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A B S T R A C T

Due to their unique flora, hydrology and environmental characteristics, peatlands are precious and specific
habitats for microorganisms and microscopic animals. Their microbial network structure and their biomass are
crucial for peatland carbon cycling, through primary production, as well as decomposition and mineralization of
organic matter. Wetlands are one of the ecosystems most at risk from anthropogenic activities and climate
change. Most recent scenarios of climate change for Central Europe predict an increase in air temperature and a
decrease in annual precipitation. These changes may disturb the biodiversity of aquatic organisms, and the peat
carbon sink. Considering the above climatic scenarios, we aimed to: i) assess the response of microbial com-
munity biomass to warming and reduced precipitation through the lens of a manipulative experiment in a
peatland ecosystem ii) predict how global warming might affect microbial biodiversity on peatlands exposed to
warmer temperatures and decreased precipitation conditions. Additionally, we wanted to identify ecological
indicators of warming among microorganisms living in Sphagnum peatland. The result of a manipulative ex-
periment carried out at Rzecin peatland (W Poland) suggested that the strongest reduction in microbial biomass
was observed in heated plots and plots where heating was combined with a reduction of precipitation. The most
pronounced changes were observed in the case of the very abundant mixotrophic testate amoeba Hyalosphenia
papilio and cyanobacteria. Shifts in the Sphagnummicrobial network can be used as an early warning indicator of
peatland warming, especially a decrease in the biomass of important phototrophic microbes living on the
Sphagnum capitula, e.g. Hyalosphenia papilio.

1. Introduction

Peatlands have become increasingly important model ecosystems in
ecology, biodiversity and climate interaction research (Bardgett and
Wardle, 2010). They host rare and often endangered plants, as well as
ecosystem-specific bird and amphibian species currently threatened by
the climate crisis. Moreover, those peat-forming ecosystems are sensi-
tive to water table decreases (Malmer et al., 1994, Bardgett and Wardle,
2010) triggered by intense human activity such as drainage,

agriculture, peat exploitation and forestation. The consequences are
uncontrolled fires, drought, increases in greenhouse gas emissions and
significant biodiversity decline (van Diggelen et al., 2006; Lamentowicz
et al., 2013). Changes (e.g. deforestation or pollution) in landscape
surrounding pristine peatland both directly and indirectly affect peat-
land organisms such as microbes and plants (Erwin, 2009; Lamentowicz
et al., 2015). In particular, fens are vulnerable to the slightest hydro-
logical disturbance (van Diggelen et al., 2006, 2015). Various dis-
turbances cause a shift in the composition and abundance of vegetation,

https://doi.org/10.1016/j.ecolind.2019.106059
Received 16 June 2019; Received in revised form 24 October 2019; Accepted 30 December 2019

⁎ Corresponding author at: Department of Meteorology, Poznań University of Life Sciences, Piątkowska 94, 60 649 Poznań, Poland.
E-mail address: basann@amu.edu.pl (A.M. Basińska).

Ecological Indicators 112 (2020) 106059

Available online 15 February 2020
1470-160X/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2019.106059
https://doi.org/10.1016/j.ecolind.2019.106059
mailto:basann@amu.edu.pl
https://doi.org/10.1016/j.ecolind.2019.106059
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2019.106059&domain=pdf


which may lead to a degradation of the wetland ecosystem.
Peatlands cover only 3% of the Earth’s area, but at the same time

they store 1/3 of global soil carbon (C), which is the equivalent of half
the carbon present in the atmosphere in the form of carbon dioxide
(Limpens et al., 2008; Dise, 2010). Hence, the rapid warming and the
decline in precipitation, together with an decrease in the ground water
table depth, may lead to considerable carbon dioxide emissions to the
atmosphere from those ecosystems (Gorham, 1991; Dise, 2010; Gallego-
Sala et al., 2018). Warming of boreal and subarctic zones is expected to
be the most intensive where most peatlands are located (Gorham, 1991;
IPCC, 2014). The influence of possible climate changes on particular
groups of organisms living in Sphagnum, as well as interactions between
the main primary producers, consumers and decomposers in peatlands
has recently begun to be studied. Peatlands accumulate carbon when
input through photosynthesis exceeds carbon losses through auto-
trophic and heterotrophic respiration (Delarue et al., 2011; Jassey
et al., 2015; Bragazza et al., 2016; Buttler et al., 2015). Currently, the
majority of peatlands are protected areas with various forms of con-
servation being applied, but still climate changes affect their func-
tioning (Untenecker et al., 2017). The consequences of global warming
could make management and restoration of peatlands even more
complicated (Erwin, 2009). For this reason, understanding and
awareness of early ecosystem disturbance indicators could be useful in
peatland monitoring and protection.

Jassey et al. (2011a) performed a laboratory experiment testing the
influence of temperature on microbes living in Sphagnum and suggested
that not only testate amoeba, but also other wetland group biomasses
(cyanobacteria, microalgae, fungi, and ciliates) can be reliable in-
dicators of climate changes. Furthermore, the functioning of the biotic
and abiotic components of peatland depends on microbial predators –
testate amoebae – which play a key role in the microbial network
(Jassey et al., 2013a,b; Jassey et al., 2014; Reczuga et al., 2018).
Moreover, above- and below-ground interactions between plants and
microorganisms affect carbon fixing in dynamic peatland ecosystems
(Bardgett and Wardle, 2010; Jassey et al., 2014; Robroek et al., 2015).
The majority of microscopic organisms have short life cycles and fast
reproduction rates, so they respond very rapidly to environmental
changes. In particular, the response of various microbial groups to
precipitation reduction and warming is not yet well recognized, with

most of studies being focused on a single group living in Sphagnum, e.g.
testate amoeba (Andersen et al., 2013).

The majority of experimental studies have been focused on the in-
fluence of one environmental variable. Manipulations have been car-
ried out in laboratories and in most cases the goal of the performed
analyses has been to estimate the abundance and diversity of species,
but not microbial biomass, which provides more relevant information
about ecosystem functioning and is more comparable in the case of
different types of wetland. The study by Jassey et al. (2015) suggested
that within the bryophyte microbial food web only the total microbial
biomass and mixotrophic testate amoeba biomass decreased due to
warming. Moreover, after summarizing their passive warming and la-
boratory experiment, the authors found that mixotrophic testate
amoeba might be important drivers in carbon fixing and that more
research should be conducted to disentangle the effect of manipulation
with temperature from moisture (Jassey et al., 2015). A new study of
microbial networks has also suggested that the natural and experi-
mental moisture gradients negatively affect the abundance of larger
microbial consumers such as testate amoeba (Reczuga et al., 2018).
However, impacts of decreased precipitation manipulation, which
might have a significant impact on peatland ecosystem, have never
been tested together with warming.

Considering the above intriguing problems, we designed a field
experiment to explore the effect of peat warming and decreased pre-
cipitation on peatland microbial communities with special attention to
testate amoeba. The further aim of the experimental work was to
identify the best microbial indicators of climate change in a Sphagnum
peatland. We aimed to: i) assess the response of microbial community
biomass to warming and reduced precipitation through the lens of a
manipulative experiment in a peatland ecosystem ii) predict how global
warming might affect microbial biodiversity on peatlands exposed to
warmer temperatures and decreased precipitation conditions because of
the fact that previous studies have recorded a vertical difference in
microbial communities structure (Meisterfeld, 1977; Mitchell and
Gilbert, 2004; Song et al., 2016) and its response (Reczuga et al., 2018),
we hypothesized that i) the upper (top) and lower sections of living
microbial communities would respond differently to manipulation and
ii) phototrophic microbes dwelling on the top of Sphagnum would re-
spond clearly to the manipulation.

Fig. 1. Location of the “WETMAN” project experimental site in the Rzecin peatland map (52°45′ N, 16°18′ E, 59 m a.s.L.).
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2. Materials and methods

2.1. Study site

The study site was the Rzecin peatland (Fig. 1) located between the
dunes of Noteć Forest in Western Poland. The peatland covers ca. 86 ha
together with the lake and surrounding grasslands and it is part of
protected area of Nature 2000 European Union program.

The site is surrounded by pine forests and small farms, but an-
thropogenic pressure is considered not very intensive (Juszczak and
Augustin, 2013; Juszczak and Augustin, 2013). A paleoecological study
in Rzecin peatland showed that in the last 200 years anthropogenic and
natural disturbances have occurred in the area, which changed the
water table level and nutrient concentrations in the peat. These dis-
turbances affected the lake basin and leaded to the development of the
floating mat (Lamentowicz et al., 2015; Milecka et al., 2017) and
triggered the development of a floating Sphagnum vegetation mat. The
flora of Rzecin peatland is rich, characterized by a high diversity of
habitats, various plant communities as well as rare and endangered
species. Therefore, Rzecin peatland is precious for the region and for
Poland (Wojterska, 2001). Vegetation analyses of wetland have shown
the presence of 127 vascular plant species, including ones rare or en-
dangered in Poland (Carex limosa, C. dioica, Liparis loeselii, and Utricu-
laria intermedia) (Wojterska, 2001).

The study site has an average annual precipitation of 575 mm, with
many cloudy days (Woś, 2010). The ground water table depth was quite
high according to Juszczak & Augustin (2013), with a mean around
−5.6 (cm), a minimum value equal to −15.9 (cm) and a maximum of
3.6 cm in pools.

2.2. Experimental design

The experimental setup was constructed in the central part of a poor
fen. This part is homogenous in terms of plant species composition and
structure and it is dominated by Sphagnum spp. (Sphagnum angustifo-
lium, S. fallax, and S. teres), Aulacomnium palustre with vascular plants
Oxycoccus palustris, Carex limosa, C. rostrata, Eriophorum angustifolium
and Drosera rotundifolia. A wooden boardwalk was installed in 2014
from the northern part of the experimental area to avoid trampling and
to facilitate access to the site and experimental plots exposed for ma-
nipulation.

