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Abstract

The study of ecological characteristics of Arctic species and communities remains insufficient.

In particular, knowledge is lacking about the growth and productivity of the Arctic species Sphag-

num lenense, which occupies habitats similar to S. fuscum and replaces it in permafrost palsas in the

forest-tundra zone. To address this gap, a seven-year investigation of the dynamics of structural

traits, canopy variables and primary productivity of S. lenense and S. fuscum, which co-exist in the

Pangody palsa complex, was carried out. Significant differences were revealed between these spe-

cies in numerical density and capitulum weight, which can be attributed as species-specific fea-

tures. In S. fuscum, the values of these parameters increased in permafrost peatlands compared to

bogs of the southern taiga of Western Siberia, while the other traits decreased. The dynamics of

length increment and net productivity of both species correlated significantly with weather factors

affecting moisture during the growing season and, to the greatest extent, with the dry period dura-

tion. No relationship with air temperature was found. The effect of weather predictors on numerical

density, increment weight or capitulum weight were detected. Net productivity of S. lenense and

S. fuscum was similar, with long-term median of 134 and 177 g·m–2 year–1, respectively. Productivity

of S. fuscum in the forest tundra was 1.4 times lower than in the southern taiga of Western Siberia.

Резюме

Изучение экологических особенностей арктических видов и сообществ остается недостаточным.

В частности, нет сведений об особенностях роста и продукции арктического вида Sphagnum lenense,

который занимает сходные с S. fuscum местообитания и приходит ему на смену на мерзлотных

бугристых болотах лесотундры. Чтобы восполнить этот пробел, в течение семи лет проводили

исследование динамики структурных признаков, плотности ковра и первичной продукции S. lenense

и S. fuscum, которые сосуществуют на мерзлотных буграх болота Пангоды. Выявлена значимая

разница между видами для численной плотности и массы капитул, которые можно отнести к

видоспецифическим особенностям. У S. fuscum количественные показатели этих признаков возросли

на мерзлотных болотах по сравнению с болотами южной тайги Западной Сибири, а остальных –

снизились. Динамика изменения линейного прироста и продукции обоих видов значимо

коррелировала с погодными факторами увлажнения в вегетационный период и в наибольшей степени

с длиной сухого периода. Зависимости от температуры воздуха не установлено. Связи плотности

мохового ковра, массы прироста и капитул от погодных факторов не выявлено. Продукция S. lenense

и S. fuscum была сходной, многолетнее медианное значение составило 134 и 177 г·м–2 в год,

соответственно, и у S. fuscum было в 1.4 раза ниже по сравнению с южной тайгой Западной Сибири.
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INTRODUCTION

Sphagnum mosses are the dominant plant group in

ombrotrophic mires of Western Siberia. In the forest-tun-

dra zone, permafrost palsa-pool complexes are wide-

spread. Here, Sphagnum mosses share a dominance with

lichens on palsas and maintain dominance in low water-

logged habitats such as pools, poor fens and hollows (Lap-

shina et al., 2022; 2023). On palsas, there are typical for

elevated boreal bogs Sphagnum species, such as S. fus-

cum (Schimp.) H.Klinggr., S. capillifolium (Ehrh.)

Hedw., S. divinum Flatberg & K.Hassel. Sphanum len-

ense H.Lindb ex L.I.Savicz (subgen. Cuspidata) also ap-
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pears here replacing S. fuscum (subgen. Acutifolia). While

S. fuscum is common in peatlands throughout Western

Siberia, S. lenense is an Arctic species. Southern bound-

ary of S. lenense distribution in Europe corresponds to

the isotherm of annual mean temperature of “4°C and an

annual precipitation amount of 500 mm (Popov, 2019).

On palsas of the forest-tundra, these two species coexist

occupying similar habitats on hummocks and flat sur-

faces in between (Alpert & Oechel, 1984; Luken & Bill-

ings, 1984; Vitt, 2014; Popov, 2019; Lapshina et al.,

2023). In addition to the similarity of habitats, these two

species are resembling each other both in coloration and

in size.

