveground biomass (Figure 4G). Unlike the dicots, the monocots showed significant
positive relationships between ChlDW and ADW, and ChlArea was positively correlated with
plant height (Figure 4E,F). In the dicots and monocots, ChlArea was positively correlated
with aboveground biomass (Figure 4H).
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Figure 4. The relationship between (A) chlorophyll content per dry weight and LMA, (B) ratio of
chlorophylls a and b and LMA, (C) proportion of chlorophyll in the light-harvesting complex and
LAR, (D) proportion of chlorophyll in the light-harvesting complex and LAI, (E) chlorophyll content
per dry weight and CO2 uptake rate per dry weight, (F) chlorophyll content per area unit and plant
height, (G) chlorophyll content per dry weight and aboveground biomass, and (H) chlorophyll
content per area unit and aboveground biomass. D—red, empty squares and dotted line represent
dicots; M—blue, filled circles and a solid line denote monocots. Significance of correlation coefficient
r: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

4. Discussion

The light environment is the main factor influencing the content and ratio of photosyn-
thetic pigments in plants [6,8,11,34,35]. Despite similar light conditions (open, wet habitats
without trees and shrubs), the plants of the Middle Ural wetlands studied herein showed
a significant variation in their leaf pigment complex traits. Thus, the ChlFW and ChlDW
changed by 10-fold, and the CarFW and CarDW varied by 4.5- and 6-fold, respectively,
among wetland plant species (Table 1). This ChlDW variation was higher than that found
previously in forest species (from 3.9 to 16.0 mg g−1) and in species of steppe slopes (from
2.8 to 7.8 mg g−1) in the same southern taiga subzone of the Middle Urals [36]. The variation
in ChlDW and CarDW in wetland plants in the Middle Urals was also higher compared to
macrophytes in the European Northeast Russia, in which ChlDW and CarDW changed only
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three-fold [27]. In the wetland plants in the Middle Urals, the ratios of pigments were the
least variable (Table 1). Similar results have been previously obtained for emergent plants in
the European Northeast Russia [27] and species from other terrestrial ecosystems [16,26,36].

This research revealed the influence of taxonomy at the level of classes on the variation
of leaf pigment complex traits among wetland plants (Table 1). First, the dicots had 1.4-fold
greater ChlDW and had a higher Chl a+b/Car and lower Chl a/b than the monocots. Second,
different relationships were found between pigment complex parameters and leaf traits
and aboveground biomass among the dicots and monocots. In the dicots, the ChlLHC was
positively correlated with parameters of the leaf canopy, LAR and LAI (Figure 4C,D), and
ChlDW was negatively correlated with aboveground biomass (Figure 4G). In monocots,
the chlorophyll content was positively correlated with CO2 uptake rate and plant height
(Figure 4E,F). In addition, different influences of life forms and families on the variation
of leaf pigment complex traits in the dicots and monocots were found (Table 2). In the
dicots, the effect of the type of life form on certain parameters was revealed. Geophytes and
hemicryptophytes contained lower ChlDW and CarDW than helophytes and therophytes
(Figure 2C,D). In addition, geophytes and therophytes had a higher Chl a/b and lower Chl
a+b/Car and ChlLHC compared to helophytes and hemicryptophytes (Figure 2E–G). This
suggests that helophytes and hemicryptophytes are more shade-tolerant than geophytes
and therophytes.

Unlike the wetland dicots, an influence of the type of family on several leaf pigment
complex traits was revealed in the monocots (Table 2). Species of the Poaceae family had
greater ChlDW and CarDW due to their higher concentrations of pigments per fresh weight
compared to species of other families (Figure 3A,B). A negative correlation between ChlDW
and LMA was found in the monocots as well (Figure 4A); thus, high ChlDW and CarDW
were detected in species of the family Alismataceae (Figure 3C,D). The positive relationship
between ChlDW and ADW suggests the greater productivity of the species from the families
Alismataceae and Poaceae (Figure 4E).

The peculiarities of the photosynthetic pigment compositions and content found in
dicotyledonous and monocotyledonous wetland plants have adaptive implications. The
high ChlDW in the dicots compared to the monocots (Table 1) due to low LMA (Figure 4A)
corresponds to the concept of plant leaf acclimation to shading [10,11,17,22,36,37]. So,
a high ChlDW was partially associated with an increase in chlorophyll b content, which
was confirmed by a significantly lower Chl a/b and a greater ChlLHC level in the dicots
compared to the monocots. Previously, such pigment complex traits were found in plant
species inhabiting the lower layers of wetland communities of tall helophytes or shrubs
and possessing stress-tolerant characteristics [38]. In dicots, the level of ChlLHC was
positively correlated with the parameters of the leaf canopy, i.e., LAR and LAI (Figure 4C,D).
These relationships demonstrate that species with a larger total leaf area surface, and as
a result, with a greater degree of self-shading, contain more chlorophylls in the light-
harvesting complex. An increase in the content of light-harvesting complex chlorophylls
rather than chlorophylls of reaction centers demonstrated the lack of correlation between
chlorophyll content and photosynthetic rates and plant height in the dicots (Figure 4E,F).
Since dicotyledonous plant species are rarely dominant in wetland communities [39], their
pigment complex is highly flexible, which allows them to regulate the content and the ratio
of pigments depending on the light conditions within plant communities.