The experimental design consisted of four treatments in blocks:
warmed – manipulation with raised temperature only (W),
warmed + reduced precipitation – (W + RP), reduced precipitation –
(RP) and control – without any manipulation (C) (Rastogi et al., 2019,
Fig. 2). Every block consisted of three plots (70 cm × 70 cm) con-
sidered as replicates.

The experimental manipulation of air and consequently peat

temperature was achieved by the application of 8 infrared radiators
(400 W each). Details can be found in Rastogi et al. (2019). Meanwhile,
precipitation was reduced through use of a retractable curtain (rain
sensor-controlled), working only at nights in the period from March/
April to November/December in order to not overshadow the plots
during the daytime. The aim was to reach a minimum 30% reduction of
precipitation in the growing season (Emmett et al., 2004). A moving
platform was installed above the plots to enable non-invasive sampling
of vegetation and ground water. Every block was equipped with a he-
ated rain gauge (TPG-124-H24, ASTER, Poland) and termohigrometers
installed 50 cm above the peat surface (HC2S3, Campbell Scientifc,
USA). Peat temperature was measured by T-107 thermistors (Campbell
Scientifc, USA) at 2, 5 and 10 cm depth.

2.3. Field study and sampling

The first Sphagnum sampling campaign was carried out in August
2014, three months after construction of the experimental setup to
allow its stabilization, but before starting the manipulation in the
blocks: C, W, W+ RP and RP. The second sampling was carried out one
year later: in August 2015. All samples were taken using the moving
platform and wooden boardwalk to avoid disturbances in the experi-
mental plots. 20 Sphagnum angustifolium shoots were taken from 10
points (permanently marked), randomly distributed in every plot, and
cut in 0–3 cm upper segments with capitulum and 3–8 cm lower shoot.
Material was immediately preserved in 2.5% solution of glutaraldehyde
and stored in a dark cold room at the temperature of 4 °C. After six
cycles of filtration on a 300 µm mesh-sized net (Gilbert et al., 1998;
Jassey et al., 2011a; Reczuga et al., 2018) the Sphagnum was dried at
65 °C for 48 h, and weighed to obtain the dry mass of Sphagnum of every
sample (90 °C). The samples were then analyzed in 3-milliliter Uter-
möhl chambers under an inverted microscope. Organisms were iden-
tified at the species level in the case of testate amoeba and with low
taxonomic resolution for other soil communities. We counted and
measured cyanobacteria, microalgae, ciliates, rotifers and nematodes
using 200× and 400× magnification (Gilbert et al., 1998; Jassey et al.,
2011a). Microbial organisms were identified using appropriate taxo-
nomic keys (Radwan et al., 2004; Mazei and Tsyganov, 2006; Lynn,
2008). Spores and hyphae were counted and measured (length and
width) to quantify fungi. To estimate the biomass, the lengths and
widths or diameters of at least 20 specimens were measured, then as-
suming them to have geometrical shapes, the biovolume of each spe-
cies/group was calculated. The biovolume was converted to biomass
expressed as microgram of carbon per Sphagnum dry mass gram (µg C
per gram of dry mass) according to conversion factors given by Gilbert
et al. (1998) and used in other research (Jassey et al., 2011b; Reczuga
et al., 2018). This method allows comparable carbon estimations to be
obtained. The average air temperature at 50 cm above the ground, peat

Fig. 2. Experimental setup with manipulations: warmed - the active warming (W), warmed + reduced precipitation – increased temperature and precipitation
decreased with curtain (RP + W), reduced precipitation - only decreased precipitation (RP) and control block – without manipulation (C).
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temperature at the depth of 2 cm and precipitation total in all blocks (C,
W, W + RP, RP), before manipulation in August 2014 and during the
manipulation in August 2015, are given in Table 1. During sampling,
we also collected water from the Sphagnum carpet using perforated steel
needles with a syringe.

The water analyses included pH level, conductivity, chloride, ni-
trate, phosphate, and sulfate concentrations and mineral contents, e.g.
magnesium, calcium.Samples of Sphagnum were collected in 0.5-L
polypropylene bags. Two replicates were collected for each site.
Electrical conductivity (EC) and pH were measured on water extracted
from the mosses samples using a portable multi-parameter probe
Professional Plus multi-parameter instrument (YSI, USA). The water
samples extracted from the mosses were filtered through 0.45-μm filters
(Whatman, UK). Elemental analysis of calcium (Ca), magnesium (Mg),
sodium (Na) and chlorides (Cl), was performed using the inductively
coupled plasma optical emission spectrometer Agilent 5100 ICP-OES
(Agilent, USA). A simultaneous axial and radial view of plasma was
obtained by a synchronous vertical dual view (SVDV) using dichroic
spectral combiner (DSC) technology. The following common conditions
were applied: radio frequency (RF) power 1.2 kW, nebulizer gas flow
0.7 L min−1, auxiliary gas flow 1.0 L min−1, plasma gas flow
12.0 L min−1, charge-coupled device (CCD) temperature −40 °C,
viewing height for radial plasma observation 8 mm, accusation time 5 s,
three replicates. The calibration was performed using standard analy-
tical solutions (Merck, Germany). The content of nutrients (total
phosphorus (TP), ortophosphorus (PO4), nitrate nitrogen (NO3) and
(NO2) nitrites nitrogen), chlorides (Cl), and sulphates (SO4) was ana-
lyzed using an ion chromatograph Basic IC plus 883 (Metrohm).

The average of nutrient and mineral concentrations in respective
blocks (C, W, W+ RP, RP), during the manipulation in August 2015 are
also shown in Table 1.

2.4. Numerical analyses

Before further data analyses, the Shapiro-Wilk test was performed to
test the normality of the distribution of particular organisms’ biomass.
Prior to the subsequent analyses, ln(y + 1) transformation was used
(Jongman et al., 1995). Comparisons of the microbial groups’ biomass
between treatments (C, W, W + RP, RP) were tested with ANOVA in R

(version 3.5.1) with RStudio (version 1.1.423) (R Core Team, 2018; R
StudioTeam, 2018).

The biomass of testate amoeba (TA) species in treatment blocks (C,
W, W + RP, RP) was compared using Kruskal-Wallis Rank Sum tests.
Comparison of the biomass from before manipulation (2014) with the
biomass after the manipulation (2015) was done using the U man-
Whitney test for TA, Hyalosphenia papilio and Nebela tincta using the raw
data. A co-occurrence network of biomass of the main TA species and
the biomass of morpho-ecological groups was built using Spearman’s
correlation coefficient. The Spearman’s correlation coefficient matrix
was then used to build the correlation network plot (Package spaa,
version 0.2.2 by Zhang, 2016).

To test the relationships between selected TA species or the biomass
of particular microbial groups (dependent variable) and temperature
(explanatory variable), linear regression was used. The data analyses,
tests, boxplots, correlations and linear regressions were carried out in R
(version 3.5.1) with RStudio (version 1.1.423) (R Core Team, 2018; R
StudioTeam, 2018).

Furthermore, multivariate redundancy analyses (RDA) were carried
out because of the length of the data gradient. All multivariate analyses
were performed in Canoco ver. 5 (Lepš and Šmilauer, 2003) and were
used to test the effect of treatment and physiochemical factors on
groups and species distribution. The statistical significance of the RDA
models and explanatory variables were tested using 999 permutations.

3. Results

3.1. Climate conditions and effect of climate manipulation on temperatures
and precipitation

August 2015 was warmer and wetter than August 2014. Average air
temperature was 16.6 °C and 20.7 °C in these months in 2014 and 2015,
respectively (Table 1). Although the precipitation total, cumulated from
January, reached 342 mm at the end of August 2014, this month was
relatively dry with a precipitation total equal only to 12 mm. Con-
trastingly, the sum of precipitation from January to August 2015 did
not exceed 271 mm, even though the monthly sum of precipitation in
August was about 31.1 mm. As an effect of manipulation, the air tem-
perature of heated plots was 0.4 °C higher at W and 0.5 °C at W + RP

Table 1
The average of air temperature – air temp., peat temperature on depth of 2 cm – peat temp. and rain in blocks (C, W, W + RP, RP), before manipulation in August
2014 and during the manipulation in August 2015. Below, the averages of nutrients concentrations (pH level, conductivity, chlorides, nitrates phosphates, sulfates,
magnesium, calcium, sodium) are presented for each block (C, W, W + RP, RP) in August 2014 and during the manipulation in August 2015.

C W W + RP RP

August 2014
air temp. [°C] 16.6 16.6 16.7 16.7
peat temp. [°C] 18.1 18.3 18.8 18.9
rain [mm] 12.0 12.0 12.0 12.0
Rain (Jan.-Aug.) [mm] 342.1 342.1 342.1 342.1
pH 4.35 ± 0.4 4.21 ± 0.36 4.22 ± 0.42 4.34 ± 0.47
conductivity [µS/l] 55.61 ± 4.71 51.99 ± 3.44 50.19 ± 8.32 57.58 ± 4.05

August 2015
air temp. [°C] 20.7 21.1 21.2 20.8
peat temp. [°C] 19.4 19.6 20.6 19.7
rain [mm] 31.1 31.4 0.2 0.5
Rain (Jan.-Aug.) [mm] 270.1 276.3 192.1 209.3
pH level 4.51 ± 0.05 4.47 ± 0.09 4.37 ± 0.16 4.61 ± 0.05
conductivity [µS cm−1] 66.9 ± 6.6 65.4 ± 2.3 63.1 ± 2.7 63.4 ± 1.4
chlorides [mg Cl l−1] 3.6 ± 0.9 2.5 ± 2.2 3.1 ± 0.9 3.0 ± 0.4
nitrates [mg NO3 l−1] ta ta 0.012 ± 0.02 0.03 ± 0.01
phosphates [mg P-PO4 l−1] 0.37 ± 0.20 0.11 ± 0.10 0.12 ± 0.10 0.13 ± 0.04
sulfates [mg SO4 l−1] 0.23 ± 0.13 0.28 ± 0.30 0.39 ± 0.30 0.45 ± 0.30
calcium [mg Ca l−1] 3.38 ± 0.61 3.66 ± 0.66 3.18 ± 1.4 3.22 ± 0.70
magnesium [mg Mg l−1] 0.54 ± 0.1 0.53 ± 0.12 0.43 ± 0.08 0.45 ± 0.17
sodium [mg Na l−1] 2.54 ± 0.70 2.31 ± 0.50 1.75 ± 0.45 1.43 ± 0.41

*ta - trace amonts < 0.001.
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sites; whereas peat temperature was 0.2 °C, 1.2 °C and 0.3 °C higher at
W, W + RP and RP sites, respectively, in August 2015. The sum of
precipitation cumulated for the first half of the year was reduced from
around 273 mm to 201 mm (27%) at the manipulated blocks, while,
during August 2015, the precipitation was reduced by nearly 99%
(from 31 to 0,5) (Table 1).