Despite a large number of publications dedicated to

Sphagnum mosses, mentions of the S. lenense are rare

and pramirily relate to descriptions of Arctic phytocenos-

es, often accompanying research on various topics (Jor-

genson et al., 2022; Kolesnichenko et al., 2019; Kon-

stantinova et al., 2023; 2024; Paal et al., 2021; Raudina

et al., 2023; Zarov et al., 2021). Sphagnum lenense is

infrequently mentioned in analyses of the floristic com-

position of Arctic mire communities (Lapshina et al.,

2023) and in the studies of peat botanical composition

(Pastukhov et al., 2021; Preis et al., 2016). There is a

lack of research on the functional traits, productivity, and

species responses to abiotic factors in the Siberian Arc-

tic. Previously, functional and structural traits of Sphag-

num, such as length increment, increment mass, capitu-

lum mass, and others, were found to influence its com-

petitive strategy and fitness, playing a role in the carbon

cycle (Laing et al., 2014; Mazziotta et al., 2018; Bengts-

son et al., 2020).

The aim of this study was to assess the structural traits,

canopy density and net primary productivity of S. lenense

in comparison with the morphologically and ecological-

ly similar species S. fuscum in a permafrost palsa within

the forest-tundra of Western Siberia.

MATERIALS AND METHODS

The study was carried out in palsas of the peat pla-

teaus mire complex Pangody (65.8717° N, 74.9632° E)

near the town of the same name in the forest-tundra of

Western Siberia. The mire included permafrost palsas

and waterlogged thawed depressed habitats of pools, poor

fens and hollows. On the palsa, permafrost was located

at a depth of 30–60 cm. Lichens predominated in the

phytocenosis (Cladonia stellaris (Opiz) Pouzar et Věz-

da, C. stygia (Fr.) Ruoss, C. amaurocraea (Flörke)

Schaer., Flavocetraria cucullata (Bellardi) Kärnefelt et

A.Thell and others). Sphagnum mosses (S. fuscum,

S. capillifolium, S. divinum, S. lenense) occurred in small

patches among lichen and along the periphery of water-

logged thawed habitats. A sparse herbaceous - dwarf shrub

layer with a coverage of 25% was represented by Ledum

palustre L., Vaccinium vitis-idaea L., Betula nana L.,

Rubus chamaemorus L. Pools, poor fens and hollows were

dominated by Sphagnum, such as S. balticum (Russow)

C.E.O.Jensen, S. jensenii H.Lindb., S. lindbergii Schimp.

and others with coverage of 100%. Here, the grass cover

was sparse (covering 15%) and dominated by Eriopho-

rum russeolum Fr. and Carex rotundata Wahlenb.

The technique of the field experiment was as the fol-

lowing. Permanent 0.25 m2 plots were set up on the pal-

sa in monospecific moss patches with S. fuscum and

S. lenense. On the plots, length increment measurements

were carried out using the brush-wire method (Rydin &

Jeglum, 2013) in 2–4 replicates per plot. The length in-

crement was measured for seven years, in 2013, 2015–

2018, 2022 and 2023. The total number of replicates us-

ing brush-wire method was 6–12 for S. lenense and 6–

14 for S. fuscum per year. In the monospecific moss patch-

es adjacent to the permanent plots, cores with an area of

16.6 cm2 were collected to determine the numerical den-

sity and the weight of capitula and increment. Number

of core replicates were 3–7 per species a year. Capitula

were calculated in cores, fractions of capitula and 30 mm

stem below capitulum were dried at 60°C to a constant

mass and weighed. Core sampling of such a technique

had been carried out since 2016. Field work was carried

out in the second decade of August.

The numerical density was expressed in number of

capitula per dm2; the increment weight was expressed in

g of the absolutely dry weight of 1 mm of stem per m2;

the capitulum weight was expressed in mg per item. Net

primary productivity of each species was equal to the

weight of the length increment in the current year and

was evaluated as multiplication of the increament weight

by the length increment. Years 2013 and 2015 were not

included in the productivity evaluation, as no cores were

taken according to the technique described above.