The wetland monocots presented a greater degree of variation in pigment content
(ChlFW, CarFW, and ChlArea) but a lower degree of variation in the parameters describ-
ing the light-harvesting complex (Chl a/b and ChlLHC) than the dicots (Table 1). This
indicates that there was a difference in the number of reaction centers rather than the
light-harvesting complex bulk with a change in the chlorophyll content of the monocots.
Therefore, there was no relationship between ChlLHC and leaf canopy parameters (LAR
and LAI) (Figure 4C,D), while the chlorophyll content was positively correlated with CO2
uptake rate and plant height (Figure 4E,F). The latter relationship may provide a greater
growth rate for wetland monocots, allowing them to occupy dominant positions in plant
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communities. Previously, a relationship between chlorophyll content and photosynthetic
capacity was observed in plants of different functional groups [9–14].

A lack of differences in ChlArea between the different systematic groups and life forms
was found in a prior meta-analysis of about 800 plant species [1]. Plants in different habitats
(except for those with strong shading) within the same locality also had a comparable
ChlArea [3,29]. In this research, despite the significant differences in the ChlDW between
the dicots and monocots (Table 1) as well as among the different life forms (Figure 2C)
and families (Figure 3C), a relationship between ChlDW and LMA was common for both
classes (Figure 4A), which led to a comparable ChlArea in the different wetland plant
groups (Tables 1 and 2). The negative correlation between ChlDW and LMA found in
the wetland plants in this study had previously been established in plants of different
functional types and biomes [10,11,16,19]. Similar positive relationships between ChlArea
and aboveground biomass were found for dicots and monocots (Figure 4H). Differences in
AChl between the different systematic groups and life forms were also not detected in this
study (Tables 1 and 2). This indicates a similar ability of the leaf area unit to absorb solar
energy and comparable functional activity of chlorophyll in wetland plants of different life
forms and families.

The uncovered relationships between leaf chlorophyll content, CO2 uptake rate, and
aboveground biomass could be used to model the productivity of wetland plant communi-
ties. Since a plant’s leaf chlorophyll content is an indicator of both productivity and plant
environmental stress, the estimation of plant viability in terrestrial biomes by the chloro-
phyll content is widely used to predict their alterations under climate change [14,40,41]. The
revealed differences between dicots and monocots are useful for planning the restoration of
wetlands with the level of productivity required for communities to regulate carbon sinks.

5. Conclusions

The wetland plants of the Middle Urals showed significant variation in leaf chlorophyll
and carotenoid content per fresh and dry weight. Influences of taxonomy at the level of
classes and families on the variation of leaf pigment complex traits in wetland plants were
revealed. In dicots only, an effect of the type of life form on the content and the ratio of
pigments was found. Dicots had greater ChlDW and a lower Chl a/b and a greater ChlLHC
than monocots. An increase in the content of light-harvesting complex chlorophylls was
related to the enlarging of leaf canopy parameters. Generally, a highly flexible pigment
complex of dicots allows for the regulation of the content and ratio of pigments, depending
on the light conditions within the plant communities.

Unlike the dicots, the wetland monocots presented a degree of lower variation in the
parameters describing the light-harvesting complex (Chl a/b and ChlLHC). In the monocots
only, an effect of the type of family on the pigment content was found. The chlorophyll
content was positively correlated with CO2 uptake rate and plant height. Such relationships
in wetland monocots could enable higher growth rates, thereby allowing them to occupy
dominant positions in plant communities.

The lack of differences in ChlArea and AChl between the different systematic groups
and life forms indicates a similar ability of the leaf area unit to absorb solar energy and
comparable functional activity of chlorophyll in wetland plants. Evidently, this contributed
to a similar positive relationship between ChlArea and aboveground biomass in the mono-
cotyledonous and dicotyledonous wetland species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d15030372/s1, Table S1: List of studied wetland plant species with
designation of families, life forms, and sampling sites. Table S2: Results of one-way ANOVA of leaf
pigment complex traits for dicotyledonous and monocotyledonous wetland plants from different
sampling sites.

https://www.mdpi.com/article/10.3390/d15030372/s1
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