3.2. Microbial groups biomass along manipulation variants

The proportion of groups in the upper Sphagnum layer varied in
manipulation and control plots (Fig. 3). During August 2015, the con-
tribution of TA in terms of the total microbial biomass in the Sphagnum
upper layer was the lowest in both warmed and warmed with reduced
precipitation blocks (W + RP). In mixed W + RP manipulation plots
the contributions of microalge and fungi biomass were higher in com-
parison to other variants and control plots (Fig. 3).

Although the total biomass of groups was lower in plots exposed to
warming and decreased precipitation (W + D), this difference was not
statistically significant (F = 2.8; p = 0.06). The biomass of particular
groups of cyanobacteria, microalgae, testate amoebae, and rotifers
showed diverse and different distributions along treatments (Fig. 4).
The biomass of microalgae differed significantly between the treat-
ments (F = 8.82; p < 0.05), with the lowest biomass occurring in
control plots (C) and higher in manipulated plots, especially in RP + W
(Fig. 4). The rotifer biomass was the lowest in control and warmed
blocks, and the highest in plots with reduced precipitation (F = 4.31;
p < 0.05) (Fig. 4). The testate amoeba biomass was higher in W and
W+ RP (F = 3.16; p < 0.05, Fig. 4). Biomass of fungi, nematodes and
ciliates did not differ significantly between the treatments (p > 0.05).
Biomass of microalgae, fungi and nematodes was higher in lower
Sphagnum segments in all blocks (Fig. 4). In the upper (top) Sphagnum
segment, mostly cyanobacteria, testate amoebae and rotifers had higher
biomass than in lower Sphagnum shoots (Fig. 4).

3.3. Testate amoeba biomass

The Rzecin peatland TA community was characterized by a high
abundance of mixotrophic species (e.g. Hyalosphenia papilio, Archerella
flavum, Heleopera sphagni). At the beginning of the experiment and
during the manipulation, TA species biomass revealed significant dif-
ferences between upper and lower Sphagnum segments. The contribu-
tion of dominant Hyalosphenia papilio in terms of total TA biomass was
higher in the upper Sphagnum segment, while the biomass of
Hyalosphenia elegans, Euglypha compressa, Nebela tincta, N. collaris and
Physochila griseola was higher in the lower segment of Sphagnum stems
(p < 0.05) (Fig. 5).

After the manipulation, Hyalosphenia papilio as well as the total
biomass of testate amoeba had significantly decreased, especially in
warmed (W) (p < 0.05) and warmed with reduced precipitation
blocks (RP + W) (p < 0.05) (Fig. 6). Unlike Hyalosphenia elegans,
which had increased in lower Sphagnum segments in manipulated
blocks (p < 0.05) (Fig. 6).

The dominant species (Hyalosphenia papilio, Nebela tincta) and total
TA biomass showed significant differences between manipulation
treatments in the top Sphagnum layer with a significant decrease after
manipulation (2014 vs. 2015) in blocks with mixed manipulations
RP + W (0.05) (Fig. 7).

3.4. Soil ecosystem network

The dominant Hyalosphenia papilio biomass showed positive corre-
lations with whole TA and with cyanobacteria biomass (Fig. 8). Hya-
losphenia papilio biomass was negatively correlated with Nebela tincta,
N. colaris, Heleopera sylvatica, Hyalosphenia elegans, Euglypha strigosa,
Physochila griseola and fungi biomass. Nebela tincta, N. colaris, Heleopera
sylvatica, Hyalosphenia elegans, Euglypha strigosa, and Physochila griseola
were positively correlated with each other and fungal biomass. Nema-
tode biomass was positively correlated with microalgae, Hyalosphenia
elegans and Physochila griseola. Ciliate biomass was negatively corre-
lated with Hyalosphenia elegans and Physochila griseola (Fig. 8).

3.5. Communities vs environment

The redundancy analysis (RDA) model of precipitation, peat tem-
perature, pH level, Ca ions concentration and conductivity explained
44.9% of the variance (p = 0.005) in microbial groups biomass in the
upper Sphagnum segment (Fig. 9). Testate amoeba, cyanobacteria as
well as total microbial biomass were negatively related to the peat
temperature. Nematode and ciliate biomass can be related to higher
precipitation, in contrast to rotifers, fungi and microalgae which show a
negative correlation with precipitation totals (Fig. 9).

Redundancy analysis (RDA) showed that manipulation affected TA
distribution and that it was significantly affected by the treatment,
Sphagnum segment, water conductivity and Ca concentration (the
44.3% variance was explained by the model at p < 0.001) (Fig. 10).
The Hyalosphenia papilio, Corythion dubium, and Assulina muscorum
biomass increased in the upper Sphagnum segment where the water
conductivity was higher, and the temperature of the peat was lower.
Only one species – Heleopera rosea – showed a positive relationship with
the temperature and calcium ions concentration. Biomass of much less
abundant species, such as Hyalosphenia elegans, Euglypha strigosa, Eu-
glypa compressa, Heleopera sylvatica, Heleopera sphagni, Physochila gri-
seola, Nebela tincta and N. collaris, was positively correlated with lower
Sphagnum stems (Fig. 10).

The total biomass of testate amoeba (R2 = 0.23, p < 0.05), and
biomass of Hyalosphenia papilio (R2 = 0.15, p < 0.05), cyanobacteria
(R2 = 0.4, p < 0.05), microalgae (R2 = 0.23, p < 0.05), and ne-
matodes (R2 = 0.1, p < 0.05) were significantly negatively related to
temperature (Fig. 11). A significant positive relationship with peat
temperature at 2 cm depth was found in the case of Archerella flavum

Fig. 3. The proportion of particular groups biomass (cyano – cyanobacteria,
micro – microalgae, t.am – testate amoeba, rotif – rotifera, cilia – ciliates, nema
– nematodes) in manipulated blocks: warmed - the active warming (W),
warmed + reduced precipitation – increased temperature and decreased pre-
cipitation with curtain (RP + W), reduced precipitation - only decreased pre-
cipitation (RP) and control plots – without manipulation (C) of upper – top
Sphagnum segment.
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(R2 = 0.15, p < 0.05) (Fig. 11).

4. Discussion

The consequences of recent Earth surface warming and its effects on
various ecosystems, especially on carbon stocks such as peatlands, is an
urgent issue in the global biology research (Vegas-Vilarrúbia et al.,
2012; Amesbury et al., 2017; Binet et al., 2017; Bjorkman et al., 2018;
Nolan et al., 2018; Steffen et al., 2018). Climate warming affects not
only vegetation but also microbes and other soil organisms that play a
key role in peatland functioning (Tsyganov et al., 2011; Jassey et al.,
2013a,b; Bragazza et al., 2016). Carbon fixation is driven by

plant–microbe interaction, which is not yet understood (Jassey et al.,
2014; Morrien et al., 2017; Gao et al., 2018). Therefore, the under-
standing of the functioning of peatland microbes under different cli-
mate change scenarios (e.g. via field experimental studies) remains a
high-priority task (Geisen et al., 2017, 2018). Moreover, finding an
ecological indicator of warming and decreased precipitation, which can
be used for peatland monitoring needs different experimental ap-
proaches supported by long-term ecological studies (Lamentowicz
et al., 2016). Previous investigations suggest that the diversity and
abundance of microbial predators (e.g. testate amoeba), or even entire
food-webs, can be an indication of critical transitions in peatlands
(Jassey et al., 2018; Karimi et al., 2017, 2016; Reczuga et al., 2018).

Fig. 4. Biomass of cyanobacteria, microalgae, fungae, testate amoebae, rotifers, ciliates, nematodes and total biomass (tot.biom) in the manipulation blocks: the
active warming (W), warmed + reduced precipitation (RP + W), only decreased precipitation (RP) and control plots – without manipulation (C). Presented
separately for the top (upper) and deeper Sphagnum segment (lower). Significant differences (p value < 0.05) marked with an *.

Fig. 5. The biomass of testate amoeba species: Hyalosphenia papilio, Hyalosphenia elegans, Euglypha compressa, Nebela collaris, Nebela tincta and Physochila griseola
distribution in upper and lower Sphagnum segments. Values given in among of carbon for gram of dry mass of Sphagnum (μg C/g DM).
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In our manipulative experiment we observed a considerable shift in
the biomass of cyanobacteria, microalgae, testate amoeba and nema-
todes, most possibly caused by warming. Furthermore, we showed a
significant response of mixotrophic testate amoebae, e.g. Hyalosphenia
papilio, that also negatively reacted to warming. We can state that those
phototrophic organisms were dynamically reacting to subtle changes.
Based on our results, cyanobacteria and mixotrophic testate amoebae
can be regarded as early warning indicators of warming. However, they
represent different parts of the food-web – H. papilio is the microbial top
predator grazing mostly on microalgae, but also on cyanobacteria and
ciliates (Jassey et al., 2012; Mulot et al., 2017; Singer et al., 2019). Our
results are in agreement with Jassey et al. (2015) that found that five
years of consecutive summer passive warming with peaks of +2 to
+8 °C led to a 50% reduction in the biomass of the dominant mixo-
trophs, the mixotrophic testate amoebae (MTA). This reduction of MTA
biomass in the field was linked to a significant reduction of net C uptake
(−13%) of the entire Sphagnum bryosphere (Jassey et al., 2015).