To reveal the relationship between structural traits,

numerical density and the weather, publicly available me-

teorological data were used (https://rp5.ru/ Accessed

01.VIII.2025). Since the vegetation season in the forest-

tundra begins in June and ends in August, meteorologi-

cal data over the period from June 1 to July 31 were tak-

en in the analysis. The growth of Sphagnum depends pri-

marily on water supply (Maksimov, 1982; Waddington

et al., 2015; Bengtsson et al., 2016, 2021; Grabovik et

al., 2024), including precipitation distribution (Nijp et

al., 2014). Therefore, moisture-related predictors such

as precipitation totals, number of rainy days, duration of

the dry period and the climate index proposed by Asada

et al (2003) were included in the analysis. The technique

of calculating of the dry period duration proposed previ-

ously (Koronatova et al., 2022). Temperature may also

be an effecting factor (Deane-Coe et al., 2015; Grabovik

et al., 2024). Therefore, the average temperature of the

warm period was included in the analysis.

Statistical data processing was performed using PAST

v. 2.17 (Hammer et al., 2001). The obtained data hardly

met the requirement of a normal distribution. Therefore,

Spearman’s rank correlation was used to search for rela-
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tionship between traits, density and meteorological pa-

rameters. To compare data set of different years, Krus-

cal-Wallis test followed by Mann-Whitney pairwise com-

parison was used. The number of replicates of length in-

crement and productivity varied between years. There-

fore, to compare the two species over the entire observa-

tion period, the median values for each permanent plot

were taken into consider. This ensured a similar number

of replicates per year.

RESULTS

The average long-term climatic properties in the Pan-

gody town in June-July (averaging period 1991-2020)

were as the follows: air temperature 13.3°C, precipita-

tion totals 119 mm, number of rainy days 19 (Hydrome-

teorological…, 2025). The weather of the growing sea-

son (1.VI–31.VII) for the studied period of 2013-2023

had the following features (Table 1). During the seven

years, the average air temperature varied from 13.7 to

14.9 °C. The exception was 2016, when the temperature

reached 18.0 °C. Thus, during the observed period, the

temperature always exceeded the long-term norm with

the extreme increasing in 2016. The total precipitation

was minimal in 2016, it was below the norm in 2017,

and it was maximal in 2015. In 2013, 2018, 2022, and

2023, precipitations were close to the long-term aver-

age. The number of rainy days exceeded the long-term

average in all years except 2016 and 2017, when it coin-

cided with the norm. The number of rainy days and the

duration of the dry period correlated with precipitation

(Pearson correlation coefficient k = 0.95, p = 0.00032

and k = –0.87, p = 0.0047, respectively). The years 2015

and 2023 had the shortest dry period. The climate index

(Asada et al., 2003) was also collinear with precipitation

(k = 0.95, p = 0.00025). The index was highest in 2015,

2022 and 2023, which were characterized by high mois-

ture and heat supply. Minimum index values were in 2013

and especially in 2016.

Structural traits of mosses varied widely from year to

year. A similar pattern in the length increment dynamics

was revealed for both species (Fig. 1). In 2016, the length

increment was the lowest over the years of observation,

and in 2022 and 2023, it became the highest. The inter-

annual growth dynamics of S. lenense ranged less than

that of S. fuscum. Mann-Whitney pairwise comparison

(with the Bonferroni correction) of the length increment

over the years showed a weak significant difference for

S. lenense in the pair “2016–2022” (p = 0.014). A sig-

nificant interannual difference of S. fuscum increment

was found out between 2022, 2023 and the other years (p

< 0.05) with the exception of the pairs “2013–2022” and

“2022–2023”; the differences between 2016 and 2022,

2023 were the strongest (p < 0.003).

