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ARTICLE INFO ABSTRACT

Keywords: Semi-natural grasslands are known to provide numerous ecosystem services, of which one of the most important
Abandonment is production of biomass. However, the contribution of individual plant species to the total biomass is much less
Climate

well understood. This study addressed questions concerning community structure and responses of species-
specific biomass (s-AGB) to gradients in soil acidity and fertility, topographical and climatic features, and
disturbance regimes in mown and abandoned grasslands in the Sudetes Mountains (Central Europe). It identified
pH as the most significant environmental gradient affecting turnover in s-AGB, and mowing cessation, tem-
perature, and precipitation also had significant effects. Further, it showed high inequality in biomass among co-
occurring plant species. It also showed that biomass inequality (measured by the Gini coefficient) among
interacting species decreases with increasing functional diversity (Rao’s index). This study highlights that
common plant species (in terms of frequency) play a major role in contributing to the total aboveground biomass
(t-AGB). However, less frequent species are also significant contributors to the t-AGB. Thus, the combined
contribution of infrequent species to the t-AGB should not be neglected. Our findings support the mass ratio
hypothesis stating that ecosystem functions such as biomass production depend on dominant species. On the
other hand, high niche differentiation ensures the coexistence of less competitive species with the dominants by
the variety and complementarity of functional traits. Infrequent and non-dominant species were the core of the
diversity seen in the studied grasslands. The maintenance of species diversity in grasslands should be prioritized
in nature conservation policies to ensure the sustainability of ecosystem services.

Functional diversity
Biomass inequality
Niche differentiation
Soil

1. Introduction

Grasslands are one of the most widespread ecosystems in the world,
covering up to approximately 40 % of the land surface (Gibson, 2009).
These ecosystems are mostly dominated by graminoids (grass and grass-
like species). However, they host a high diversity of other life-forms
(Biurrun et al., 2021; Dengler et al., 2014; Gibson, 2009; Raduta et al.,
2020; Veen et al., 2009). They are a habitat for wildlife (Bonari et al.,
2017; Zulka et al., 2014), and provide numerous ecosystem services,
such as soil and water protection (Habel et al., 2013; Zhao et al., 2020).
There are many different types of grasslands, but their common feature
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is the production of biomass, and they therefore play a crucial role in the
world’s carbon cycle, in addition to being essential for the animal pro-
duction industry and for global food security (O'Mara, 2012).
Grassland productivity has been the subject of numerous studies in
both basic and applied ecology (Scurlock et al., 2002). Aboveground
biomass production is the most frequently studied component of plant
productivity, and measurements of peak aboveground biomass are often
used as a surrogate for net aboveground primary productivity (Bhandari
and Zhang, 2019; Kahmen et al., 2005; Xia et al., 2018), with it most
often measured as the total clipped standing biomass (Hejcman et al.,
2010; Kahmen et al., 2005; Pavlu et al., 2013). Overall biomass sample
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figures are also sometimes divided into living and dead matter compo-
nents (Bedia and Busqué, 2013; Gross et al., 2009; Lanta et al., 2009), or
partitioned into functional groups (Kassahun et al., 2021; Pokorny et al.,
2004; Semmartin et al., 2007; Zeeman et al., 2019). A number of local
experiments have focused on the variation of aboveground biomass
production in temperate grasslands in different European regions
(Bernhardt-Romermann et al., 2011; Dodd et al., 1994; Galvanek and
Leps, 2012; Hector et al., 1999; Hejcman et al., 2010; Leps, 2004; Maire
etal., 2012). However, no study has yet examined the fine-scale biomass
distribution of coexisting species and the causes of variation in species-
specific aboveground biomass (s-AGB) across a broad range of gradients
in soil acidity and fertility, topographical and climatic features, and
disturbance regimes. The assessment of aboveground biomass distribu-
tion among species in grassland ecosystems has been extremely rare in
both observational (Andueza et al., 2016; Qi et al., 2021) and experi-
mental studies (Leps, 2004). This approach has also been rare even in
experimental manipulations of species-poor artificial plant assemblages
(Maire et al., 2012), or has been limited to dominants only (Hejcman
et al., 2007).

In an ecological context, the amount of s-AGB serves as a measure of
species’ success in the plant community (Colgan & Asner, 2014). Species
abundance is influenced by species interactions and is therefore subject
to the effects of competition for available resources (Herben et al.,
2007). European semi-natural grasslands are mostly dominated by
grasses (Padullés Cubino et al., 2022; Vecera et al., 2021). The ecological
success of grasses can be linked to wind-pollination, effective long-
distance dispersal, establishment and short germination rates, and
resilience to continuous disturbance (Linder et al., 2018). However,
semi-natural grasslands can have a rich diversity of species, including
various sedges, rushes and forbs, including legumes. Many species of
these groups are poor competitors and have scarce distribution in semi-
natural grassland communities; despite this, they are strongly associated
with grassland habitats (Lennon et al., 2011; Markham, 2015). It has
long been recognized that plant communities typically consist of a few
common species (often dominant) and many rare ones (Preston, 1948).
The mass ratio hypothesis (Grime, 1998) states that ecosystem proper-
ties are primarily determined by the traits of the dominant species.
However, several recent studies have shed light on the importance of
rare species for ecosystem functioning (Lyons et al., 2005; Soliveres
et al., 2016). Thus, even if a single, infrequently occurring species is
meaningless relative to overall biomass production, the combined
contribution of such infrequent species to total biomass production
should not be neglected. This assumption was based on the high species
diversity seen in semi-natural grasslands, resulting from the co-
occurrence of species with contrasting frequencies (Partel et al.,
2001). Semi-natural grasslands are an example of ecosystems with few
broadly distributed species and many species with low frequency dis-
tribution (the core-satellite hypothesis; Hanski, 1982).

There is limited understanding of the factors that cause inequality of
biomass (size inequality) distribution among coexisting species at the
plant community level in grassland ecosystems. An inequality of species
abundance is a universal phenomenon in both animal and plant com-
munities (Ulrich et al., 2010), which can be measured by using an index
intended to study the income inequality, known as the Gini coefficient
(Weiner & Solbrig, 1984). Identifying the mechanisms driving species
relative abundance is a primary concern in ecology (McGill, 2010). The
recent study by Qi et al. (2021) showed that species-dimension biomass
inequality in stressful alpine grassland ecosystems is dependent on
environmental and productivity gradients. In this study we employed
the trait-based approach, which is particularly useful in elucidating
plant coexistence patterns in competitive communities (Maire et al.,
2012; Padullés Cubino et al., 2022). Among various plant functional
traits, the leaf-height-seed (LHS) strategy scheme represents funda-
mental plant functions and major dimensions of plant adaptation stra-
tegies (Westoby, 1998). An important leaf trait is specific leaf area
(SLA), which is related to resource acquisition and relative growth rate;
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plant height at maturity reflects the competitive ability for light; and
seed mass describes the reproduction strategy (Diaz et al., 2016; West-
oby, 1998; Westoby et al., 2002).

It is noteworthy that recent studies have shown that species abun-
dance and their distributions in grasslands depend on deterministic
processes, and more specifically on habitat filtering, which promotes the
dominance of phylogenetically related species (mostly grasses), whereas
niche differentiation has a positive effect on the species diversity of less
competitive plants (Maire et al., 2012; Padullés Cubino et al., 2022).
Based on this hypothesis, we predict high biomass inequality among
coexisting plant species, in particular between dominant grasses and
infrequent forbs. We also predict that high variation in functional traits
at the plant community level (high functional diversity) has a stabilizing
effect on biomass inequality among species. Building on the hypothesis
that most of the plant diversity in the community is maintained by niche
differentiation, we predict species turnover and associated variation in s-
AGB along environmental gradients which presumably influence the
availability of particular plant species niches.

In this study, we specifically asked: How uneven is the distribution of
biomass among co-occurring plant species in grasslands? What is the
role of widely distributed and rare (in terms of frequency) species in
biomass production in grasslands? How do different functional groups
(grasses, sedges and rushes, legumes and other non-legume short and
tall forbs) contribute to these frequency distribution classes? Does
functional diversity explain biomass inequality among different species?
What are the key factors affecting s-AGB? To answer these questions,
mown and abandoned species-rich mesic grasslands in the Sudetes
Mountains of Central Europe were studied.

2. Methods
2.1. Study area and field sampling

The study was carried out in the Sudetes Mountains in Poland and
the Czech Republic (49°54'-51°02'N, 14°30’-17°37'E), an area encom-
passing approximately 5500 km?, in an area with elevations ranging
from 350 to 950 m above sea level (Fig. 1). The mean annual temper-
ature varies from 6.3 °C to 9.3 °C (mean 8.3 °C) and the annual pre-
cipitation ranges from 721 to 1600 mm (mean 982 mm) (Karger et al.,
2020). The bedrock consists mostly of acidic and poorly weathered
igneous and metamorphic rocks.

Two types of Natura 2000 habitats listed on the EU Habitats Direc-
tive Annex I (Council Directive 92/43/EEC) were sampled: lowland hay
meadows (habitat code 6510) and mountain hay meadows (habitat code
6520) These corresponded in phytosociological terms to Arrhenatherion
and Triseto-Polygonion alliances, respectively (Chytry et al., 2007; Kacki
et al., 2021; Rodriguez-Rojo et al., 2017). According to the pan-
European system for habitat identification, these vegetation types are
recognized as low altitude mountain hay meadows and medium altitude
mountain hay meadows (Chytry et al., 2020). The vegetation in question
is the type of traditionally managed (mown once or twice per year) and
species-rich semi-natural hay meadow typically found on mesic soils.

Sampling was conducted in the years 2018-2019 during the peak of
the growing season before the first cut at the end of June and into July.
This is the traditional time for the first cut in Central Europe (Maskova
et al., 2009). Unlike in other studies, this study utilized a measured
weight of individual vascular plant species rather than their cover per-
centage, as the latter is a subjective estimate of the actual abundance
(Chiarucci et al., 1999).

We sampled 28 regularly mown grasslands and 30 abandoned (5-15
years) grasslands. All abandoned sites were in the initial stages of sec-
ondary succession, with low and infrequent occurrences of late succes-
sion (woody) species (Fig. S-1, Table S-1, Supplementary material). At
each grassland site, a 10 x 10 m focal plot was established. Live
aboveground biomass (AGB) was measured by clipping individual plant
species’ shoots at ground level from four quadrat frames measuring 0.4
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Fig. 1. Distribution of sampling sites in the study area.

x 0.4 m (0.64 m?), which were placed evenly in the four corners of the
focal plot (1 m from focal plot borders). Fresh biomass was hand sorted
into individual plant species at the site. The four plots combined were
considered a sample. Sorted plant material was pre-dried indoors at
room temperature for approximately 10 days and then dried in a forced-
air circulation drying oven at 60 °C for 24 h to a constant weight that
facilitated the determination of the dry matter content of individual
species per 0.64 m2 Dead standing biomass and ground litter were
excluded from sampling and weight measurements due to the inability
to differentiate individual plant species.