In Rzecin experiment H. papilio was the most abundant species in
the testate amoeba population inhabiting the surface of Sphagnum ca-
pitula where the process of carbon fixation takes place. Accumulation of
the biomass occurs mainly in the Sphagnum capitulum that is re-
sponsible for carbon fixation (Bengtsson et al., 2016). In the case of the
Rzecin experimental site, hydrology was relatively stable because the
setup was constructed on the floating Sphagnum mat. Our experimental
design with temperature manipulation in stable hydrological conditions
suggest that decrease of H. papilio as species living on the top of
Sphagnum may be considered as a ecological indicator of warming in
peatlands.

Several paleoecological investigations have also revealed the loss of
mixotrophic TA that was triggered by climate change or drainage
(Diaconu et al., 2017; Kołaczek et al., 2018). We observed a similar
pattern in our warming experiment after one year of the warming/

precipitation reduction treatment – this suggests that the rate of change
and sensitivity of mixotrophic amoeba and cyanobacteria to tempera-
ture increases is really high and crossing the hydrological tipping point
might easier than we suppose (Lamentowicz et al., 2019). As a con-
sequence of warming, the part of the food-web in the Sphagnum capi-
tulum is modified and phototrophs are detached from the network. As
an effect of warming, the shift is very subtle in the short term; however,
it might have cumulative consequences in the long-term perspective.
During the last 200 years, peatlands have been exploited and drained in
cooler conditions, and now global warming overlaps with the effects of
drought that additionally affect the hydrology and their carbon balance
(Swindles et al., 2019). We can expect that future warming will affect
microbial communities located in the lower moss parts through the
cascading effect connected with the microbial biomass changes in the
upper section of Sphagnum (Wardle et al., 2002; Valencia et al., 2018).
In the deeper peat that was tested for example in the case of the
SPRUCE experiment where increasing NDVI with elevated temperature
at the SPRUCE site, associated with an increase in the relative abun-
dance of shrubs and a decrease in forb cover was observed (Griffiths
et al., 2017; McPartland et al., 2019; Jiang et al., 2018a,b). Additionally
the clear abundance shift in cyanobacteria was identified. The top
Sphagnum part (capitulum) is the most sensitive to the applied treat-
ments (being the most exposed) – therefore, considering the effort re-
quired to estimate the biomass of microbes, the top part might be suf-
ficient to identify the treatment effect (Reczuga et al., 2018). Similarly
to other studies we found stronger mixotrophic and cyanobacteria de-
crease in top Sphagnum layer. The differences between the response of
the upper and lower Sphagnum segments to manipulations support the
findings of other authors in that vertical distribution of microbial
communities should be considered when particular hypotheses are
constructed for the experimental research (Mitchell and Gilbert, 2004;
Mieczan, 2009; Mieczan, 2010; Jassey et al., 2013; Song et al., 2016).

Fig. 6. The biomass of testate amoeba group and species: Hyalosphenia papilio in upper Sphagnum segment, and Hyalosphenia elegans, distribution in lower segment
along manipulated blocks: the active warming (W), increased temperature and decreased precipitation with curtain (RP+W), reduced precipitation (RP) and control
plots – without manipulation (C). Values given in among of carbon for gram of dry mass of Sphagnum.

Fig. 7. The biomass of testate amoeba group and particularly Hyalosphenia papilio and Nebela tincta distribution before 2014 and after 2015 manipulation in plots
with mixed manipulations RP + W in upper Sphagnum segment. Values given in carbon per gram of dry mass of Sphagnum.
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Previous studies have shown that hydrological conditions affect
peatland communities. These studies examined the natural hydrological
gradients (Lamentowicz et al., 2010; Swindles et al., 2014; Amesbury
et al., 2016) and experimental changes to water table depth (Marcisz
et al., 2014; Reczuga et al., 2018). To our knowledge, none of these
studies, however, assessed the effects of experimentally reduced pre-
cipitation. Although a decrease in precipitation can negatively affect
wetlands and their inhabitants, the rate of the response might depend
on their surface area and their main supply of water. Considering the
effect of reduced precipitation separately, in our experiment, we did not
observe a strong negative influence on the analysed groups. Presumably
in a such a Sphagnum mat with a moderately high water table level and

bottom up water supply caused by capillary forces of thick floating
carpet, even a 27% reduction of precipitation was not efficient enough
to decrease the organism’s biomass, especially in lower Sphagnum seg-
ments.

In our study, lower segment communities were less affected by
manipulations, although the biomass of some groups, such as micro-
algae and rotifers (mostly represented by bdelloids), increased in RP
manipulated blocks. In an experimental study by Reczuga et al. (2018),
the lower Sphagnum segment microbial communities were also less
disturbed by drought. In contrast, the top Sphagnum segment is more

Fig. 8. Microbial network with main testate amoeba species, based on Spearman correlation coefficients. Legend: cyano – cyanobacteria, micro – microalgae, t.am –
testate amoebae, rotif – rotifers, cilia – ciliates, nema – nematodes, Arch.fl – Archerella flavum , Eug.com - Euglypa compressa, Eug.rot – Euglypha rotunda, Eug.str –
Euglypha strigosa , Hel.syl – Heleopera sylvatica, Hya.ele - Hyalosphenia elegans , Hya.pap – Hyalosphenia papilio, Neb.col – Nebela collaris, Neb.tin - Nebela tincta, Phy.gri
- Physochila griseola.

Fig. 9. Redundancy analyses (RDA) of microbial groups biomass (cyano – cy-
anobacteria, micro – microalgae, t.am – testate amoeba, rotif – rotifera, cilia –
ciliates, nema – nematodes) of upper Sphagnum segment with peat temperature,
precipitations, conductivity (cond), pH level and Ca ions concentration.

Fig. 10. Redundancy analyses (RDA) of testate amoeba species biomass of
upper Sphagnum segment along peat temperature, precipitation, conductivity
(cond), pH level and calcium ions (Ca) concentration. Legend: Arch fl –
Archerella flavum, Ass mus - Assulina muscorum, Ass sem - Assulina seminulum,
Arc cat – Arcella catinus, Bul ind – Bulinularia indica, Cen acu – Centropyxis
aculeata, Cor dub - Corythion dubium, Eug.com - Euglypa compressa, Eug.rot –
Euglypha rotunda, Eug.str – Euglypha strigosa, Hel sph - Heleopera sphagni, Hel syl
– Heleopera sylvatica, Hel ros – Heleopera rosea, Hya ele - Hyalosphenia elegans,
Hya.pap – Hyalosphenia papilio, Neb.col – Nebela collaris, Neb.tin - Nebela tincta,
Phy gri - Physochila griseola.
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disturbed by water table fluctuations, and also it is the preferred habitat
for mixotrophs and autotrophs (Mieczan, 2009; Mieczan, 2010; Jassey
et al., 2013a,b; Song et al., 2016). Therefore, in the top segment the
manipulation could favour drier condition species or very tolerant
species of bdelloids and testate amoeba, such as Nebela tincta that feeds
mostly on fungi (Jassey et al., 2012). It is possible that a reduction of
precipitation could affect the communities over a longer time scale,
especially in a small peatland supplied only by rain water, e.g. om-
brotrophic bogs. In the case of our study, the negative influence of re-
duced precipitation was only observed on ciliates in upper Sphagnum
segments or in the case of mixed treatments (RP + W).

The testate amoeba community shifted from mixotrophic species
such as Hyalosphenia papilio and Archerella flavum to communities with
a higher biomass of species from genus Nebela, Euglypha and Physochila,
characteristic for drier peatlands. Potentially in less humid and warmer
environment conditions this species wining the competition with pre-
viously strong dominants. The microbial network showed links between
cyanobacteria and Hyalosphenia papilio. A similar relationship has also
been recorded in experimental manipulation with warming using open-
top chambers (OTC) in peatlands in France (Jassey et al., 2013a,b). A
long-term experiment on a blanket bog in a subarctic zone showed that
summer passive warming with open top chambers (OTC) in Siberia
reduced testate amoeba diversity and abundance (Tsyganov et al.,
2012). Our study showed that even subtle warming of the natural
peatland reduced microbial biomass, especially in the case of dominant
testate amoeba Hyalosphenia papilio. Similar results have been pre-
sented by observational research (Lamentowicz et al., 2013), OTC ex-
periments (Lamentowicz et al., 2016, Bengtsson et al., 2016) as well as
experimental micro- and mesocosm manipulations (Jassey et al., 2011a;
Koenig et al., 2017). According to Jassey et al. (2015), mixotrophic
testate amoebae such as Hyalosphenia papilio play an important func-
tional role as a primary producer and predator and have an influence

not only on the microbial food web, but also on the peatland carbon
cycle. The shifts in peat food-web and photosynthetic carbon assim-
ilation as well as heterotrophic respiration may lead to additional cli-
mate warming due to release of stored carbon (Jassey et al., 2015).