The interannual S. lenense weight of 1 mm of the

increment slightly varied ranging from 16.5 to 20.1 g·m–

2 (Fig. 2 a, b). As for S. fuscum, this trait was minimal in

2016 (16.5 1 g·m–2) and almost doubled in 2017 (27.8 1

g·m–2). In other years, it varied a little (18.4–21.1 1 g·m–

2). The weight of S. lenense capitulum was higher than

that of S. fuscum (Fig. 2 c, d). The weight of S. lenense

capitulum varied from 5.5 to 7.1 mg while S. fuscum ca-

Year Parameters

T av, °C Prec, RD, DD, Ind

mm days days

2013 14.5 93 26 11 17.4

2015 14.4 202 45 3 55.9

2016 18.0 44 20 23 11.9

2017 13.7 66 20 16 20.0

2018 14.1 100 28 12 25.8

2022 14.9 105 28 9 33.3

2023 14.2 133 38 2 38.8

Table 1. Meteorological parameters for the period 1.VI–31.VII

over the study years (https://meteoinfo.ru Accessed 08.VIII.2025).

T av – average temperature, Prec – total precipitation, RD –

number of rainy days, DD – length of dry period, Ind – climatic

coefficient proposed by Asada et al. (2003.).

Fig. 1. Long-term dynamics of S. lenense (a) и S. fuscum

(b) length increments. The 25–75 percent quartiles are drawn

as boxes. The median is shown with a horizontal line inside

the box. The minimal and maximal values are shown with

whiskers, “n” means replicates per year.
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Figure 2. Long-term dynamics of structural traits and canopy density in S. lenense (a, c, e) and S. fuscum (b, d, f). The whisker

interval represents the standard error, “n” means replicates per year.

pitulum varied from 3.1 to 4.5 mg. The numerical densi-

ty of S. lenense ranged from 361 to 472 pcs·dm–2 in dif-

ferent years, and it was twice as high in S. fuscum, varying

from 662 to 878 pcs·dm–2 (Fig. 2 e, f). The Kruscal-Wallis

test revealed no significant differences among years in

these traits or in density.

The primary productivity of both species showed a

pattern similar to that of length increment dynamics. It

was at its minimum in 2016 and at its maximum in 2022

and 2023 (Fig. 3 a, b). The median NPP of S. lenense

varied within the range of 81–198 g·m–2 year–1, while in

S. fuscum it ranged from 82 to 242 g·m–2 year–1, indicat-

ing greater variation. Significant interannual difference

in productivity in S. lenense was found between 2022

and 2016 (Table 2). In S. fuscum, significant differences

were also found between 2016, 2018 and other years with

the exception of the pair “2017–2018”.

To understand how weather conditions affect the traits,

density and productivity of the mosses, a correlation anal-

ysis was performed. Length increment and productivity

showed a significant relationship with moisture-related

predictors but not with temperature (Table 3). The dura-

tion of the dry period was the strongest predictor of length

increment of both species, shoeing a negative correla-

tion. Productivity of both species responded primarily to

precipitation, dry period, and the index. Interestingly,

these relationships were stronger for S. fuscum than for

S. lenense. No relationships with meteorological param-

eters were found for other structural traits or density.

DISCUSSION

Over the seven-year study period, 2016 was character-

ized by extremely hot and dry weather conditions in June

and August, which triggered major fires in the region. This

year, the dry period in late July and August lasted for two

consecutive two-week periods. Schipperges & Rydin (1998)

showed that in the absence of capillary rise, photosynthe-

sis ceases within four days in various Sphagnum species,

while in the presence of capillary rise, it recovers more

quickly in S. fuscum. In 2016, the median productivity of

S. fuscum was 82 g·m–2 year–1, which is 1.8–3.0 times low-

er than in other years. In contrast to S. fuscum, the median

productivity of S. lenense in 2016 was higher than in 2017

and 1.9 times lower than in the most productive year, 2023.

This indicates that under drought conditions, the produc-

tive capacity of S. lenense was higher and more stable.

The most favorable moisture and temperature conditions

occurred in 2015, and to a lesser extent in 2023 and 2022.

Accordingly, the length increment and productivity of both

species were maximal in 2022 and 2023, as confirmed by

correlation analysis. Nevertheless, both length increment

and productivity of these species were low in wet and warm

2015, which could be explained by excess precipitation,

as excessively high humidity in capitula also reduces pho-

tosynthetic intensity (Schipperges & Rydin, 1998).