This study focused on s-AGB, but it also reported the t-AGB. The t-
AGB was expressed as the sum of the s-AGB recorded in each sample
(sum of the s-AGB measured from four 0.4 x 0.4 m plots). The s-AGB and
-AGB were reported on a g/m ™2 basis (Table S-1, Supplementary ma-
terial). Semi-natural grasslands in the Sudetes Mountains were found to
have high variation in s-AGB and t-AGB data (Table S-1, Supplementary
material). The t-AGB ranged from 208.4 to 700.0 g m2 (mean 365.6 +
108.2 SD).

2.2. Soil chemical analysis

To determine soil properties, five soil samples were collected from
each focal plot using a 10-cm-deep soil core. These samples were then
combined into a bulk sample. Soil samples were air-dried, biomass
residues and roots were removed, and then the samples were ground in a
mortar until the material could pass through a 2 mm sieve. All chemical
analyses were performed in an accredited laboratory of the Crop
Research Institute in Chomutov, Czech Republic. Plant-available cal-
cium, potassium, magnesium, and phosphorus were extracted by the
Mehlich III method (Mehlich, 1984), and concentrations were deter-
mined by inductively coupled plasma optical emission spectrometry
(GBC Scientific Equipment Pty ltd., Melbourne, Australia). Determina-
tion of pH (CaCly) was done using a pH meter (Sentron Welling, Leek,
The Netherlands). Total nitrogen soil concentrations were determined
using the Kjeldahl method, and organic carbon concentrations by the
conventional oxidation procedure incorporating chromosulfuric acid
and colorimetry (AOAC, 1984).

2.3. Statistical analyses

Two groups of species were distinguished based on their frequency
distribution in the dataset. The group of frequent species included spe-
cies with a relative frequency higher than 30 %, whereas the group of
rare species included species with a relative frequency lower than that
threshold. Within these groups, the proportion of different growth forms
was analyzed: grasses (Poaceae), legumes (Fabaceae) and other non-
legume short and tall forbs (herbaceous, dicotyledonous flowering
plants), sedges and rushes (Cyperaceae and Juncaceae).

The proportional abundance of s-AGB was expressed as the propor-
tional (0-1) ratio of s-AGB to the t-AGB in each sample. The relative
proportion of s-AGB was used to determine the cumulative contribution
of individual species relative to the t-AGB. The s-AGB data were sorted
from highest to lowest values, which were then used to generate the
cumulative proportion curve.

Plant biomass inequality was quantified for each sample using the
Gini coefficient. The Gini coefficient was used as a measure of mean
biomass difference among species at the plant community level. The
values of Gini range from 0 to 1. The value zero corresponds to plant
communities with perfect biomass equality, whereas a theoretical
maximum of one corresponds to plant communities dominated by a
single species. Linear regression was used to examine the relationship
between the Gini coefficient and Rao’s functional diversity index (Leps
et al., 2006; Rao, 1982). Determination of Rao’s functional diversity
index was based on traits including leaf specific area (SLA), plant height
at maturity, and the seed mass. Functional trait data were retrieved from
the LEDA database (a database on the life-history traits of the Northwest
European flora) (Kleyer et al., 2008), and are a subset of a previously
used data set by Lengyel et al. (2020). The Rao diversity index was used
as an independent variable to explain variation in Gini using the linear
regression model. Normality of data was checked with the Shapiro-Wilk
test. The Breusch-Pagan test was used to test for heteroskedasticity. In
addition, Spearman’s rank correlation coefficient was used to express
the coexistence patterns of species at the plant community level based
on the raw s-AGB data.

Determinants of s-AGB were analyzed using redundancy analysis
(RDA), with the ordination axes of RDA corresponding to the dominant
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gradients in species composition constrained by environmental factors.
The raw s-AGB data were transformed using Hellinger transformation
(Legendre and Gallagher, 2001). This type of transformation reduces the
double-zero problem, which is common with vegetation-plot data, and
gives low weights to species with low counts and many zeros. Hellinger-
transformed s-AGB data were used as response variables in multivariate
analyses. The ordination analyses utilized the set of explanatory vari-
ables acquired from direct field measurements and freely accessible
databases. It then categorized them into five groups representing
climate, topography, land management, soil properties, and vegetation
parameters (Table 1). The annual sum of precipitation and the annual
mean temperature representing the explanatory group climate were
derived from CHELSEA (Climatologies at high resolution for the earth’s
land surface areas) at a resolution of approximately 1 km x 1 km (Karger
et al., 2020). The group topography included three topography-related
indices calculated based on the Digital Elevation Model (EU-DEM) at
25 m resolution (https://www.eea.europa.eu; accessed on 15 January
2022). The analyses utilized the Topographic Wetness Index (TWI),
Diurnal Anisotropic Heat Load (DAH), and Topographic Ruggedness
Index (TRI), which all measure factors known to impact vegetation
variability in mountainous areas (Moeslund et al., 2013). TWI quantifies
terrain driven factors impacting soil water distribution. It was calculated
with the MFD-md algorithm (Qin et al., 2011) according to the guide-
lines of Kopecky et al. (2021). DAH reflects the amount of solar energy
potentially reaching the surface of the ground (Hengl and Reuter, 2009).
TRI reflects local differentiation of altitude (Hengl and Reuter, 2009).
The explanatory group soil included pH, total nitrogen (%), total organic
carbon (%) and plant-available potassium, phosphorus, calcium and
magnesium (mg kg™1). The explanatory group vegetation parameters
were comprised of vegetation cover (%) and ground litter cover (%),
which were both estimated visually from the focal plot. For several sites
information about time since abandonment was limited or uncertain,
and therefore two strikingly different land management types (mown
and abandoned) were used as explanatory variables. Only significant
and nonlinearly related explanatory variables were selected by applying
the forward selection procedure with false discovery rate (FDR)
correction of the p-values. The forward selection procedure resulted in a
parsimonious model that avoided collinearity among significant
explanatory variables. The adjusted coefficient of determination (R? adj)
was used as the measure of the ratio of the explained variation to the
total variation in the global model. Permutation tests (with 999 per-
mutations) were used to assess the significance of the relationships

Table 1

Summary of explanatory variables employed in RDA.
Explanatory variables min-max Mean + SD
Climate
Temperature (°C) 6.3-9.3 8.3+0.8
Precipitation (mm) 721-1600 982 + 216
Topography
DAH —0.25-0.26 0.02 + 0.12
TWI 9.0-15.0 11.3+1.4
TRI 0.6-8.5 29+1.6
Soil properties
pH 3.4-6.9 4.7 £0.7
C (%) 3.0-17.4 53+25
N (%) 0.3-1.4 0.5+0.2
P mgkg ! 8.6-238.9 60.8 + 40.6
K mg kg™ 113.9-705.9 233.8 + 114.6
Camg kg’1 311.3-7427.8 1729.3 £1370.5
Mg mg kg~! 49.7-778.4 217.9 + 131.7
Vegetation parameters
Herb layer (%) 40.0-100.0 86.7 +13.1
Ground litter layer (%) 0.0-95.0 47.5 + 37

Explanation: DAH - Diurnal Anisotropic Heat Load; TWI — Topographic Wetness
Index; TRI — Topographic Ruggedness Index.
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found in multivariate analyses.

In addition to the direct ordination analysis, we constructed the t-
value biplots for s-AGB in order to test and visualize pairwise relation-
ships between s-AGB and its controlling factor (Ter Braak and Looman,
1994; Smilauer & Leps, 2014). The t-value biplot is a statistical tech-
nique which is used to approximate the t-value of the regression co-
efficients of a multiple regression model, where we used species as the
response variable and environmental variable as the predictor. In the t-
value biplot diagram, the plant species were individually shown by ar-
rows. For each significant explanatory variable, a circle was drawn
(known as Van Dobben circles) with its diameter equal to the length of
that variable’s arrow (here plotted as symbols). The t-value biplots show
a positive or negative relationship at < 0.05 between s-AGB and the
explanatory variable, if the t-values of respective regression coefficients
were>2 in the absolute value. Response variables with arrows that end
in Van Dobben circles had significant relationships (red circle: positive;
blue: negative) with particular explanatory variables. The shorter the
arrow is for species within the circle in the t-value biplot diagram, the
stronger the relationship with the explanatory variable.

Data were analyzed using R statistical software (https://www.r-pr
oject.org) with the “car”, “DescTools”, “dplyr”, “ggpubr”, and “vegan”
packages. Ordination analyses were performed in CANOCO 5 (Smilauer
& Leps, 2014). The nomenclature of taxa follows Euro + Med PlantBase
(https://ww2.bgbm.org/EuroPlusMed/; accessed on 10 January 2022).

3. Results

3.1. Contributions of species and species groups to the aboveground
biomass

A total of 165 plant species were identified in biomass samples. This
included 27 species of grasses, 85 species of short and 27 species of tall
forbs, 16 species of legumes, and 10 species of sedges and rushes. A total
of 28 species were frequent (species with a relative frequency > 30 %),
and combined formed 79 % of the t-AGB, on average (Table 2, Fig. 2).
Almost a half of these species (46 %) were grasses, 29 % were short
forbs, 14 % were legumes, 7 % were tall forbs, and 4 % were sedges and
rushes. A total of 137 species were rare (species with a relative fre-
quency < 30 %), and combined formed 21 % of the t-AGB, on average.
More than half of these species were short forbs (56 %), whereas grasses
were only 10 % of the species pool, 18 % were tall forbs, 9 % were le-
gumes, and 7 % were sedges and rushes.

Species with the highest relative proportion to the t-AGB (>5%) were
Festuca rubra (17.1 %), followed by Agrostis capillaris (10.8 %), Arrhe-
natherum elatius (8.7 %), Alopecurus pratensis (6.6 %) and Dactylis
glomerata (6.0 %). These grass species dominated in biomass in both land
management categories (Table S-1, Supplementary material). They
formed approximately half (49.2 %) of the t-AGB. The remaining 50.8 %
of the t-AGB was dependent on 160 species. A total of 15 species with the
relative proportion to the t-AGB < 5 % and > 1 % formed 29.6 % of the t-
AGB. The majority of species (145 out of 165) each accounted for < 1 %
of the t-AGB, on average. The summed s-AGB of these species formed on
average 21.2 % of the t-AGB (Fig. 3). The distribution of s-AGB pro-
portions was strikingly similar for both land management categories
(Table S-2, Supplementary material).

The Gini values ranged from moderately high (0.53) to very high
(0.87), with the mean equal to 0.71 (£0.08 SD). Linear regression
showed a negative significant correlation between biomass inequality
among coexisting species (Gini) and functional diversity (Rao) (Fig. 4).
The inequality in biomass distribution among species decreased with
increasing functional diversity of the community (R? = 0.2; p < 0.001).
Also, a number of pairwise correlations were found between some s-AGB
(Table 2, Table S-3, Supplementary material).
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Table 2

Summary of the most frequent species (>30 %) and their correlations with other
species. The five most productive species are underlined.