5. Conclusions

Our research is the next step to better understand climate-related
critical transitions in Sphagnum peatlands. Identifying the tipping points
in the biosphere is a topical issue as a result of the progress of recent
global warming (Lenton et al., 2008; Scheffer, 2010; Scheffer et al.,
2012; Vanacker et al., 2015; Jiang et al., 2018a,b; Moore, 2018;
Munson et al., 2018; van der Hel et al., 2018). Therefore, novel ex-
periment-based data are crucial to better predict changes in the soils
where microbes play an important role in carbon accumulation.

In the experimental study with the active warming, we found the
strongest effect on cyanobacteria and testate amoeba was visible in the
case of mixed manipulations of reduced precipitation combined with
warming and warming alone. The climate change scenario with higher
peat surface temperature affected cyanobacteria and testate amoeba,
especially Hyalosphenia papilio biomass in the upper Sphagnum segment.
We can state that the response of phototrophs biomass can be used as an
ecological indicator of climate change in peatlands. Additionally an
decrease of significant primary producers and mixotrophs in microbial
loop as the consequence of global warming can affects the carbon ac-
cumulation potential of Sphagnum peatlands.

Declaration of Competing Interest

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

Fig. 11. Linear regression models of testate amoeba (labels – Fig. 10) and other groups biomass (cyano – cyanobacteria, micro – microalgae, t.am – testate amoeba,
rotif – rotifera, cilia – ciliates, nema – nematodes) along peat temperature (°C) in experimental site.

A.M. Basińska, et al. Ecological Indicators 112 (2020) 106059

9



Acknowledgments

This project was financed by the Polish-Norwegian Research
Programme operated by the National Centre for Research and
Development under the Norwegian Financial Mechanism [No. Pol-Nor/
203258/31/2013, WETMAN]. Anna M. Basińska acknowledges support
from Franche-Comté regional council, Université Bourgogne Franche-
Comté and from Switzerland through the Swiss Contribution to the
enlarged European Union [Project CLIMPEAT: PSPB-013/2010]. The
research was supported by the National Science Centre of Poland within
OPUS project [No. 7 2016/B/ST10/02271] and PRELUDIUM project
[No. 2015/19/N/NZ8/00172]. Authors acknowledge Jan Barabach for
preparation of experimental site map.

References

Amesbury, M.J., Swindles, G.T., Bobrov, A., Charman, D.J., Holden, J., Lamentowicz, M.,
Mallon, G., Mazei, Y., Mitchell, E.A.D., Payne, R.J., Roland, T.P., Turner, T.E.,
Warner, B.G., 2016. Development of a new pan-European testate amoeba transfer
function for reconstructing peatland palaeohydrology. Quat. Sci. Rev. 152, 132–151.
https://doi.org/10.1016/j.quascirev.2016.09.024.

Amesbury, M.J., Roland, T.P., Royles, J., Hodgson, D.A., Convey, P., Griffiths, H.,
Charman, D.J., 2017. Widespread biological response to rapid warming on the
Antarctic Peninsula. Curr. Biol. https://doi.org/10.1016/j.cub.2017.04.034.

Andersen, R., Chapman, S.J., Artz, R.R.E., 2013. Microbial communities in natural and
disturbed peatlands: a review. Soil Biol. Biochem. 57, 979–994. https://doi.org/10.
1016/j.soilbio.2012.10.003.

Bardgett, R.D., Wardle, D.A., 2010. Aboveground–belowground linkages biotic interac-
tions, ecosystem processes, and global change, Oxford University Press.

Bengtsson, F., Granath, G., Rydin, H., 2016. Photosynthesis, growth, and decay traits in
Sphagnum - a multispecies comparison. Ecol. Evol. 6 (10), 3325–3341.

Binet, P., Rouifed, S., Jassey, V.E.J., Toussaint, M.-L., Chiapusio, G., 2017. Experimental
climate warming alters the relationship between fungal root symbiosis and
Sphagnum litter phenolics in two peatland microhabitats. Soil Biol. Biochem. 105,
153–161. https://doi.org/10.1016/j.soilbio.2016.11.020.

Bjorkman, A.D., Myers-Smith, I.H., Elmendorf, S.C., Normand, S., Rüger, N., Beck, P.S.A.,
Blach-Overgaard, A., Blok, D., Cornelissen, J.H.C., Forbes, B.C., Georges, D., Goetz,
S.J., Guay, K.C., Henry, G.H.R., HilleRisLambers, J., Hollister, R.D., Karger, D.N.,
Kattge, J., Manning, P., Prevéy, J.S., Rixen, C., Schaepman-Strub, G., Thomas, H.J.D.,
Vellend, M., Wilmking, M., Wipf, S., Carbognani, M., Hermanutz, L., Lévesque, E.,
Molau, U., Petraglia, A., Soudzilovskaia, N.A., Spasojevic, M.J., Tomaselli, M.,
Vowles, T., Alatalo, J.M., Alexander, H.D., Anadon-Rosell, A., Angers-Blondin, S.,
Beest, M.T., Berner, L., Björk, R.G., Buchwal, A., Buras, A., Christie, K., Cooper, E.J.,
Dullinger, S., Elberling, B., Eskelinen, A., Frei, E.R., Grau, O., Grogan, P., Hallinger,
M., Harper, K.A., Heijmans, M.M.P.D., Hudson, J., Hülber, K., Iturrate-Garcia, M.,
Iversen, C.M., Jaroszynska, F., Johnstone, J.F., Jørgensen, R.H., Kaarlejärvi, E.,
Klady, R., Kuleza, S., Kulonen, A., Lamarque, L.J., Lantz, T., Little, C.J., Speed,
J.D.M., Michelsen, A., Milbau, A., Nabe-Nielsen, J., Nielsen, S.S., Ninot, J.M.,
Oberbauer, S.F., Olofsson, J., Onipchenko, V.G., Rumpf, S.B., Semenchuk, P., Shetti,
R., Collier, L.S., Street, L.E., Suding, K.N., Tape, K.D., Trant, A., Treier, U.A.,
Tremblay, J.-P., Tremblay, M., Venn, S., Weijers, S., Zamin, T., Boulanger-Lapointe,
N., Gould, W.A., Hik, D.S., Hofgaard, A., Jónsdóttir, I.S., Jorgenson, J., Klein, J.,
Magnusson, B., Tweedie, C., Wookey, P.A., Bahn, M., Blonder, B., van Bodegom, P.M.,
Bond-Lamberty, B., Campetella, G., Cerabolini, B.E.L., Chapin, F.S., Cornwell, W.K.,
Craine, J., Dainese, M., de Vries, F.T., Díaz, S., Enquist, B.J., Green, W., Milla, R.,
Niinemets, Ü., Onoda, Y., Ordoñez, J.C., Ozinga, W.A., Penuelas, J., Poorter, H.,
Poschlod, P., Reich, P.B., Sandel, B., Schamp, B., Sheremetev, S., Weiher, E., 2018.
Plant functional trait change across a warming tundra biome. Nature. https://doi.
org/10.1038/s41586-018-0563-7.

Bragazza, L., Buttler, A., Robroek, B.J.M., Albrecht, R., Zaccone, C., Jassey, V.E.J.,
Signarbieux, C., 2016. Persistent high temperature and low precipitation reduce peat
carbon accumulation. Glob. Change Biol. 22, 4114–4123. https://doi.org/10.1111/
gcb.13319.

Buttler, A., Robroek, B.J.M., Laggoun-Défarge, F., Jassey, V.E.J., Pochelon, C., Bernard,
G., et al., 2015. Experimental warming interacts with soil moisture to discriminate
plant responses in an ombrotrophic peatland. J. Veg. Sci. 26 (5), 964–974.

Delarue, F., Laggoun-Défarge, F., Buttler, A., Gogo, S., Jassey, V.E.J., Disnar, J.-R., 2011.
Effects of short-term ecosystem experimental warming on water-extractable organic
matter in an ombrotrophic Sphagnum peatland (Le Forbonnet, France). Organ.
Geochem. 42, 1016–1024. https://doi.org/10.1016/j.orggeochem.2011.07.005.

Diaconu, A.-C., Tóth, M., Lamentowicz, M., Heiri, O., Kuske, E., Tanţău, I., Panait, A.-M.,
Braun, M., Feurdean, A., 2017. How warm? How wet? Hydroclimate reconstruction
of the past 7500 years in northern Carpathians, Romania. Palaeogeogr.,
Palaeoclimatol., Palaeoecol. 482, 1–12. https://doi.org/10.1016/j.palaeo.2017.05.
007.

Dise, N.B., 2010. Peatland response to global change. Science 326, 810–811.
Emmett, B.A., Beier, C., Estiarte, M., Tietema, A., Kristensen, H.L., Williams, D., Sowerby,

A., 2004. The response of soil processes to climate change: results from manipulation
studies of shrublands across an environmental gradient. Ecosystems 7 (6), 625–637.

Erwin, K.L., 2009. Wetlands and global climate change: the role of wetland restoration in
a changing world. Wetlands Ecol. Manage. 17, 71–84.

Gallego-Sala, A.V., Charman, D.J., Brewer, S., Page, S.E., Prentice, I.C., Friedlingstein, P.,
Moreton, S., Amesbury, M.J., Beilman, D.W., Björck, S., Blyakharchuk, T.,
Bochicchio, C., Booth, R.K., Bunbury, J., Camill, P., Carless, D., Chimner, R.A.,
Clifford, M., Cressey, E., Courtney-Mustaphi, C., De Vleeschouwer, F., de Jong, R.,
Fialkiewicz-Koziel, B., Finkelstein, S.A., Garneau, M., Githumbi, E., Hribjlan, J.,
Holmquist, J., Hughes, P.D.M., Jones, C., Jones, M.C., Karofeld, E., Klein, E.S.,
Kokfelt, U., Korhola, A., Lacourse, T., Le Roux, G., Lamentowicz, M., Large, D.,
Lavoie, M., Loisel, J., Mackay, H., MacDonald, G.M., Makila, M., Magnan, G.,
Marchant, R., Marcisz, K., Martínez Cortizas, A., Massa, C., Mathijssen, P., Mauquoy,
D., Mighall, T., Mitchell, F.J.G., Moss, P., Nichols, J., Oksanen, P.O., Orme, L.,
Packalen, M.S., Robinson, S., Roland, T.P., Sanderson, N.K., Sannel, A.B.K., Silva-
Sánchez, N., Steinberg, N., Swindles, G.T., Turner, T.E., Uglow, J., Väliranta, M., van
Bellen, S., van der Linden, M., van Geel, B., Wang, G., Yu, Z., Zaragoza-Castells, J.,
Zhao, Y., 2018. Latitudinal limits to the predicted increase of the peatland carbon
sink with warming. Nat. Clim. Change. https://doi.org/10.1038/s41558-018-0271-1.