Numerical density, increment weight and capitula

weight of both species did not differ between years and

did not depend on the weather conditions. For S. fuscum,

this result is inconsistent with the previously established
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dependence of the density on weather conditions in the

south of Western Siberia (Koronatova et al., 2022). This

may be due to the fact that S. fuscum achieves maximum

canopy density under forest-tundra conditions, which lim-

its density dynamics. For example, in the southern taiga

of Western Siberia, the average annual density of the spe-

cies ranged from 431 to 819 pcs·dm–2, varying almost

twofold (Koronatova et al., 2022). In this study, density

renged from 662 to 878 pcs·dm–2, varying only 1.3-fold.

To reveal differences in traits, density and productiv-

ity between S. lenense and S. fuscum, averaged and me-

dian parameters were assessed over all observation years,

and the statistical tests of differences were performed (Ta-

ble 4). Overall, the median and average values  were close.

However, the median value was often smaller than the

average one, indicating a shift in the peak of the sample

distribution toward lower values. Length increment and

increment weight of both species were similar, with no

significant differences between them. Compared to the

southern boreal zone of Western Siberia (Koronatova et

al., 2022), the length increment of S. fuscum was 2.5

times lower, while the increment weight was 1.5 times

higher. This suggests that in the Arctic, annual incre-

ment decreases and moss canopy density increases, which

smooths out the difference in productivity between the

south and the north of the region. Sphagnum fuscum net

productivity was only 1.4 times higher in the south of

the region. In the forest-tundra, the difference in produc-

tivity between two species was not convincing. Signifi-

cant differences were observed between them in numeri-

cal density and capitulum weight, which can be attribut-

ed to species-specific features. Additionally, these param-

eters of S. fuscum were higher than those in the southern

taiga of Western Siberia.

This study assessed structural traits and canopy den-

sity of S. lenense and S. fuscum in the forest-tundra zone

of Western Siberia. It revealed significant differences be-

tween the species in numerical density and capitulum

weight. For S. fuscum, these parameters increased in per-

mafrost peatlands compared to bogs in the southern taiga

of Western Siberia, while other traits were lower. The

dynamics of length increment and productivity showed

significant correlations with weather factors, including

moisture during the growing season and, to the greatest

extent, dry period duration. No dependence on air tem-

perature was found. No relationships were found between

numerical density, increment weight, capitula weight and

weather.
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2016 2017 2018 2022 2023

2016 0.016 0.015 0.0013 0.00079

2017 1 0.62 0.54 0.35

2018 1 1 0.031 0.0061

2022 0.022 0.82 1 0.98

2023 0.92 1 1 1

Table 2. Bonferroni corrected Mann-Whitney pairwise com-

parisons of Sphagnum NPP: p values for S. lenense (below di-

agonal) and S. fuscum (above diagonal).

Predictors S. lenenseS. fuscum

LI NPP LI NPP

T av 0.02 0.02 –0.13 –0.22

Prec 0.33* 0.42** 0.44*** 0.74***

RD 0.29* 0.38* 0.39** 0.62***

DD –0.37** –0.42** –0.61*** –0.74***

Ind 0.33* 0.42** 0.43*** 0.74***

Table 3. Spearman’s correlation between the length incre-

ment and productivity of two species and meteorological predic-

tors of growing seasons. P–values: * p <0.05, ** p <0.01, *** p

<0.001. Absence of * indicates no significant difference. LI –

length increment, NPP – net primary productivity of the species.

Abbreviations for meteorological predictors are given in Table 1.

Figure 3. Long-term dynamics of S. lenense (a) and S. fuscum (b) productivity. The 25–75 percent quartiles are drawn as boxes.

The median is shown with a horizontal line inside the box. The minimal and maximal values are shown with whiskers, “n” means

replicates per year.
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  average ± standard error 418 ± 14 778 ± 36 6.16·10-8

  median 425 771

Productivity, g·m–2 year–1: sample size 41 47

  average ± standard error 151 ± 11 186 ± 9 0.045

  median 134 177

Table 4. Comparison of structural traits, canopy density and productivity of S. lenense and S. fuscum over the entire observa-

tion period from 2013 to 2023. The reliability of differences were assessed using Mann-Whitney test.
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