Species Relative Relative Strongest Strongest
frequency  proportion  positive negative
(%) + SD correlation correlation
(Spearman at p (Spearman at p
< 0.05) < 0.05)
grass species
Agrostis 84 10.8 0.1  Festuca rubra Arrhenatherum
capillaris (0.55) elatius (—0.41)
Alopecurus 52 6.6 + 0.2 Trisetum Campanula
pratensis flavescens (0.35)  patula (-32)
Anthoxanthum 45 0.4+ 0.0 Plantago Arrhenatherum
odoratum lanceolata elatius (—0.29)
(0.47)
Arrhenatherum 72 8.7+0.1 Galium mollugo Plantago
elatius (0.45) lanceolata
(—0.48)
Dactylis 76 6.0 £ 0.1 Schedonorus Potentilla erecta
glomerata pratensis (0.50) (-0.40)
Elytrigia repens 43 1.7 £ 0.0 Phleum pratense Geranium
(0.48) sylvaticum
(-0.35)
Festuca rubra 95 17.1 £ 0.2  Agrostis Arrhenatherum
capillaris (0.55) elatius (—0.42)
Holcus lanatus 40 0.5+ 0.0 Achillea Geranium
millefolium sylvaticum
(0.50) (-0.33)
Holcus mollis 53 3.3+0.1 Hypericum Schedonorus
maculatum pratensis
(0.57) (—0.40)
Phleum pratense 47 1.4 £ 0.0 Elytrigia repens -
(0.48)
Poa pratensis 88 1.8+ 0.0 Equisetum Leucanthemum
arvense (0.29) vulgare (—0.44)
Schedonorus 47 1.9+0.0 Trisetum Hypericum
pratensis flavescens (0.62)  maculatum
(—0.45)
Trisetum 62 1.9+ 0.0 Schedonorus Holcus mollis
flavescens pratensis (0.62) (-0.40)
short-forbs
Achillea 69 1.3+0.0 Holcus lanatus Cirsium
millefolium (0.50) helenioides
(-0.27)
Alchemilla 47 0.6 + 0.0 Ranunculus acris ~ Arrhenatherum
monticola (0.61) elatius (—0.30)
Galium mollugo 62 3.5+0.1 Arrhenatherum Scorzoneroides
elatius (0.45) autumnalis
(—0.36)
Plantago 41 2.2+0.1 Trifolium repens Arrhenatherum
lanceolata (0.66) elatius (—0.48)
Ranunculus 41 0.5+ 0.0 Plantago Galium mollugo
acris lanceolata (0.33)
(0.63)
Rumex acetosa 74 0.2+0.0 Plantago Knautia arvensis
lanceolata (-0.42)
(0.50)
Stellaria 45 0.3+ 0.0 Leucanthemum Tragopogon
graminea vulgare (0.40) pratensis
(-0.29)
Veronica 88 1.8+ 0.0 Ranunculus acris -
chamaedrys (0.48)
tall-forbs
Heracleum 31 0.3+ 0.0 Angelica Leontodon
sphondylium sylvestris (0.42) hispidus (—0.28)
Hypericum 59 3.3+0.1 Holcus mollis Schedonorus
maculatum (0.57) pratensis
(—0.45)
legumes
Lathyrus 50 1.4+ 0.0 Galium mollugo -
pratensis (0.40)
Trifolium repens 40 0.6 £ 0.0 Trifolium Arrhenatherum
pratense (0.72) elatius (—0.38)
Vicia cracca 53 0.4 + 0.0 Vicia sepium Avenella

(0.38)

flexuosa (—0.27)

Table 2 (continued)
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Species Relative Relative Strongest Strongest
frequency  proportion  positive negative
(%) + SD correlation correlation
(Spearman at p (Spearman at p
< 0.05) < 0.05)
Vicia sepium 36 0.2+ 0.0 Festuca rubra Festuca rubra
(0.45) (-0.32)
sedges and rushes
Luzula 31 0.3+ 0.0 Anthoxanthum Dactylis
multiflora odoratum (0.46)  glomerata
(-0.31)

Species with low frequency including 14 species of grasses, 25 species of tall-
forbs, 74 species of short-forbs, 12 species of legumes, 9 species of sedges and
rushes, and 3 other species are not shown.
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3.2. Species responses to environmental and management factors

Explanatory variables explained 22.1 % (R? adj 16.3 %) of the total
variation in s-AGB data (Fig. 5A, B). The impact of four explanatory
variables on s-AGB was found significant after the application of forward
selection and the FDR correction of the p-values. The most influential
variable on s-AGB data was pH (39.8 % of the total variation explained;
pseudo-F = 5.4; p(adj) = 0.003). Land management contributed 31.2 %
(pseudo-F = 4.5; p(adj) = 0.004), temperature 16.7 % (pseudo-F = 2.5; p
(adj) = 0.009), and precipitation 12.2 % (pseudo-F = 2.5; p(adj) =
0.017) to the total variation explained. None of the explanatory vari-
ables from the explanatory group topography, nor vegetation parame-
ters, were selected in the stepwise selection of variables.

The t-value biplots showed positive and negative correlations of s-
AGB to particular explanatory variables (Fig. 6A-D). The highest num-
ber of correlations was found for soil pH and land management.
Increasing pH was positively related to the grasses (A. elatius, E. repens,
P. compressa, P. trivialis, S. pratensis, and T. flavescens), the short and tall
forbs (A. vulgaris, C. arvensis, C. aromaticum, C. biennis, G. mollugo,
G. rivale, O. vulgare, R. polyanthemos, S. jacobea, and T. officinale), and
the legumes (M. lupulina and V. sepium). Several grass species
(A. capillaris, F. rubra, and H. mollis) and a tall forb (H. maculatum) were
negatively correlated with increasing soil pH. Twice as many species
were found positively correlated with the mown grasslands than with
abandoned ones. A positive correlation to mowing management was
found for the grasses (A. odoratum, F. rubra, P. trivialis, S. pratensis, and
T. flavescens), the short forbs (C. fontanum subsp. vulgare, C. biennis,
P. lanceolata, R. acris, R. minor, R. acetosa, and T. officinale), and the
legumes (T. pratense and T. repens). A negative relationship between s-
AGB and mown grasslands (positive with abandonment) was found for
the grasses (A. elatius and H. mollis) and the tall forbs (A. podagraria,
C. aromaticum, G. mollugo, S. nemorensis, and U. dioica). Increasing
precipitation was positively correlated with A. capillaris. There were no
significant relationships found for s-AGB and precipitation.

4. Discussion

4.1. Contributions of species and species groups to the aboveground
biomass

This study found a differing relative contribution of common and
rare species to the t-AGB and high biomass inequality between coexist-
ing species; as expected, it shows that widely distributed plant species
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Fig. 5. The redundancy analysis (RDA) of s-AGB data. Significant and non-
collinear explanatory variables (solid arrows and filled triangles) were
plotted. The RDA diagram with 35 best-fitted species (dotted arrows) (A) and
ordination of plots representing mown (open circles) and abandoned grasslands
(filled squares) (B) are shown. Constrained RDA axis 1 (horizontal) explained
11.1% of the total variation in s-AGB data, and RDA axis 2 (vertical) explained
6.1% of the total variation in s-AGB data. Species abbrevations: AegpPodg —
Aegopodium podagraria; AgrsCapl — Agrostis capillaris; AnthOdor — Anthoxanthum
odoratum; ArrhElat — Arrhenatherum elatius; ArtmVulg — Artemisia vulgaris;
CerFonVl - Cerastium fontanum subsp. vulgare; ChaeArom - Chaerophyllum
aromaticum; ConvArvn — Convolvulus arvensis; CrepBien — Crepis biennis; Ely-
tRepn — Elytrigia repens; FestRubr — Festuca rubra; GaliApar — Galium aparine;
GaliMoll - Galium mollugo; GeumRivl — Geum rivale; HolcMoll — Holcus mollis;
HyprMacl — Hypericum maculatum; LotsCorn — Lotus corniculatus; MedcLupl —
Medicago lupulina; OrigVulg — Origanum vulgare; PlanLanc — Plantago lanceolata;
PoaCompr — Poa compressa; PoaTrivi — Poa trivialis; RanuAcrs — Ranunculus acris;
RanuPoly — Ranunculus polyanthemos; RhinMinr — Rhinanthus minor; RumxAcet —
Rumex acetosa; SchdPrat — Schedonorus pratensis; SencJacb — Senecio jacobaea;
SencNemr - Senecio nemorensis; TarxOffc — Taraxacum officinale; TrifPrat —
Trifolium pratense; TrifRepn — Trifolium repens; TrisFlav — Trisetum flavescens;
UrtcDioi — Urtica dioica; ViciSepi — Vicia sepium.
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Fig. 6. T-value biplots of redundancy analysis (RDA) with Van Dobben circles drawn for pairwise relationships between s-AGB data and explanatory variables pH
(A), land management (B), temperature (C), and precipitation (D). The s-AGB data (response variables) are displayed as dashed arrows. Explanatory variables are

displayed as triangles. See Fig. 5 for species abbreviations.

are indeed most important in terms of biomass production in semi-
natural grasslands, but the role of rare species should not be under-
estimated. Worth noting is that rare species constituted about three-
fourths of all species recorded in this study. This study and others
have shown that various forbs (also legumes) contribute significantly to
grassland biomass and are indicative of high diversity in grassland
communities (Li et al., 2016; Pokorny et al., 2004). It has been postu-
lated that a variety of forbs is largely responsible for the taxonomic,
phylogenetic, and functional diversity of grassland biome (Brathen
et al., 2021) and are crucial for the diversity of pollinators (Biesmeijer
et al., 2006). Forbs contribute greatly to the richness of grass-dominated
ecosystems worldwide across a wide range of climate regimes,
including, for instance, prairies in North America; savannas in Africa;

temperate European grasslands; Mongolian steppes; pampas, campos
and cerrados in South America (see Table 1A, Supplementary material;
Brathen et al., 2021). Soliveres et al. (2016) underlined that rare species
are the most important component of diversity because these species
ensure ecosystem multifunctionality. Moreover, Schaub et al. (2020)
underlined the importance of species-rich grasslands in forage produc-
tion since high species diversity is positively correlated with increased
biomass yields at rather constant forage quality. The balance between
preserving high plant diversity and profitable yields in semi-natural
grasslands should be prioritized in modern agriculture and nature con-
servation policies.

The relatively high values of the Gini coefficient found in the studied
grasslands indicate an overall high biomass inequality among coexisting
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species. Biomass inequality can be ascribed to the five most widespread
and most abundant grass species, which constituted on average about
49.2 % of the t-AGB. All of them are widespread grassland species in
Western and Central Europe; thus, their dominance in grassland biomass
can be expected in the entire range of plant communities they form
(Preislerova et al., 2022; Rodriguez-Rojo et al., 2017). The fact that
grasses were found to have the highest relative proportion to the t-AGB
is not surprising since this group of species is evolutionarily best adapted
to open landscape habitats with continuous disturbance (Linder et al.,
2018; Stromberg, 2011). According to the mass ratio hypothesis,
ecosystem functioning is predominantly determined by the dominant
species and their functional traits (Grime, 1998). However, it is equally
important to highlight that nearly a half of the t-AGB was dependent on
160 species. Among them, there were 145 species with a very low
relative proportion to the t-AGB (< 1 %). Non-dominant species can be
of different sizes and have various functional traits and life strategies,
and varying abilities to compete for resources. This study shows that the
inequality in biomass distribution among species decreases with
increasing functional diversity of the community. The distinctions in
resource use between different plants (high niche differentiation) en-
sures the coexistence of less competitive species with the dominants by
the variety and complementarity of species’ functional traits (Hector
et al., 1999; Jiang et al., 2020; Maire et al., 2012; Padullés Cubino et al.,
2022; Tilman et al., 1997). The result of this study supports the belief
that mass ratio hypothesis and niche complementarity in semi-natural
grasslands are complementary to each other rather than mutually
exclusive (Diaz et al., 2007; Maire et al., 2012; Mouillot et al., 2011).
The complementarity of the mass ratio hypothesis and niche comple-
mentarity is also well supported by a number of pairwise positive cor-
relations identified between dominant and non-dominant species
(Table 2, Table S-3, Supplementary material). In contrast, many in-
teractions between dominants and weak competitors could not be
detected due to stochasticity in species distribution being affected by
dispersal, environmental filtering, colonization, and successful
competition.