Gao, Z., Karlsson, I., Geisen, S., Kowalchuk, G., Jousset, A., 2018. Protists: puppet masters
of the rhizosphere microbiome. Trends Plant Sci. https://doi.org/10.1016/j.tplants.
2018.10.011.

Geisen, S., Mitchell, E.A.D., Wilkinson, D.M., Adl, S., Bonkowski, M., Brown, M.W., Fiore-
Donno, A.M., Heger, T.J., Jassey, V.E.J., Krashevska, V., 2017. Soil protistology re-
booted: 30 fundamental questions to start with. Soil Biol. Biochem. 111, 94–103.
https://doi.org/10.1016/j.soilbio.2017.04.001.

Geisen, S., Mitchell, E.A.D., Adl, S., Bonkowski, M., Dunthorn, M., Ekelund, F., Fernández,
L.D., Jousset, A., Krashevska, V., Singer, D., Spiegel, F.W., Walochnik, J., Lara, E.,
2018. Soil protists: a fertile frontier in soil biology research. FEMS Microbiol. Rev.
fuy006-fuy006. https://doi.org/10.1093/femsre/fuy006.

Gilbert, D., Amblard, C., Bourdier, G., Francez, A.-J., 1998. The microbial loop at the
surface of a peatland: structure, function, and impact of nutrient input. Microb. Ecol.
35, 83–93.

Gorham, E., 1991. Northern peatlands: role in the carbon cycle and probable responses to
climatic warming. Ecol. Appl. 1, 182–195.

Griffiths, N.A., Hanson, P.J., Ricciuto, D.M., Iversen, C.M., Jensen, A.M., Malhotra, A.,
McFarlane, K.J., Norby, R.J., Sargsyan, K., Sebestyen, S.D., Shi, X., Walker, A.P.,
Ward, E.J., Warren, J.M., Weston, D.J., 2017. Temporal and spatial variation in
peatland carbon cycling and implications for interpreting responses of an ecosystem-
scale warming experiment. Soil Sci. Soc. Am. J. 81 (6), 1668.

IPCC, 2014. Climate Change 2014 Synthesis Report.
Jassey, V.E.J., Chiapusio, G., Mitchell, E.A.D., Binet, P., Toussaint, M.-L., Gilbert, D.,

2011b. Fine-scale horizontal and vertical micro-distribution patterns of testate
amoebae along a narrow Fen/Bog gradient. Microb. Ecol. 61, 374–385. https://doi.
org/10.1007/s00248-010-9756-9.

Jassey, V.E., Gilbert, D., Binet, P., Toussaint, M.L., Chiapusio, G., 2011a. Effect of a
temperature gradient on Sphagnum fallax and its associated living microbial com-
munities: a study under controlled conditions. Can. J. Microbiol. 57, 226–235.
https://doi.org/10.1139/W10-116.

Jassey, V.E., Chiapusio, G., Binet, P., Buttler, A., Laggoun-Defarge, F., Delarue, F.,
Bernard, N., Mitchell, E.A., Toussaint, M.L., Francez, A.J., Gilbert, D., 2013a. Above-
and belowground linkages in Sphagnum peatland: climate warming affects plant-
microbial interactions. Glob Change Biol. 19, 811–823. https://doi.org/10.1111/gcb.
12075.

Jassey, V.E.J., Meyer, C., Dupuy, C., Bernard, N., Mitchell, E.A.D., Toussaint, M.-L.,
Metian, M., Chatelain, A.P., Gilbert, D., 2013b. To what extent do food preferences
explain the trophic position of heterotrophic and mixotrophic microbial consumers in
a Sphagnum peatland? Microb. Ecol. 66, 571–580. https://doi.org/10.1007/s00248-
013-0262-8.

Jassey, V.E.J., Lamentowicz, Ł., Robroek, B.J.M., Gąbka, M., Rusińska, A., Lamentowicz,
M., 2014. Plant functional diversity drives niche-size-structure of dominant microbial
consumers along a poor to extremely rich fen gradient. J. Ecol. 102, 1150–1162.
https://doi.org/10.1111/1365-2745.12288.

Jassey, V.E.J., Reczuga, M.K., Zielinska, M., Slowinska, S., Robroek, B.J.M., Mariotte, P.,
Seppey, C.V.W., Lara, E., Barabach, J., Slowinski, M., Bragazza, L., Chojnicki, B.H.,
Lamentowicz, M., Mitchell, E.A.D., Buttler, A., 2018. Tipping point in plant-fungal
interactions under severe drought causes abrupt rise in peatland ecosystem respira-
tion. Glob. Change Biol. 24, 972–986. https://doi.org/10.1111/gcb.13928.

Jassey, V.E., Shimano, S., Dupuy, C., Toussaint, M.L., Gilbert, D., 2012. Characterizing the
feeding habits of the testate amoebae Hyalosphenia papilio and Nebela tincta along a
narrow “fen-bog” gradient using digestive vacuole content and 13C and 15N isotopic
analyses. Protist 163, 451–464. https://doi.org/10.1016/j.protis.2011.07.006.

Jassey, V.E., Signarbieux, C., Hattenschwiler, S., Bragazza, L., Buttler, A., Delarue, F.,
Fournier, B., Gilbert, D., Laggoun-Defarge, F., Lara, E., Mills, R.T., Mitchell, E.A.,
Payne, R.J., Robroek, B.J., 2015. An unexpected role for mixotrophs in the response
of peatland carbon cycling to climate warming. Sci. Rep. 5, 16931. https://doi.org/
10.1038/srep16931.

Jiang, J., Huang, Z.-G., Seager, T.P., Lin, W., Grebogi, C., Hastings, A., Lai, Y.-C., 2018a.
Predicting tipping points in mutualistic networks through dimension reduction. Natl.
Acad. Sci. https://doi.org/10.1073/pnas.1714958115.

Jiang, J., Huang, Y., Ma, S., Stacy, M., Shi, Z., Ricciuto, D.M., Hanson, P.J., Luo, Y.,
2018b. Forecasting responses of a northern peatland carbon cycle to elevated CO2
and a gradient of experimental warming. J. Geophys. Res. Biogeosci. 123 (3),
1057–1071.

Jongman RHG, Braak CJFT, van Tongeren OFR: Data analysis in community and land-
scape ecology. Cambridge University Press, (1995).

Juszczak, R., Augustin, J., 2013. Exchange of the greenhouse gases methane and nitrous
oxide between the atmosphere and a temperate peatland in central europe. Wetlands
33, 895–907. https://doi.org/10.1007/s13157-013-0448-3.

Karimi, B., Maron, P.A., Boure, N.C.P., Bernard, N., Gilbert, D., Ranjard, L., 2017.

A.M. Basińska, et al. Ecological Indicators 112 (2020) 106059

10

https://doi.org/10.1016/j.quascirev.2016.09.024
https://doi.org/10.1016/j.cub.2017.04.034
https://doi.org/10.1016/j.soilbio.2012.10.003
https://doi.org/10.1016/j.soilbio.2012.10.003
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0025
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0025
https://doi.org/10.1016/j.soilbio.2016.11.020
https://doi.org/10.1038/s41586-018-0563-7
https://doi.org/10.1038/s41586-018-0563-7
https://doi.org/10.1111/gcb.13319
https://doi.org/10.1111/gcb.13319
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0045
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0045
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0045
https://doi.org/10.1016/j.orggeochem.2011.07.005
https://doi.org/10.1016/j.palaeo.2017.05.007
https://doi.org/10.1016/j.palaeo.2017.05.007
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0065
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0070
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0070
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0070
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0075
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0075
https://doi.org/10.1038/s41558-018-0271-1
https://doi.org/10.1016/j.tplants.2018.10.011
https://doi.org/10.1016/j.tplants.2018.10.011
https://doi.org/10.1016/j.soilbio.2017.04.001
https://doi.org/10.1093/femsre/fuy006
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0100
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0100
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0100
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0105
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0105
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0110
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0110
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0110
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0110
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0110
https://doi.org/10.1007/s00248-010-9756-9
https://doi.org/10.1007/s00248-010-9756-9
https://doi.org/10.1139/W10-116
https://doi.org/10.1111/gcb.12075
https://doi.org/10.1111/gcb.12075
https://doi.org/10.1007/s00248-013-0262-8
https://doi.org/10.1007/s00248-013-0262-8
https://doi.org/10.1111/1365-2745.12288
https://doi.org/10.1111/gcb.13928
https://doi.org/10.1016/j.protis.2011.07.006
https://doi.org/10.1038/srep16931
https://doi.org/10.1038/srep16931
https://doi.org/10.1073/pnas.1714958115
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0165
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0165
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0165
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0165
https://doi.org/10.1007/s13157-013-0448-3
http://refhub.elsevier.com/S1470-160X(19)31055-6/h9000


Microbial diversity and ecological networks as indicators of environmental quality.
Environ. Chem. Lett. 15 (2), 265–281.