4.2. Species responses to environmental and management factors

The highest portion of the variation in the s-AGB data was explained
by the soil pH gradient. Soil pH has been indicated as one of the most
important predictors of plant species composition in multiple studies
based on species coverage data from wet grasslands (Hajek and Hajkova,
2004; Zelnik and Carni, 2008), dry mesic grasslands (Dvorakova et al.,
2014), acidic grasslands (Stevens et al., 2011), and various different
grassland types (Merunkova and Chytry, 2012). This study fills the gap
of knowledge related to the effect of pH on s-AGB. In mountainous areas,
changes in topographical features heavily impact pH, which is reflected
in vegetation composition (Furley, 1974b, 1974a). The soil pH is typi-
cally lower on steep convex slopes exposed to weathering and higher in
flat and concave areas (Merunkova and Chytry, 2012). In this study, the
pH gradient was very wide, with a predominance of strongly acidic soils
(47 % of samples had pH of < 4.5). The soil pH was negatively correlated
with increasing precipitation, which positively correlated with
increasing altitude, as there is a strong linear relationship between these
factors in the Sudetes Mountains. The study found that there is a strong
turnover in species composition along the pH gradient, and many more
species correlated positively rather than negatively with increasing soil
pH. Species with a negative correlation to pH (positive correlation to low
pH), including A. capillaris, F. rubra, H. mollis, and H. maculatum, are
diagnostic for nutrient-poor habitats on acidic bedrock (Chytry et al.,
2007; Kacki et al., 2021). These species are the most important in terms
of productivity at higher elevations, possibly due to their physiological
adaptations related to acidification. Alternatively, species with a posi-
tive correlation to pH are mostly lowland species that also thrive in low
altitude grasslands in more nutrient-rich and less acidic habitats (Chytry
et al., 2007; Kacki et al., 2021). The limited abundance of these species
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in low pH habitats could be related to high phytotoxicity and nutrient
deficiency (Tyler, 1996).

Land use management was found to be the second most important
explanatory variable, and it accounted for about one-third of the vari-
ation explained in s-AGB. Short period of time since abandonment did
not have as strong an effect as soil chemistry (pH in this case). With
further successional changes it can probably be expected that aban-
donment will have an overriding role over the soil properties on the
community structure and composition.

This and other studies documented a positive relationship between
nitrogen-fixing legumes (here T. pratense and T. repens) and mowing
management, while negative with abandonment (Ribeiro et al., 2014;
Rudmann-Maurer et al., 2008). These results may indicate the low
competitive ability of legumes in relation to the increasing dominance of
strong competitors such as clonal grasses and tall forbs in the absence of
mowing. This study also observed that mowing facilitates the develop-
ment of less competitive plant species, especially low-productive short
forbs, which are the core of the diversity in semi-natural grasslands
(Pykéla et al., 2005). The results presented here show that the domi-
nance of indigenous species may persist despite the cessation of mowing
over a period of 5-15 years. Leps (2004) highlighted that the high sta-
bility of dominant species is a property of semi-natural plant commu-
nities that have a naturally developed dominance structure. A similar
role was found for less abundant species (Lyons & Schwartz, 2001).
Pokorny et al. (2005) found that the dominance of indigenous species
and their maximized niche complementarity is important in invasion
resistance This could explain why alien species common in the Sudetes
Mountains such as Solidago gigantea, S. canadensis and Lupinus poly-
phyllus (Czarniecka-Wiera et al., 2019) were poorly represented in
abandoned grasslands (Table S-1, Supplementary material). Expansive
species with high competitive abilities produce high amounts of biomass
that can considerably exceed the productivity of non-invaded grassland
ecosystems (McLeod et al., 2016; Teixeira et al., 2020). Abandonment of
semi-natural grasslands is also often followed by the expansion of native
tall forbs (Galvanek and Leps, 2012; Pavla et al., 2013), which was also
found to be the case in this study (A. podagraria, C. aromaticum,
G. mollugo, S. nemorensis and U. dioica). These species have their opti-
mum in nutrient-rich and species-poor fringe communities. The pro-
gressive expansion of these species may lead to the exclusion of species
with life-history strategies developed under mowing and grazing
management.

Nutrient levels have been previously reported as one of the major
determinants of species composition (Hejcman et al., 2007; Pavla et al.,
2022; Titéra et al., 2020) and productivity in grasslands with indications
that phosphorus and nitrogen are limiting factors (Hejcman et al., 2010;
Pavli et al., 2013). This study found a wide range of nutrient levels, and
therefore it is very difficult to generalize their effect on s-AGB. The lack
of a unitary effect from nutrients could also be influenced by the pre-
dominant role of pH, which determines nutrient availability to plants
(Heyburn et al., 2017; Tian et al., 2017).

The gradient in climatic variables is heavily dependent on altitude
and mirrors that of pH. The significant response of s-AGB is the result of
a wide gradient in mean annual temperature (6.3 °C-9.6 °C) and pre-
cipitation (721-1600 mm), but as individual variables both were weaker
predictors of s-AGB than pH and land use management. This is reflected
by a small number of correlations of individual species with these con-
trolling variables. Two climatic variables together accounted for almost
a third of the total variation explained in s-AGB data. The most pro-
nounced effect of climatic factors on productivity was observed in
macroecological studies carried out analyzing macro-climatic con-
tinentality and altitudinal gradients (Ni, 2004; Yang et al., 2009).
Neither topography-related nor vegetation parameter variables were
selectively significant in the model. The lack of any significant impact
due to topography is most likely due to the wide and overlapping
environmental requirements of mesic grassland species in relation to
water availability (TWI), thermal conditions (DAH), and heterogeneity
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of the landscape (TRI).
5. Conclusions

From these findings it can be concluded that semi-natural grasslands
consist of a number of species with a differing relative contribution to
the total aboveground biomass. It was found that just a few grass species
made up half of the total biomass, on average. However, less frequent
and less abundant species (especially short forbs) combined to play an
important role in the production of biomass. What is crucial is that they
are the core of diversity in semi-natural grasslands. This study showed
overall high biomass inequality among coexisting species, and that it is
decreasing with increasing functional diversity of the community. These
findings support the mass ratio hypothesis on one hand, but on the other
hand they highlight the essential role of niche differentiation which
ensures the coexistence of less competitive species with the dominants
by the variety and complementarity of functional traits. This study
identified pH as the most important predictor of s-AGB, followed by land
management (mowing versus abandoned) and climatic explanatory
variables. Soil and climatic conditions are important environmental
filters that shape species composition in plant communities. However,
mowing (or other disturbance regimes such as grazing) is essential for
the conservation of high species and functional diversity in semi-natural
grasslands. Regular biomass removal suppresses competitor species,
thus preventing the competitive exclusion of multiple subordinate spe-
cies which are an important component of grasslands productivity and
diversity. The maintenance of species diversity in grasslands should be
prioritized in nature conservation policies to ensure the sustainability of
ecosystem functioning and services.

CRediT authorship contribution statement

Grzegorz Swacha: Conceptualization, Data curation, Formal anal-
ysis, Investigation, Methodology, Writing — original draft, Supervision.
Mateusz Meserszmit: Conceptualization, Investigation, Methodology,
Writing — review & editing. Lenka Pavla: Investigation, Writing — re-
view & editing. Vilém V. Pavla: Investigation, Writing — review &
editing, Supervision. Klara Kajzrova: Investigation, Writing — review &
editing. Teowdroes Kassahun: Investigation, Writing — review & edit-
ing. Malgorzata W. Radula: Formal analysis, Writing — review & edit-
ing. Jan Titéra: Investigation, Writing — review & editing. Zygmunt
Kacki: Conceptualization, Methodology, Investigation, Writing — review
& editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgments

This work was funded by the European Union from the European
Regional Development Fund under Interreg VA Czech Republic-Poland
from the project ‘Grassland biomass as a renewable energy source-
Biodiversity-Biomass-Biogas’ (CZ.11.4.120/0.0/0.0/16_026,/0001092).
We thank Tomasz Szymura and Magdalena Szymura for valuable
suggestions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

Ecological Indicators 146 (2023) 109740

0rg/10.1016/j.ecolind.2022.109740.

References

Andueza, D., Rodrigues, A.M., Picard, F., Rossignol, N., Baumont, R., Cecato, U.,
Farruggia, A., 2016. Relationships between botanical composition, yield and forage
quality of permanent grasslands over the first growth cycle. Grass Forage Sci. 71 (3),
366-378. https://doi.org/10.1111/gfs.12189.

AOAC, 1984. Official Methods of Analysis, (14th ed.). Association of Official Analytical
Chemists.

Bedia, J., Busqué, J., 2013. Productivity, grazing utilization, forage quality and primary
production controls of species-rich alpine grasslands with Nardus stricta in northern
Spain. Grass Forage Sci. 68 (2), 297-312. https://doi.org/10.1111/j.1365-
2494.2012.00903.x.

Bernhardt-Romermann, M., Romermann, C., Sperlich, S., Schmidt, W., 2011. Explaining
grassland biomass - the contribution of climate, species and functional diversity
depends on fertilization and mowing frequency. J. Appl. Ecol. 48 (5), 1088-1097.
https://doi.org/10.1111/j.1365-2664.2011.01968.x.

Bhandari, J., Zhang, Y., 2019. Effect of altitude and soil properties on biomass and plant
richness in the grasslands of Tibet, China, and Manang District. Nepal. Ecosphere 10
(11). https://doi.org/10.1002/ecs2.2915.

Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemiiller, R., Edwards, M., Peeters, T.,
Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D., Settele, J., Kunin, W.E., 2006.
Parallel Declines in Pollinators and Insect-Pollinated Plants in Britain and the
Netherlands. Science 313 (5785), 351-354. https://doi.org/10.1126/
science.1127863.

Biurrun, 1., Pielech, R., Dembicz, I., Gillet, F., Kozub, L., Marceno, C., Reitalu, T., Van
Meerbeek, K., Guarino, R., Chytry, M., Pakeman, R.J., Preislerova, Z., Axmanova, 1.,
Burrascano, S., Bartha, S., Boch, S., Bruun, H.H., Conradi, T., De Frenne, P., Essl, F.,
Filibeck, G., Hajek, M., Jiménez-Alfaro, B., Kuzemko, A., Molndr, Z., Partel, M.,
Patsch, R., Prentice, H.C., Rolecek, J., Sutcliffe, L.M.E., Terzi, M., Winkler, M.,
Wu, J., Aéi¢, S., Acosta, A.T.R., Afif, E., Akasaka, M., Alatalo, J.M., Aleffi, M.,
Aleksanyan, A., Ali, A., Apostolova, ., Ashouri, P., Bétori, Z., Baumann, E.,
Becker, T., Belonovskaya, E., Benito Alonso, J.L., Berastegi, A., Bergamini, A.,
Bhatta, K.P., Bonini, I., Biichler, M.-O., Budzhak, V., Bueno, A., Buldrini, F.,
Campos, J.A., Cancellieri, L., Carboni, M., Ceulemans, T., Chiarucci, A., Chocarro, C.,
Conti, L., Cserg6, A.M., Cykowska-Marzencka, B., Czarniecka-Wiera, M., Czarnocka-
Cieciura, M., Czortek, P., Danihelka, J., Bello, F., Dedk, B., Demeter, L., Deng, L.,
Diekmann, M., Dolezal, J., Dolnik, C., Dfevojan, P., Dupré, C., Ecker, K., Ejtehadi, H.,
Erschbamer, B., Etayo, J., Etzold, J., Farkas, T., Farzam, M., Fayvush, G., Fernandez
Calzado, M.R., Finckh, M., Fjellstad, W., Fotiadis, G., Garcia-Magro, D., Garcia-
Mijangos, 1., Gavilan, R.G., Germany, M., Ghafari, S., Giusso del Galdo, G.P.,
Grytnes, J.-A., Giiler, B., Gutiérrez-Girdn, A., Helm, A., Herrera, M., Hiillbusch, E.M.,
Ingerpuu, N., Jigerbrand, A.K., Jandt, U., JaniSova, M., Jeanneret, P., Jeltsch, F.,
Jensen, K., Jentsch, A., Kacki, Z., Kakinuma, K., Kapfer, J., Kargar, M., Kelemen, A.,
Kiehl, K., Kirschner, P., Koyama, A., Langer, N., Lazzaro, L., Leps, J., Li, C.-F., Li, F.
Y., Liendo, D., Lindborg, R., Lobel, S., Lomba, A., Lososova, Z., Lustyk, P.,
Luzuriaga, A.L., Ma, W., Maccherini, S., Magnes, M., Malicki, M., Manthey, M.,
Mardari, C., May, F., Mayrhofer, H., Meier, E.S., Memariani, F., Merunkova, K.,
Michelsen, O., Molero Mesa, J., Moradi, H., Moysiyenko, 1., Mugnai, M.,
Naginezhad, A., Natcheva, R., Ninot, J.M., Nobis, M., Noroozi, J., Nowak, A.,
Onipchenko, V., Palpurina, S., Pauli, H., Pedashenko, H., Pedersen, C., Peet, R.K.,
Pérez-Haase, A., Peters, J., Pipenbaher, N., Pirini, C., Pladevall-Izard, E.,

Pleskova, Z., Potenza, G., Rahmanian, S., Rodriguez-Rojo, M.P., Ronkin, V.,

Rosati, L., Ruprecht, E., Rusina, S., Sabovljevi¢, M., Sanaei, A., Sanchez, A.M.,
Santi, F., Savchenko, G., Sebastia, M.T., Shyriaieva, D., Silva, V., Skornik, S.,
Smerdova, E., Sonkoly, J., Sperandii, M.G., Staniaszek-Kik, M., Stevens, C., Stifter, S.,
Suchrow, S., Swacha, G., Swierszcz, S., Talebi, A., Teleki, B., Tichy, L., Tolgyesi, C.,
Torca, M., Torok, P., Tsarevskaya, N., Tsiripidis, I., Turisova, I., Ushimaru, A.,
Valko, O., Van Mechelen, C., Vanneste, T., Vasheniak, I., Vassilev, K., Viciani, D.,
Villar, L., Virtanen, R., Vitasovi¢-Kosi¢, 1., Vojtkd, A., Vynokurov, D., Waldén, E.,
Wang, Y., Weiser, F., Wen, L.u., Wesche, K., White, H., Widmer, S., Wolfrum, S.,
Wrdébel, A., Yuan, Z., Zeleny, D., Zhao, L., Dengler, J., Kreft, H., 2021. Benchmarking
plant diversity of Palaearctic grasslands and other open habitats. J. Veg. Sci. 32 (4)
https://doi.org/10.1111/jvs.13050.

Bonari, G., Fajmon, K., Malenovsky, 1., Zeleny, D., Holusa, J., Jongepierova, 1.,
Kocarek, P., Konvicka, O., Uti¢éf, J., Chytry, M., 2017. Management of semi-natural
grasslands benefiting both plant and insect diversity: The importance of
heterogeneity and tradition. Agr Ecosyst Environ 246 (June), 243-252. https://doi.
org/10.1016/j.agee.2017.06.010.

Bréthen, K.A., Pugnaire, F.1., Bardgett, R.D., 2021. The paradox of forbs in grasslands and
the legacy of the mammoth steppe. Front. Ecol. Environ. 19 (10), 584-592. https://
doi.org/10.1002/fee.2405.

Chiarucci, A., Wilson, J.B., Anderson, B.J., Dominicis, V., 1999. Cover versus biomass as
an estimate of species abundance: does it make a difference to the conclusions?

J. Veg. Sci. 10 (1), 35-42. https://doi.org/10.2307/3237158.

Chytry, M., Koéi, M., Sumberové, K., Sadlo, J., Krahulec, F., Hajkova, P., Novak, J.,
Héjek, M., Hoffmann, A., Blazkova, D., Kuéera, T., Rezni¢kovd, M., Cerny, T., Hartel,
H., & Simonova, D. (2007). Vegetace Ceské republiky. 1. Travinna a keiickova vegetace
[Vegetation of the Czech Republic. 1. Grassland and Heathland Vegetation] (M. Chytry
(Ed.)). Academia.

Chytry, M., Tichy, L., Hennekens, S.M., Knollova, 1., Janssen, J.A.M., Rodwell, J.S.,
Peterka, T., Marceno, C., Landucci, F., Danihelka, J., Hajek, M., Dengler, J.,
Novak, P., Zukal, D., Jiménez-Alfaro, B., Mucina, L., Abdulhak, S., Aci¢, S.,
Agrillo, E., Attorre, F., Bergmeier, E., Biurrun, L., Boch, S., Boloni, J., Bonari, G.,


https://doi.org/10.1016/j.ecolind.2022.109740
https://doi.org/10.1016/j.ecolind.2022.109740
https://doi.org/10.1111/gfs.12189
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0010
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0010
https://doi.org/10.1111/j.1365-2494.2012.00903.x
https://doi.org/10.1111/j.1365-2494.2012.00903.x
https://doi.org/10.1111/j.1365-2664.2011.01968.x
https://doi.org/10.1002/ecs2.2915
https://doi.org/10.1126/science.1127863
https://doi.org/10.1126/science.1127863
https://doi.org/10.1111/jvs.13050
https://doi.org/10.1016/j.agee.2017.06.010
https://doi.org/10.1016/j.agee.2017.06.010
https://doi.org/10.1002/fee.2405
https://doi.org/10.1002/fee.2405
https://doi.org/10.2307/3237158
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060

G. Swacha et al.

Braslavskaya, T., Bruelheide, H., Campos, J.A., Carni, A., Casella, L., Cuk, M.,
Cu.@terevska, R., De Bie, E., Delbosc, P., Demina, O., Didukh, Y., Dite, D., Dziuba, T.,
Ewald, J., Gavilan, R.G., Gégout, J.-C., Giusso del Galdo, G.P., Golub, V.,
Goncharova, N., Goral, F., Graf, U., Indreica, A., Isermann, M., Jandt, U., Jansen, F.,
Jansen, J., Jaskova, A., Jirousek, M., Kacki, Z., Kalnikova, V., Kavgaci, A.,
Khanina, L., Yu Korolyuk, A., Kozhevnikova, M., Kuzemko, A., Kiizmic, F.,
Kuznetsov, O.L., Laivins, M., Lavrinenko, I., Lavrinenko, O., Lebedeva, M.,
Lososova, Z., Lysenko, T., Maciejewski, L., Mardari, C., Marinsek, A., Napreenko, M.
G., Onyshchenko, V., Pérez-Haase, A., Pielech, R., Prokhorov, V., Rasomavicius, V.,
Rodriguez Rojo, M.P., Rusina, S., Schrautzer, J., Sibik, J., Silc, U., Skvore, Z.,
Smagin, V.A., Stanci¢, Z., Stanisci, A., Tikhonova, E., Tonteri, T., Uogintas, D.,
Valachovic, M., Vassilev, K., Vynokurov, D., Willner, W., Yamalov, S., Evans, D.,
Palitzsch Lund, M., Spyropoulou, R., Tryfon, E., Schaminée, J.H.J., Schmidtlein, S.,
2020. EUNIS Habitat Classification: Expert system, characteristic species
combinations and distribution maps of European habitats. Appl. Veg. Sci. 23 (4),
648-675.

Colgan, M.S., Asner, G.P., 2014. Coexistence and environmental filtering of species-
specific biomass in an African savanna. Ecology 95 (6), 1579-1590. https://doi.org/
10.1890/13-1160.1.

Czarniecka-Wiera, M., Kacki, Z., Chytry, M., Palpurina, S., 2019. Diversity loss in
grasslands due to the increasing dominance of alien and native competitive herbs.
Biodivers. Conserv. 28 (11), 2781-2796. https://doi.org/10.1007/s10531-019-
01794-9.

Dengler, J., Janisovd, M., Torok, P., Wellstein, C., 2014. Biodiversity of Palaearctic
grasslands: a synthesis. Agr Ecosyst Environ 182, 1-14. https://doi.org/10.1016/j.
agee.2013.12.015.

Diaz, S., Kattge, J., Cornelissen, J.H.C., Wright, I.J., Lavorel, S., Dray, S., Reu, B.,
Kleyer, M., Wirth, C., Colin Prentice, I., Garnier, E., Bonisch, G., Westoby, M.,
Poorter, H., Reich, P.B., Moles, A.T., Dickie, J., Gillison, A.N., Zanne, A.E., Gorné, L.
D., 2016. The global spectrum of plant form and function. Nature 529 (7585),
167-171. https://doi.org/10.1038/nature16489.

Diaz, S., Lavorel, S., de Bello, F., Quetier, F., Grigulis, K., Robson, T.M., 2007.
Incorporating plant functional diversity effects in ecosystem service assessments.
Proc. Natl. Acad. Sci. 104 (52), 20684-20689. https://doi.org/10.1073/
pnas.0704716104.

Dodd, M.E., Silvertown, J., McConway, K., Potts, J., Crawley, M., 1994. Stability in the
plant communities of the Park Grass Experiment: the relationships between species
richness, soil pH and biomass variability. Philos. Trans. R. Soc. Lond. B Biol. Sci. 346
(1316), 185-193. https://doi.org/10.1098/rsth.1994.0140.

Dvorakova, J., Merunkovd, K., Preislerovd, Z., Horsak, M., Chytry, M., 2014. Diversity of
the Western Carpathian flysch grasslands: Do extremely species-rich plant
communities coincide with a high diversity of snails? Biologia 69 (2), 202-213.
https://doi.org/10.2478/511756-013-0299-7.

Furley, P.A., 1974a. Soil-Slope-Plant Relationships in the Northern Maya Mountains
Belize, Central America. I. The Sequence over Metamorphic Sandstones and Shales.
J. Biogeogr. 1 (3), 171.