Koenig, I., Schwendener, F., Mulot, M., Mitchell, E.A., 2017. Response of sphagnum
testate amoebae to drainage, subsequent re-wetting and associated changes in the
moss carpet. Acta Protozool. 56 (3), 191–210.

Kołaczek, P., Karpińska-Kołaczek, M., Marcisz, K., Gałka, M., Lamentowicz, M., 2018.
Palaeohydrology and the human impact on one of the largest raised bogs complex in
the Western Carpathians (Central Europe) during the last two millennia. Holocene
28, 595–608. https://doi.org/10.1177/0959683617735587.

Lamentowicz, M., Słowińska, S., Słowiński, M., Jassey, V. E. J., Chojnicki, B. H., Reczuga,
M. K., Zielińska, M., Marcisz, K., Lamentowicz, Ł., Barabach, J., Samson, M.,
Kołaczek, P., Buttler, A., 2016. Combining short-term manipulative experiments with
long-term palaeoecological investigations at high resolution to assess the response of
Sphagnum peatlands to drought, fire and warming. Mires and Peat 18, 1–17. DOI: 10.
19189/MaP.2016.OMB.244.

Lamentowicz, M., Van Der Knaap, W., Lamentowicz, Ł., Van Leeuwen, J.F.N., Mitchell,
E.A.D., Goslar, T., Kamenik, C., 2010. A near-annual palaeohydrological study based
on testate amoebae from a sub-alpine mire: surface wetness and the role of climate
during the instrumental period. J. Quat. Sci. 25, 190–202. https://doi.org/10.1002/
jqs.1295.

Lamentowicz, M., Gałka, M., Milecka, K., Tobolski, K., Lamentowicz, Ł., Fiałkiewicz-
Kozieł, B., Blaauw, M., 2013. A 1300 years multi-proxy, high-resolution record from a
rich fen in northern Poland: reconstructing hydrology, land-use and climate change.
J. Quarternary Sci. 28, 582–594.

Lamentowicz, M., Mueller, M., Gałka, M., Barabach, J., Milecka, K., Goslar, T., Binkowski,
M., 2015. Reconstructing human impact on peatland development during the past
200 years in CE Europe through biotic proxies and X-ray tomography. Quat. Int. 357,
282–294. https://doi.org/10.1016/j.quaint.2014.07.045.

Lamentowicz, M., Gałka, M., Marcisz, K., Słowiński, M., Kajukało-Drygalska, K., Dayras,
M.D., Jassey, V.E.J., 2019. Unveiling tipping points in long-term ecological records
from Sphagnum -dominated peatlands. Biol. Lett. 15 (4), 20190043.

Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, S., Schellnhuber,
H.J., 2008. Tipping elements in the Earth’s climate system. Proc. Natl. Acad. Sci. 105,
1786–1793.

Lepš, J., Šmilauer, P., 2003. Multivariate analysis of ecological data using CANOCO,
Cambridge University Press, Cambridge.

Limpens, J., Berendse, F., Blodau, C., Canadell, J.G., Freeman, C., Holden, J., Roulet, N.,
Rydin, H., Schaepman-Strub, G., 2008. Peatlands and the carbon cycle: From local
processes to global implications - a synthesis. Biogeosci. Discuss. 5, 1379–1419.

Lynn, D., 2008. The Ciliated Protozoa: Characterization, Classification, and Guide to the
Literature. Springer, Netherlands.

Malmer, N., Svensson, B.M., Wallen, B., 1994. Interactions between Sphagnum Moses and
field layer vascular plants in the development of peat-forming systems. Folia
Geobotanica Phytotaxonomica 29, 483–496.

Marcisz, K., Fournier, B., Gilbert, D., Lamentowicz, M., Mitchell, E.A., 2014. Response of
sphagnum peatland testate amoebae to a 1-year transplantation experiment along an
artificial hydrological gradient. Microb. Ecol. 67, 810–818. https://doi.org/10.1007/
s00248-014-0367-8.

Mazei, Y., Tsyganov, A.N., 2006. Freshwater testate amoebae, KMK, Moscow.
McPartland, M.Y., Kane, E.S., Falkowski, M.J., Kolka, R., Turetsky, M.R., Palik, B.,

Montgomery, R.A., 2019. The response of boreal peatland community composition
and NDVI to hydrologic change, warming, and elevated carbon dioxide. Glob. Change
Biol. 25 (1), 93–107.

Meisterfeld, R., 1977. Die horizontale und vertikale Verteilung der Testaceen (Rhizopoda,
Testacea) in Sphagnum. Arch. Hydrobiol. 79, 319–356.

Mieczan, T., 2009. Ecology of testate amoebae (Protists) in Sphagnum peatlands of
eastern Poland: Vertical micro-distribution and species assemblages in relation to
environmental parameters. Ann. Limnol.-Int. J. Limnol. 45, 41–49. https://doi.org/
10.1051/limn/09003.

Mieczan, T., 2010. Vertical micro-zonation of testate amoebae and ciliates in peatland
waters in relation to potential food resources and grazing pressure. Int. Rev.
Hydrobiol. 95, 86–102.

Milecka, K., Kowalewski, G., Fiałkiewicz-Kozieł, B., Gałka, M., Lamentowicz, M.,
Chojnicki, B.H., Goslar, T., Barabach, J., 2017. Hydrological changes in the Rzecin
peatland (Central Europe) induced by anthropogenic factors: implications for carbon
sequestration. Holocene 27, 651–664.

Mitchell, E.A.D., Gilbert, D., 2004. Vertical micro-distribution and response to nitrogen
deposition of testate amoebae in Sphagnum. J. Eukaryot. Microbiol. 51, 480–490.

Moore, J.C., 2018. Predicting tipping points in complex environmental systems. Natl.
Acad. Sci. https://doi.org/10.1073/pnas.1721206115.

Morrien, E., Hannula, S.E., Snoek, L.B., Helmsing, N.R., Zweers, H., de Hollander, M.,
Soto, R.L., Bouffaud, M.L., Buee, M., Dimmers, W., Duyts, H., Geisen, S., Girlanda, M.,
Griffiths, R.I., Jorgensen, H.B., Jensen, J., Plassart, P., Redecker, D., Schmelz, R.M.,
Schmidt, O., Thomson, B.C., Tisserant, E., Uroz, S., Winding, A., Bailey, M.J.,
Bonkowski, M., Faber, J.H., Martin, F., Lemanceau, P., de Boer, W., van Veen, J.A.,
van der Putten, W.H., 2017. Soil networks become more connected and take up more
carbon as nature restoration progresses. Nat. Commun. 8, 14349. https://doi.org/10.
1038/ncomms14349.

Mulot, M., Marcisz, K., Grandgirard, L., Lara, E., Kosakyan, A., Robroek, B.J.M.,
Lamentowicz, M., Payne, R.J., Mitchell, E.A.D., 2017. Genetic determinism vs. phe-
notypic plasticity in protist morphology. J. Eukaryot. Microbiol. 64 (6), 729–739.

Munson, S.M., Reed, S.C., Peñuelas, J., McDowell, N.G., Sala, O.E., 2018. Ecosystem
thresholds, tipping points, and critical transitions. New Phytol. 218, 1315–1317.

Nolan, C., Overpeck, J.T., Allen, J.R.M., Anderson, P.M., Betancourt, J.L., Binney, H.A.,
Brewer, S., Bush, M.B., Chase, B.M., Cheddadi, R., Djamali, M., Dodson, J., Edwards,
M.E., Gosling, W.D., Haberle, S., Hotchkiss, S.C., Huntley, B., Ivory, S.J., Kershaw,
A.P., Kim, S.H., Latorre, C., Leydet, M., Lézine, A.M., Liu, K.B., Liu, Y., Lozhkin, A.V.,
McGlone, M.S., Marchant, R.A., Momohara, A., Moreno, P.I., Müller, S., Otto-
Bliesner, B.L., Shen, C., Stevenson, J., Takahara, H., Tarasov, P.E., Tipton, J., Vincens,
A., Weng, C., Xu, Q., Zheng, Z., Jackson, S.T., 2018. Past and future global trans-
formation of terrestrial ecosystems under climate change. Science 361, 920–923.
https://doi.org/10.1126/science.aan5360.

Radwan, S., Bielańska-Grajner, I., Ejsmont-Karabin, J., 2004. Wrotki (Rotifera), Oficyna
Wydawnicza Tercja, Łódź.

Rastogi, A., Stróżecki, M., Kalaji, H., Łuców, D., Lamentowicz, M., Juszczak, R., 2019.
Impact of Warming and reduced precipitation on photosynthetic and remote sensing
properties of peatland vegetation. Environ. Exp. Bot. 160, 71–80.

Reczuga, M.K., Lamentowicz, M., Mulot, M., Mitchell, E.A.D., Buttler, A., Chojnicki, B.,
Słowiński, M., Binet, P., Chiapusio, G., Gilbert, D., Słowińska, S., Jassey, V.E.J., 2018.
Predator-prey mass ratio drives microbial activity and its response to drought in
Sphagnum peatlands. Ecol. Evol. 8, 5752–5764.

Robroek, B.J.M., Jassey, V.E.J., Kox, M.A.R., Berendsen, R.L., Mills, R.T.E., Cecillon, L.,
Puissant, J., Meima-Franke, M., Bakker, P.A.H.M., Bodelier, P.L.E., 2015. Peatland
vascular plant functional types affect methane dynamics by altering microbial com-
munity structure. J. Ecol. 103, 925–934. https://doi.org/10.1111/1365-2745.12413.

Scheffer, M., 2010. Foreseeing tipping points. Nature 467, 411. https://doi.org/10.1038/
467411a.

Scheffer, M., Carpenter, S.R., Lenton, T.M., Bascompte, J., Brock, W., Dakos, V., van de
Koppel, J., van de Leemput, I.A., Levin, S.A., van Nes, E.H., Pascual, M., Vandermeer,
J., 2012. Anticipating critical transitions. Science 338, 344–348. https://doi.org/10.
1126/science.1225244.