Furley, P.A., 1974b. Soil-Slope-Plant Relationships in the Northern Maya Mountains,
Belize, Central America. II. The Sequence Over Phyllites and Granites. J. Biogeogr. 1
(4), 263.

Galvanek, D., Leps, J., 2012. The effect of management on productivity, litter
accumulation and seedling recruitment in a Carpathian mountain grassland. Plant
Ecol. 213 (3), 523-533. https://doi.org/10.1007/511258-011-9999-7.

Gibson, D.J., 2009. Grasses and Grassland Ecology. Oxford University Press.

Grime, J.P., 1998. Benefits of plant diversity to ecosystems: immediate, filter and founder
effects. J. Ecol. 86 (6), 902-910. https://doi.org/10.1046/1.1365-2745.1998.00306.
X.

Gross, N., Bloor, J.M.G., Louault, F., Maire, V., Soussana, J.-F., 2009. Effects of land-use
change on productivity depend on small-scale plant species diversity. Basic Appl.
Ecol. 10 (8), 687-696. https://doi.org/10.1016/j.baae.2009.09.001.

Habel, J.C., Dengler, J., Janisova, M., Torok, P., Wellstein, C., Wiezik, M., 2013.
European grassland ecosystems: threatened hotspots of biodiversity. Biodivers.
Conserv. 22 (10), 2131-2138. https://doi.org/10.1007/s10531-013-0537-x.

Hajek, M., Hajkova, P., 2004. Environmental determinants of variation in Czech Calthion
wet meadows: A synthesis of phytosociological data. Phytocoenologia 34 (1), 33-54.
https://doi.org/10.1127/0340-269X,/2004,/0034-0033.

Hanski, I., 1982. Dynamics of regional distribution: The core and satellite species
hypothesis. Oikos 38 (2), 210. https://doi.org/10.2307/3544021.

Hector, A., Schmid, B., Beierkuhnlein, C., Caldeira, M.C., Diemer, M.,
Dimitrakopoulos, P.G., Finn, J.A., Freitas, H., Giller, P.S., Good, J., Harris, R.,
Hogberg, P., Huss-Danell, K., Joshi, J., Jumpponen, A., Korner, C., Leadley, P.W.,
Loreau, M., Minns, A., Lawton, J.H., 1999. Plant diversity and productivity
experiments in European grasslands. Science 286 (5442), 1123-1127. https://doi.
org/10.1126/science.286.5442.1123.

Hejeman, M., Klaudisovd, M., Stursa, J., Pavli, V., Schellberg, J., Hejcmanova, P.,
Hakl, J., Rauch, O., Vacek, S., 2007. Revisiting a 37 years abandoned fertilizer
experiment on Nardus grassland in the Czech Republic. Agr Ecosyst Environ 118
(1-4), 231-236. https://doi.org/10.1016/j.agee.2006.05.027.

Hejeman, M., Ceskova, M., Schellberg, J., Pitzold, S., 2010. The Rengen grassland
experiment: effect of soil chemical properties on biomass production, plant species
composition and species richness. Folia Geobot. 45 (2), 125-142. https://doi.org/
10.1007/512224-010-9062-9.

Hengl, T., & Reuter, H. I. (Eds.). (2009). Geomorphometry. Developments in Soil Science.
Elsevier.

Herben, T., Brezina, S., Skalovd, H., Hadincovd, V., Krahulec, F., 2007. Variation in plant
performance in a grassland: Species-specific and neighbouring root mass effects.

J. Veg. Sci. 18 (1), 55-62. https://doi.org/10.1111/j.1654-1103.2007.tb02515.x.

10

Ecological Indicators 146 (2023) 109740

Heyburn, J., McKenzie, P., Crawley, M.J., Fornara, D.A., 2017. Long-term belowground
effects of grassland management: the key role of liming. Ecol. Appl. 27 (7),
2001-2012. https://doi.org/10.1002/eap.1585.

Jiang, K., Tan, Z., He, Q., Wang, L., Zhao, Y., Sun, X., Hou, W., Long, W., Zhang, H.,
2020. Strong positively diversity—productivity relationships in the natural sub-alpine
meadow communities across time are up to superior performers. Sci. Rep. 10 (1),
13353. https://doi.org/10.1038/541598-020-70402-6.

Kacki, Z., Swacha, G., Lengyel, A., Korzeniak, J., 2021. Formalized hierarchically nested
expert system for classification of mesic and wet grasslands in Poland. Acta Soc. Bot.
Pol. 89 (4) https://doi.org/10.5586/asbp.8941.

Kahmen, A., Perner, J., Audorff, V., Weisser, W., Buchmann, N., 2005. Effects of plant
diversity, community composition and environmental parameters on productivity in
montane European grasslands. Oecologia 142 (4), 606-615. https://doi.org/
10.1007/500442-004-1749-2.

Karger, D.N., Schmatz, D.R., Dettling, G., Zimmermann, N.E., 2020. High-resolution
monthly precipitation and temperature time series from 2006 to 2100. Sci. Data 7
(1), 248. https://doi.org/10.1038/s41597-020-00587-y.

Kassahun, T., Pavld, K., Pavld, V.V., Pavli, L., Blazek, P., Landucci, F., 2021. Effect of 15-
year sward management on vertical distribution of plant functional groups in a semi-
natural perennial grassland of central Europe. Appl. Veg. Sci. 24 (1) https://doi.org/
10.1111/avsc.12568.

Kleyer, M., Bekker, R.M., Knevel, I.C., Bakker, J.P., Thompson, K., Sonnenschein, M.,
Poschlod, P., van Groenendael, J.M., Klimes, L., Klimesova, J., Klotz, S., Rusch, G.M.,
Hermy, M., Adriaens, D., Boedeltje, G., Bossuyt, B., Dannemann, A., Endels, P.,
Gotzenberger, L., Hodgson, J.G., Jackel, A.-K., Kiihn, 1., Kunzmann, D., Ozinga, W.
A., Romermann, C., Stadler, M., Schlegelmilch, J., Steendam, H.J., Tackenberg, O.,
Wilmann, B., Cornelissen, J.H.C., Eriksson, O., Garnier, E., Peco, B., 2008. The LEDA
Traitbase: a database of life-history traits of the Northwest European flora. J. Ecol.
96 (6), 1266-1274.

Kopecky, M., Macek, M., Wild, J., 2021. Topographic Wetness Index calculation
guidelines based on measured soil moisture and plant species composition. Sci. Total
Environ. 757, 143785 https://doi.org/10.1016/j.scitotenv.2020.143785.

Lanta, V., Dolezal, J., Lantovd, P., Kelisek, J., Mudrék, O., 2009. Effects of pasture
management and fertilizer regimes on botanical changes in species-rich mountain
calcareous grassland in Central Europe. Grass Forage Sci. 64 (4), 443-453. https://
doi.org/10.1111/§.1365-2494.2009.00709.x.

Legendre, P., Gallagher, E.D., 2001. Ecologically meaningful transformations for
ordination of species data. Oecologia 129 (2), 271-280. https://doi.org/10.1007/
s004420100716.

Lengyel, A., Swacha, G., Botta-Dukat, Z., Kacki, Z., Schmidtlein, S., 2020. Trait-based
numerical classification of mesic and wet grasslands in Poland. J. Veg. Sci. 31 (2),
319-330.

Lennon, J.J., Beale, C.M., Reid, C.L., Kent, M., Pakeman, R.J., 2011. Are richness patterns
of common and rare species equally well explained by environmental variables?
Ecography 34 (4), 529-539. https://doi.org/10.1111/j.1600-0587.2010.06669.x.

Leps, J., 2004. Variability in population and community biomass in a grassland
community affected by environmental productivity and diversity. Oikos 107 (1),
64-71. https://doi.org/10.1111/j.0030-1299.2004.13023.x.

Leps, J., de Bello, F., Lavorel, S., Berman, S., 2006. Quantifying and interpreting
functional diversity of natural communities: practical considerations matter. Preslia
78 (4), 481-501.

Li, W., Knops, J.M.H., Brassil, C.E., Lu, J., Qi, W., Li, J., Liu, M., Chang, S., Li, W., 2016.
Functional group dominance and not productivity drives species richness. Plant
Ecolog. Divers. 9 (2), 141-150. https://doi.org/10.1080/17550874.2016.1180563.

Linder, H.P., Lehmann, C.E.R., Archibald, S., Osborne, C.P., Richardson, D.M., 2018.
Global grass (Poaceae) success underpinned by traits facilitating colonization,
persistence and habitat transformation. Biol. Rev. 93 (2), 1125-1144. https://doi.
org/10.1111/brv.12388.

Lyons, K.G., Brigham, C.A., Traut, B.H., Schwartz, M.W., 2005. Rare Species and
Ecosystem Functioning. Conserv. Biol. 19 (4), 1019-1024. https://doi.org/10.1111/
j.1523-1739.2005.00106.x.

Lyons, K.G., Schwartz, M.W., 2001. Rare species loss alters ecosystem function — invasion
resistance. Ecol. Lett. 4 (4), 358-365. https://doi.org/10.1046/j.1461-
0248.2001.00235.x.

Maire, V., Gross, N., Borger, L., Proulx, R., Wirth, C., Pontes, L.d.S., Soussana, J.-F.,
Louault, F., 2012. Habitat filtering and niche differentiation jointly explain species
relative abundance within grassland communities along fertility and disturbance
gradients. New Phytol. 196 (2), 497-509.

Markham, J., 2015. Rare species occupy uncommon niches. Sci. Rep. 4 (1), 6012.
https://doi.org/10.1038/srep06012.

Maskovd, Z., Dolezal, J., Kvét, J., Zemek, F., 2009. Long-term functioning of a species-
rich mountain meadow under different management regimes. Agr Ecosyst Environ
132 (3-4), 192-202. https://doi.org/10.1016/j.agee.2009.04.002.

McGill, B.J., 2010. Towards a unification of unified theories of biodiversity. Ecol. Lett. 13
(5), 627-642. https://doi.org/10.1111/j.1461-0248.2010.01449.x.

McLeod, M.L., Cleveland, C.C., Lekberg, Y., Maron, J.L., Philippot, L., Bru, D.,
Callaway, R.M., Aerts, R., 2016. Exotic invasive plants increase productivity,
abundance of ammonia-oxidizing bacteria and nitrogen availability in intermountain
grasslands. J. Ecol. 104 (4), 994-1002.

Mehlich, A., 1984. Mehlich 3 soil test extractant: A modification of Mehlich 2 extractant.
Commun. Soil Sci. Plant Anal. 15 (12), 1409-1416. https://doi.org/10.1080/
00103628409367568.

Merunkova, K., Chytry, M., 2012. Environmental control of species richness and
composition in upland grasslands of the southern Czech Republic. Plant Ecol. 213
(4), 591-602. https://doi.org/10.1007/s11258-012-0024-6.


http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0060
https://doi.org/10.1890/13-1160.1
https://doi.org/10.1890/13-1160.1
https://doi.org/10.1007/s10531-019-01794-9
https://doi.org/10.1007/s10531-019-01794-9
https://doi.org/10.1016/j.agee.2013.12.015
https://doi.org/10.1016/j.agee.2013.12.015
https://doi.org/10.1038/nature16489
https://doi.org/10.1073/pnas.0704716104
https://doi.org/10.1073/pnas.0704716104
https://doi.org/10.1098/rstb.1994.0140
https://doi.org/10.2478/s11756-013-0299-7
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0100
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0100
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0100
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0105
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0105
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0105
https://doi.org/10.1007/s11258-011-9999-7
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0115
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1016/j.baae.2009.09.001
https://doi.org/10.1007/s10531-013-0537-x
https://doi.org/10.1127/0340-269X/2004/0034-0033
https://doi.org/10.2307/3544021
https://doi.org/10.1126/science.286.5442.1123
https://doi.org/10.1126/science.286.5442.1123
https://doi.org/10.1016/j.agee.2006.05.027
https://doi.org/10.1007/s12224-010-9062-9
https://doi.org/10.1007/s12224-010-9062-9
https://doi.org/10.1111/j.1654-1103.2007.tb02515.x
https://doi.org/10.1002/eap.1585
https://doi.org/10.1038/s41598-020-70402-6
https://doi.org/10.5586/asbp.8941
https://doi.org/10.1007/s00442-004-1749-2
https://doi.org/10.1007/s00442-004-1749-2
https://doi.org/10.1038/s41597-020-00587-y
https://doi.org/10.1111/avsc.12568
https://doi.org/10.1111/avsc.12568
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0200
https://doi.org/10.1016/j.scitotenv.2020.143785
https://doi.org/10.1111/j.1365-2494.2009.00709.x
https://doi.org/10.1111/j.1365-2494.2009.00709.x
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0220
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0220
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0220
https://doi.org/10.1111/j.1600-0587.2010.06669.x
https://doi.org/10.1111/j.0030-1299.2004.13023.x
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0235
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0235
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0235
https://doi.org/10.1080/17550874.2016.1180563
https://doi.org/10.1111/brv.12388
https://doi.org/10.1111/brv.12388
https://doi.org/10.1111/j.1523-1739.2005.00106.x
https://doi.org/10.1111/j.1523-1739.2005.00106.x
https://doi.org/10.1046/j.1461-0248.2001.00235.x
https://doi.org/10.1046/j.1461-0248.2001.00235.x
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0260
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0260
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0260
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0260
https://doi.org/10.1038/srep06012
https://doi.org/10.1016/j.agee.2009.04.002
https://doi.org/10.1111/j.1461-0248.2010.01449.x
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0280
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0280
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0280
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0280
https://doi.org/10.1080/00103628409367568
https://doi.org/10.1080/00103628409367568
https://doi.org/10.1007/s11258-012-0024-6

G. Swacha et al.

Moeslund, J.E., Arge, L., Bgcher, P.K., Dalgaard, T., Svenning, J.-C., 2013. Topography as
a driver of local terrestrial vascular plant diversity patterns. Nord. J. Bot. 31 (2),
129-144. https://doi.org/10.1111/§.1756-1051.2013.00082.x.

Mouillot, D., Villéger, S., Scherer-Lorenzen, M., Mason, N.W.H., Romanuk, T., 2011.
Functional structure of biological communities predicts ecosystem
multifunctionality. PLoS One 6 (3), e17476.

Ni, J., 2004. Estimating net primary productivity of grasslands from field biomass
measurements in temperate northern China. Plant Ecol. 174 (2), 217-234. https://
doi.org/10.1023/B:VEGE.0000049097.85960.10.

O’Mara, F.P., 2012. The role of grasslands in food security and climate change. Ann. Bot.
110 (6), 1263-1270. https://doi.org/10.1093/aob/mcs209.

Padullés Cubino, J., Axmanovd, 1., Lososovd, Z., Vecefa, M., Bergamini, A.,

Bruelheide, H., Dengler, J., Jandt, U., Jansen, F., Patsch, R., Chytry, M., 2022. The
effect of niche filtering on plant species abundance in temperate grassland
communities. Funct. Ecol. 36 (4), 962-973. https://doi.org/10.1111/1365-
2435.13994.

Partel, M., Moora, M., Zobel, M., 2001. Variation in species richness within and between
calcareous (alvar) grassland stands: the role of core and satellite species. Plant Ecol.
157, 205-213. https://doi.org/10.1023/A:1013938624716.

Pavli, L., Pavli, V., Gaisler, J., Hejeman, M., 2013. Relationship between soil and
biomass chemical properties, herbage yield and sward height in cut and unmanaged
mountain hay meadow (Polygono-Trisetion). Flora — Morphol., Distrib., Funct. Ecol.
Plants 208 (10-12), 599-608. https://doi.org/10.1016/j.flora.2013.09.003.

Pavli, L., Poetsch, E.M., Pavli, V.V, Titéra, J., Hejcman, M., Gaisler, J., Hopkins, A.,
2022. The Admont Grassland Experiment: 70 years of fertilizer application and its
effects on soil and vegetation properties in an alluvial meadow managed under a
three-cut regime. Sci. Total Environ. 808, 152081 https://doi.org/10.1016/j.
scitotenv.2021.152081.

Pokorny, M.L., Sheley, R.L., Svejear, T.J., Engel, R.E., 2004. Plant species diversity in a
grassland plant community: Evidence for forbs as a critical management
consideration. Western North Am. Natur. 64 (2), 219-230. https://doi.org/10.2307/
41717365.

Pokorny, M.L., Sheley, R.L., Zabinski, C.A., Engel, R.E., Svejcar, T.J., Borkowski, J.J.,
2005. Plant functional group diversity as a mechanism for invasion resistance.
Restor. Ecol. 13 (3), 448-459. https://doi.org/10.1111/].1526-100X.2005.00056.x.

Preislerova, Z., Jiménez-Alfaro, B., Mucina, L., Berg, C., Bonari, G., Kuzemko, A.,
Landucci, F., Marceno, C., Monteiro-Henriques, T., Novak, P., Vynokurov, D.,
Bergmeier, E., Dengler, J., Apostolova, 1., Bioret, F., Biurrun, I., Campos, J.A.,
Capelo, J., Carni, A., Goban, S., Csiky, J., Cuk, M., Custerevska, R., Daniéls, F.J.A., De
Sanctis, M., Didukh, Y., Dite, D., Fanelli, G., Golovanov, Y., Golub, V., Guarino, R.,
Héjek, M., Iakushenko, D., Indreica, A., Jansen, F., Jaskova, A., Jirousek, M.,
Kalnikova, V., Kavgaci, A., Kucherov, L., Kiizmic, F., Lebedeva, M., Loidi, J.,
Lososova, Z., Lysenko, T., Milanovi¢, P., Onyshchenko, V., Perrin, G., Peterka, T.,
Rasomavicius, V., Rodriguez-Rojo, M.P., Rodwell, J.S., Rusina, S., Sdnchez-Mata, D.,
Schaminée, J.H.J., Semenishchenkov, Y., Shevchenko, N., Sibik, J., Skvorc, Z.,
Smagin, V., Stesevié, D., Stupar, V., Sumberova, K., Theurillat, J.-P., Tikhonova, E.,
Tzonev, R., Valachovi¢, M., Vassilev, K., Willner, W., Yamalov, S., Vecera, M.,
Chytry, M., 2022. Distribution maps of vegetation alliances in Europe. Appl. Veg.
Sci. 25 (1) https://doi.org/10.1111/avsc.12642.

Preston, F.W., 1948. The Commonness, and rarity, of species. Ecology 29 (3), 254-283.
https://doi.org/10.2307/1930989.

Pykala, J., Luoto, M., Heikkinen, R.K., Kontula, T., 2005. Plant species richness and
persistence of rare plants in abandoned semi-natural grasslands in northern Europe.
Basic Appl. Ecol. 6 (1), 25-33. https://doi.org/10.1016/j.baae.2004.10.002.

Qi, W., Jia, P., Luo, S., Kang, X., Du, G., 2021. Disentangling the effects of environmental
and communities’ factors on species’ biomass inequality in Qinghai-Tibetan
grassland systems. Ecol. Ind. 122, 107309 https://doi.org/10.1016/j.
ecolind.2020.107309.

Qin, C.-Z., Zhu, A.-X., Pei, T., Li, B.-L., Scholten, T., Behrens, T., Zhou, C.-H., 2011. An
approach to computing topographic wetness index based on maximum downslope
gradient. Precis. Agric. 12 (1), 32-43. https://doi.org/10.1007/s11119-009-9152-y.

Raduta, M.W., Szymura, T.H., Szymura, M., Swacha, G., Kacki, Z., 2020. Effect of
environmental gradients, habitat continuity and spatial structure on vascular plant
species richness in semi-natural grasslands. Agr Ecosyst Environ 300, 106974.
https://doi.org/10.1016/j.agee.2020.106974.

Rao, C.R., 1982. Diversity and dissimilarity coefficients: A unified approach. Theor.
Popul Biol. 21 (1), 24-43. https://doi.org/10.1016/0040-5809(82)90004-1.

Ribeiro, S., Fernandes, J.P., Espirito-Santo, M.D., 2014. Diversity and floristic patterns of
mediterranean grasslands: the relative influence of environmental and land
management factors. Biodivers. Conserv. 23 (12), 2903-2921. https://doi.org/
10.1007/s10531-014-0754-y.

Rodriguez-Rojo, M.P., Jiménez-Alfaro, B., Jandt, U., Bruelheide, H., Rodwell, J.S.,
Schaminée, J.H.J., Perrin, P.M., Kacki, Z., Willner, W., Fernandez-Gonzélez, F.,
Chytry, M., 2017. Diversity of lowland hay meadows and pastures in Western and
Central Europe. Appl. Veg. Sci. 20 (4), 702-719. https://doi.org/10.1111/
avsc.12326.

Rudmann-Maurer, K., Weyand, A., Fischer, M., Stocklin, J., 2008. The role of landuse and
natural determinants for grassland vegetation composition in the Swiss Alps. Basic
Appl. Ecol. 9 (5), 494-503. https://doi.org/10.1016/j.baae.2007.08.005.

Schaub, S., Finger, R., Leiber, F., Probst, S., Kreuzer, M., Weigelt, A., Buchmann, N.,
Scherer-Lorenzen, M., 2020. Plant diversity effects on forage quality, yield and
revenues of semi-natural grasslands. Nature Commun 11 (1). https://doi.org/

10.1038/541467-020-14541-4.

Scurlock, J.M.O., Johnson, K., Olson, R.J., 2002. Estimating net primary productivity
from grassland biomass dynamics measurements. Glob. Chang. Biol. 8 (8), 736-753.
https://doi.org/10.1046/j.1365-2486.2002.00512.x.

11

Ecological Indicators 146 (2023) 109740

Semmartin, M., Oyarzabal, M., Loreti, J., Oesterheld, M., 2007. Controls of primary
productivity and nutrient cycling in a temperate grassland with year-round
production. Austral Ecol. 32 (4), 416-428. https://doi.org/10.1111/j.1442-
9993.2007.01706.x.

Smilauer, P., & Leps, J. (2014). Multivariate Analysis of Ecological Data using CANOCO 5
(2nd ed.). Cambridge University Press. 10.1017/CB09781139627061.