Singer, D., Blandenier, Q., Duckert, C., Fernández, L., Fournier, B., Mitchell, E.A.D.,
Hernández, C.E., Granath, G., Rydin, H., Bragazza, L., Gałka, M., Gennadievna, K.N.,
Goia, I., Kajukało, K., Kosakyan, A., Lamentowicz, M., Harris, L., Pavlovna, K.N.,
Rice, S.K., Payne, R.J., Vellak, K., Lara, E., 2019. Phylogeography of a circumboreal
peatland amoeba is congruent with range contractions and expansions related to
Quaternary glacial - inter-glacial cycles. Mol. Ecol.

Song, L.H., Gilbert, D., Wu, D.H., 2016. Vertical micro-distribution of microbial com-
munities living in Sphagnum fallax. Aquat. Microb. Ecol. 77, 1–10. https://doi.org/
10.3354/ame01783.

Steffen, W., Rockstr\”om, J., Richardson, K., Lenton, T.M., Folke, C., Liverman, D.,
Summerhayes, C.P., Barnosky, A.D., Cornell, S.E., Crucifix, M., Donges, J.F., Fetzer,
I., Lade, S.J., Scheffer, M., Winkelmann, R., Schellnhuber, H.J., 2018. Trajectories of
the earth system in the anthropocene. Natl. Acad. Sci. https://doi.org/10.1073/pnas.
1810141115.

Swindles, G.T., Morris, P.J., Mullan, D.J., Gallego-Sala, A., Payne, R.J., Lamentowicz, M.,
Roland, T.P., Amesbury, M.J., Sim, T., Barr, I.D., Blaauw, M., Blundell, A., Chambers,
F.M., Charman, D.J., Feurdean, A., Galloway, J.M., Gałka, M., Green, S., Kajukało, K.,
Karofeld, E., Korhola, A., Lamentowicz, Ł., Langdon, P., Marcisz, K., Mauquoy, D.,
Mazei, Y.A., McKeown, M., Mitchell, E.A.D., Novenko, E., Plunkett, G.M., Roe, H.M.,
Schoning, K., Andrey N. Tsyganov, Turner, T.E., Linden, M.V.D., Väliranta., M., 2019.
Widespread drying of European peatlands in the last 300 years. Nature Geoscience (in
press).

Swindles, G.T., Reczuga, M., Lamentowicz, M., Raby, C.L., Turner, T.E., Charman, D.J.,
Gallego-Sala, A., Valderrama, E., Williams, C., Draper, F., Coronado, E.N.H.,
Roucoux, K.H., Baker, T., Mullan, D.J., 2014. Ecology of testate amoebae in an
Amazonian Peatland and development of a transfer function for palaeohydrological
reconstruction. Microb. Ecol. 68, 284–298. https://doi.org/10.1007/s00248-014-
0378-5.

Team, R.C. 2018. R: A language and environment for statistical computing. R Foundation
for Statistical Computing. editor. Vienna, Austria.

Team, R Studio, 2018. Rstudio: Integrated development environment for r. In: RStudio,
Inc., Boston, MA.

Tsyganov, A.N., Nijs, I., Beyens, L., 2011. Does climate warming stimulate or inhibit soil
protist communities? A test on testate amoebae in high-arctic tundra with free-air
temperature increase. Protist 162, 237–248.

Tsyganov, A.N., Aerts, R., Nijs, I., Cornelissen, J.H., Beyens, L., 2012. Sphagnum-dwelling
testate amoebae in subarctic bogs are more sensitive to soil warming in the growing
season than in winter: the results of eight-year field climate manipulations. Protist
163, 400–414. https://doi.org/10.1016/j.protis.2011.07.005.

Untenecker, J., Tiemeyer, B., Freibauer, A., Laggner, A., Luterbacher, J., 2017. Tracking
changes in the land use, management and drainage status of organic soils as in-
dicators of the effectiveness of mitigation strategies for climate change. Ecol. Ind. 72,
459–472. https://doi.org/10.1016/j.ecolind.2016.08.004.

Valencia, E., Gross, N., Quero, J.L., Carmona, C.P., Ochoa, V., Gozalo, B., Delgado-
Baquerizo, M., Dumack, K., Hamonts, K., Singh, B.K., Bonkowski, M., Maestre, F.T.,
2018. Cascading effects from plants to soil microorganisms explain how plant species
richness and simulated climate change affect soil multifunctionality. Glob. Change
Biol. 24 (12), 5642–5654.

van der Hel, S., Hellsten, I., Steen, G., 2018. Tipping points and climate change: metaphor
between science and the media. Environ. Commun. 12, 605–620. https://doi.org/10.
1080/17524032.2017.1410198.

van Diggelen, J.M.H., Bense, I.H.M., Brouwer, E., Limpens, J., van Schie, J.M.M.,
Smolders, A.J.P., Lamers, L.P.M., 2015. Restoration of acidified and eutrophied rich
fens: long-term effects of traditional management and experimental liming. Ecol. Eng.
75, 208–216. https://doi.org/10.1016/j.ecoleng.2014.12.006.

A.M. Basińska, et al. Ecological Indicators 112 (2020) 106059

11

http://refhub.elsevier.com/S1470-160X(19)31055-6/h9000
http://refhub.elsevier.com/S1470-160X(19)31055-6/h9000
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0180
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0180
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0180
https://doi.org/10.1177/0959683617735587
https://doi.org/10.1002/jqs.1295
https://doi.org/10.1002/jqs.1295
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0200
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0200
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0200
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0200
https://doi.org/10.1016/j.quaint.2014.07.045
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0210
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0210
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0210
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0215
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0215
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0215
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0225
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0225
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0225
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0230
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0230
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0235
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0235
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0235
https://doi.org/10.1007/s00248-014-0367-8
https://doi.org/10.1007/s00248-014-0367-8
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0250
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0250
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0250
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0250
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0255
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0255
https://doi.org/10.1051/limn/09003
https://doi.org/10.1051/limn/09003
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0265
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0265
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0265
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0270
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0270
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0270
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0270
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0275
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0275
https://doi.org/10.1073/pnas.1721206115
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1038/ncomms14349
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0290
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0290
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0290
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0295
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0295
https://doi.org/10.1126/science.aan5360
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0320
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0320
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0320
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0325
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0325
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0325
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0325
https://doi.org/10.1111/1365-2745.12413
https://doi.org/10.1038/467411a
https://doi.org/10.1038/467411a
https://doi.org/10.1126/science.1225244
https://doi.org/10.1126/science.1225244
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0345
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0345
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0345
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0345
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0345
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0345
https://doi.org/10.3354/ame01783
https://doi.org/10.3354/ame01783
https://doi.org/10.1073/pnas.1810141115
https://doi.org/10.1073/pnas.1810141115
https://doi.org/10.1007/s00248-014-0378-5
https://doi.org/10.1007/s00248-014-0378-5
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0385
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0385
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0385
https://doi.org/10.1016/j.protis.2011.07.005
https://doi.org/10.1016/j.ecolind.2016.08.004
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0400
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0400
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0400
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0400
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0400
https://doi.org/10.1080/17524032.2017.1410198
https://doi.org/10.1080/17524032.2017.1410198
https://doi.org/10.1016/j.ecoleng.2014.12.006


van Diggelen, R., Middleton, B., Bakker, J., Grootjans, A., Wassen, M., 2006. Fens and
floodplains of the temperate zone: present status, threats, conservation and restora-
tion. Appl. Veg. Sci. 9, 157–162. https://doi.org/10.1111/j.1654-109x.2006.
tb00664.x.

Vanacker, M., Wezel, A., Payet, V., Robin, J., 2015. Determining tipping points in aquatic
ecosystems: the case of biodiversity and chlorophyll α relations in fish pond systems.
Ecol. Ind. 52, 184–193. https://doi.org/10.1016/j.ecolind.2014.12.011.

Vegas-Vilarrúbia, T., Nogué, S., Rull, V., 2012. Global warming, habitat shifts and po-
tential refugia for biodiversity conservation in the neotropical Guayana Highlands.

Biol. Conserv. 152, 159–168. https://doi.org/10.1016/j.biocon.2012.03.036.
Wardle, D.A., 2002. Communities and Ecosystems: Linking the Aboveground and

Belowground Components. Princeton University Press, Princeton.
Wojterska, M., (ed.). 2001. Szata roślinna Wielkopolski i Pojezierza

Południowopomorskiego. Przewodnik do sesji terenowych 52 zjazdu Polskiego
Towarzystwa Botanicznego. Bogucki Wydawnictwo Naukowe, Poznań.

Woś, A., 2010. Klimat Polski w Drugiej Połowie XX wieku. Wydawnictwo Naukowe UAM.
Poznań, Poznań.

Zhang, J., 2016. Spaa: Species association analysis.

A.M. Basińska, et al. Ecological Indicators 112 (2020) 106059

12

https://doi.org/10.1111/j.1654-109x.2006.tb00664.x
https://doi.org/10.1111/j.1654-109x.2006.tb00664.x
https://doi.org/10.1016/j.ecolind.2014.12.011
https://doi.org/10.1016/j.biocon.2012.03.036
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0430
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0430
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0440
http://refhub.elsevier.com/S1470-160X(19)31055-6/h0440

	Experimental warming and precipitation reduction affect the biomass of microbial communities in a Sphagnum peatland
	Introduction
	Materials and methods
	Study site
	Experimental design
	Field study and sampling
	Numerical analyses

	Results
	Climate conditions and effect of climate manipulation on temperatures and precipitation
	Microbial groups biomass along manipulation variants
	Testate amoeba biomass
	Soil ecosystem network
	Communities vs environment

	Discussion
	Conclusions
	mk:H1_15
	Acknowledgments
	References