Soliveres, S., Manning, P., Prati, D., Gossner, M.M., Alt, F., Arndt, H., Baumgartner, V.,
Binkenstein, J., Birkhofer, K., Blaser, S., Bliithgen, N., Boch, S., Bohm, S.,
Borschig, C., Buscot, F., Diekotter, T., Heinze, J., Holzel, N., Jung, K., Klaus, V.H.,
Klein, A.-M., Kleinebecker, T., Klemmer, S., Krauss, J., Lange, M., Morris, E.K.,
Miiller, J., Oelmann, Y., Overmann, J., Pasali¢, E., Renner, S.C., Rillig, M.C.,
Schaefer, H.M., Schloter, M., Schmitt, B., Schoning, I., Schrumpf, M., Sikorski, J.,
Socher, S.A., Solly, E.F., Sonnemann, 1., Sorkau, E., Steckel, J., Steffan-Dewenter, I.,
Stempfhuber, B., Tschapka, M., Tiirke, M., Venter, P., Weiner, C.N., Weisser, W.W.,
Werner, M., Westphal, C., Wilcke, W., Wolters, V., Wubet, T., Wurst, S., Fischer, M.,
Allan, E., 2016. Locally rare species influence grassland ecosystem
multifunctionality. Philos. Trans. R. Soc., B 371 (1694), 20150269.

Stevens, C., Dupre, C., Gaudnik, C., Dorland, E., Dise, N., Gowing, D., Bleeker, A.,
Alard, D., Bobbink, R., Fowler, D., Vandvik, V., Corcket, E., Mountford, J.O.,
Aarrestad, P.A., Muller, S., Diekmann, M., 2011. Changes in species composition of
European acid grasslands observed along a gradient of nitrogen deposition. J. Veg.
Sci. 22 (2), 207-215. https://doi.org/10.1111/7.1654-1103.2010.01254.x.

Stromberg, C.A.E., 2011. Evolution of Grasses and Grassland Ecosystems. Annu. Rev.
Earth Planet. Sci. 39 (1), 517-544. https://doi.org/10.1146/annurev-earth-040809-
152402.

Teixeira, L.H., Yannelli, F.A., Ganade, G., Kollmann, J., 2020. Functional diversity and
invasive species influence soil fertility in experimental grasslands. Plants 9 (1), 53.
https://doi.org/10.3390/plants9010053.

Ter Braak, C.J.F., Looman, C.W.N., 1994. Biplots in reduced-rank regression. Biom. J. 36
(8), 983-1003. https://doi.org/10.1002/bimj.4710360812.

Tian, L., Zhao, L., Wu, X., Fang, H., Zhao, Y., Yue, G., Liu, G., Chen, H., 2017. Vertical
patterns and controls of soil nutrients in alpine grassland: Implications for nutrient
uptake. Sci. Total Environ. 607-608, 855-864. https://doi.org/10.1016/j.
scitotenv.2017.07.080.

Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M., Siemann, E., 1997. The influence
of functional diversity and composition on ecosystem processes. Science 277 (5330),
1300-1302. https://doi.org/10.1126/science.277.5330.1300.

Titéra, J., Pavli, V.V., Pavli, L., Hejeman, M., Gaisler, J., Schellberg, J., 2020. Response
of grassland vegetation composition to different fertilizer treatments recorded over
ten years following 64 years of fertilizer applications in the Rengen Grassland
Experiment. Appl. Veg. Sci. 23 (3), 417-427. https://doi.org/10.1111/avsc.12499,

Tyler, G., 1996. Soil chemistry and plant distributions in rock habitats of southern
Sweden. Nord. J. Bot. 16 (6), 609-635. https://doi.org/10.1111/j.1756-1051.1996.
tb00279.x.

Ulrich, W., Ollik, M., Ugland, K.I., 2010. A meta-analysis of species-abundance
distributions. Oikos 119 (7), 1149-1155. https://doi.org/10.1111/j.1600-
0706.2009.18236.x.

Vecera, M., Axmanova, 1., Padullés Cubino, J., Lososova, Z., Divisek, J., Knollova, I.,
A¢ié, S., Biurrun, L., Boch, S., Bonari, G., Campos, J.A., Carni, A., Carranza, M.L.,
Casella, L., Chiarucci, A., Custerevska, R., Delbosc, P., Dengler, J., Fernandez-
Gonzalez, F., Gégout, J.-C., Jandt, U., Jansen, F., Jaskova, A., Jiménez-Alfaro, B.,
Kuzemko, A., Lebedeva, M., Lenoir, J., Lysenko, T., Moeslund, J.E., Pielech, R.,
Ruprecht, E., Sibik, J., Silc, U., Skvore, Z., Swacha, G., Tatarenko, 1., Vassilev, K.,
Wohlgemuth, T., Yamalov, S., Chytry, M., Sabatini, F.M., 2021. Mapping species
richness of plant families in European vegetation. J. Veg. Sci. 32 (3) https://doi.org/
10.1111/jvs.13035.

Veen, P., Jefferson, R., de Smidt, J., van der Straaten, J., 2009. Grasslands in Europe.
KNNV Publishing. 10.1163/9789004278103.

Weiner, J., Solbrig, O.T., 1984. The meaning and measurement of size hierarchies in
plant populations. Oecologia 61 (3), 334-336. https://doi.org/10.1007/
BF00379630.

Westoby, M., Falster, D.S., Moles, A.T., Vesk, P.A., Wright, I.J., 2002. Plant Ecological
Strategies: Some Leading Dimensions of Variation Between Species. Annu. Rev. Ecol.
Syst. 33 (1), 125-159. https://doi.org/10.1146/annurev.ecolsys.33.010802.150452.

Westoby, M., 1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant Soil
199, 213-227. https://doi.org/10.1023/a:1004327224729.

Xia, J., Ma, M., Liang, T., Wy, C., Yang, Y., Zhang, L., Zhang, Y., Yuan, W., 2018.
Estimates of grassland biomass and turnover time on the Tibetan Plateau. Environ.
Res. Lett. 13 (1), 014020 https://doi.org/10.1088/1748-9326/2a9997.

Yang, Y.H., Fang, J.Y., Pan, Y.D., Ji, C.J., 2009. Aboveground biomass in Tibetan
grasslands. J. Arid Environ. 73 (1), 91-95. https://doi.org/10.1016/j.
jaridenv.2008.09.027.

Zeeman, M.J., Shupe, H., Baessler, C., Ruehr, N.K., 2019. Productivity and vegetation
structure of three differently managed temperate grasslands. Agr Ecosyst Environ
270-271, 129-148.

Zelnik, I., Carni, A., 2008. Wet meadows of the alliance Molinion and their
environmental gradients in Slovenia. Wet meadows of the alliance Molinion and
their environmental gradients in Slovenia 63 (2), 187-196.

Zhao, Y., Liu, Z., Wu, J., 2020. Grassland ecosystem services: a systematic review of
research advances and future directions. Landsc. Ecol. 35 (4), 793-814. https://doi.
org/10.1007/5s10980-020-00980-3.

Zulka, K.P., Abensperg-Traun, M., Milasowszky, N., Bieringer, G., Gereben-Krenn, B.-A.,
Holzinger, W., Holzler, G., Rabitsch, W., Reischiitz, A., Querner, P., Sauberer, N.,
Schmitzberger, 1., Willner, W., Wrbka, T., Zechmeister, H., 2014. Species richness in
dry grassland patches of eastern Austria: A multi-taxon study on the role of local,


https://doi.org/10.1111/j.1756-1051.2013.00082.x
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0300
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0300
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0300
https://doi.org/10.1023/B:VEGE.0000049097.85960.10
https://doi.org/10.1023/B:VEGE.0000049097.85960.10
https://doi.org/10.1093/aob/mcs209
https://doi.org/10.1111/1365-2435.13994
https://doi.org/10.1111/1365-2435.13994
https://doi.org/10.1023/A:1013938624716
https://doi.org/10.1016/j.flora.2013.09.003
https://doi.org/10.1016/j.scitotenv.2021.152081
https://doi.org/10.1016/j.scitotenv.2021.152081
https://doi.org/10.2307/41717365
https://doi.org/10.2307/41717365
https://doi.org/10.1111/j.1526-100X.2005.00056.x
https://doi.org/10.1111/avsc.12642
https://doi.org/10.2307/1930989
https://doi.org/10.1016/j.baae.2004.10.002
https://doi.org/10.1016/j.ecolind.2020.107309
https://doi.org/10.1016/j.ecolind.2020.107309
https://doi.org/10.1007/s11119-009-9152-y
https://doi.org/10.1016/j.agee.2020.106974
https://doi.org/10.1016/0040-5809(82)90004-1
https://doi.org/10.1007/s10531-014-0754-y
https://doi.org/10.1007/s10531-014-0754-y
https://doi.org/10.1111/avsc.12326
https://doi.org/10.1111/avsc.12326
https://doi.org/10.1016/j.baae.2007.08.005
https://doi.org/10.1038/s41467-020-14541-4
https://doi.org/10.1038/s41467-020-14541-4
https://doi.org/10.1046/j.1365-2486.2002.00512.x
https://doi.org/10.1111/j.1442-9993.2007.01706.x
https://doi.org/10.1111/j.1442-9993.2007.01706.x
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0415
https://doi.org/10.1111/j.1654-1103.2010.01254.x
https://doi.org/10.1146/annurev-earth-040809-152402
https://doi.org/10.1146/annurev-earth-040809-152402
https://doi.org/10.3390/plants9010053
https://doi.org/10.1002/bimj.4710360812
https://doi.org/10.1016/j.scitotenv.2017.07.080
https://doi.org/10.1016/j.scitotenv.2017.07.080
https://doi.org/10.1126/science.277.5330.1300
https://doi.org/10.1111/avsc.12499
https://doi.org/10.1111/j.1756-1051.1996.tb00279.x
https://doi.org/10.1111/j.1756-1051.1996.tb00279.x
https://doi.org/10.1111/j.1600-0706.2009.18236.x
https://doi.org/10.1111/j.1600-0706.2009.18236.x
https://doi.org/10.1111/jvs.13035
https://doi.org/10.1111/jvs.13035
https://doi.org/10.1007/BF00379630
https://doi.org/10.1007/BF00379630
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452
https://doi.org/10.1023/a:1004327224729
https://doi.org/10.1088/1748-9326/aa9997
https://doi.org/10.1016/j.jaridenv.2008.09.027
https://doi.org/10.1016/j.jaridenv.2008.09.027
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0500
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0500
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0500
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0505
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0505
http://refhub.elsevier.com/S1470-160X(22)01213-4/h0505
https://doi.org/10.1007/s10980-020-00980-3
https://doi.org/10.1007/s10980-020-00980-3

G. Swacha et al. Ecological Indicators 146 (2023) 109740

landscape and habitat quality variables. Agr Ecosyst Environ 182, 25-36. https://
doi.org/10.1016/j.agee.2013.11.016.

12


https://doi.org/10.1016/j.agee.2013.11.016
https://doi.org/10.1016/j.agee.2013.11.016

	Drivers of species-specific contributions to the total live aboveground plant biomass in Central European semi-natural hay  ...
	1 Introduction
	2 Methods
	2.1 Study area and field sampling
	2.2 Soil chemical analysis
	2.3 Statistical analyses

	3 Results
	3.1 Contributions of species and species groups to the aboveground biomass
	3.2 Species responses to environmental and management factors

	4 Discussion
	4.1 Contributions of species and species groups to the aboveground biomass
	4.2 Species responses to environmental and management factors

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


