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Abstract

Climate change-induced drying is projected for northern peatlands, but evidence on its extent is inconsistent. Testate
amocbae (TA) are a water table depth proxy that also responds to vegetation succession and abiotic changes. However,
it is not well-known how TA communities and functional traits differ between unaffected and drying areas in different
peatland types. Thus, we compared TA communities and functional traits in undrained control areas and areas (initially
similar in vegetation and WT) subjected to moderate water level drawdown (WLD) for ~20 years. The experiment covers
a rich fen, a poor fen, and a bog. Arboreal vegetation has been established in the fen WLD areas. Taxonomic composi-
tion and functional traits differed between the WLD and control, most notably in the rich fen and the least in the bog,
mirroring the vegetation. Eleven taxa favored WLD or pristine conditions; six taxa had a site-specific preference. Small
tests and apertures, heterotrophy, and siliceous tests were more common in the WLD than control areas, but in the bog,
these differences were not significant. Overall, besides drying, the establishment of arboreal vegetation and changes in
abiotic conditions affected TA community and trait compositions in the fens, showing that they deliver information not
only about water table depth but also sensitivity/resistance of peatlands. When aiming for quantitative water table recon-
structions, account should be taken that the secondary changes amplify the signal of WLD in fens, whereas the resistance
of vegetation and testate amoeba communities may hinder it in bogs, possibly causing bias when the reconstruction runs
through a fen-bog-transition.
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Introduction
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’ Peatlands are ecosystems characterized by high water
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table (WT) that slows down decomposition, allowing
peatlands to sequester and store globally significant
amounts of carbon [1]. Due to drastic warming and asso-
ciated increase in evapotranspiration in high latitudes [2]
temperate and boreal peatlands are becoming drier [3,
4]. As high WT is a key factor preventing the growth of
shrubs and trees in peatlands, drying leads to the loss of
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peatland-specific vegetation and establishment of a tree
stand, and further changes in abiotic conditions near the
peatland surface [5,6]. This vegetation transition has
been shown to vary in magnitude among peatland types,
being the greatest in nutrient-rich sites [e.g., 5]. How-
ever, the extent of this ongoing drying and associated
vegetation turnover is still poorly understood. Because
long-term records of water table depth are scarce and
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typically cover a relatively short period, indirect proxies
that provide a reference beyond the observation history
are needed. Moreover, detecting ongoing drying needs
to account the direct and indirect changes in the entire
ecosystem.

A commonly used proxy for peatland WT is testate
amoebae (TA), unicellular shelled protists whose taxa
have well-defined optima (preferences) for water table
depth in peatlands [7]. Their tests (shells) are preserved
in peat from which they can be extracted and identi-
fied under a microscope. Early on, TA were classified
according to their moisture preferences [7, and refer-
ences therein], and extensive training sets that connect
TA community composition to water table depth have
shed more light on the hydrological preferences of TA
[e.g., 8, 9]. Their sensitivity to variation in WT depth
has been shown in short-term experiments covering a
few years [e.g., 10, 11], and comparative field studies
have shown that prevailing vegetation, peatland type,
nutrient availability, peatland degradation, and expo-
sure to soil frost also affect TA communities [e.g., 12,
13, 14]. However, it is not fully understood what kind
of TA communities will occupy peatlands subjected to
climate-induced drying, i.e., drying with moderate inten-
sity that persists for decades, and how these differ along
the nutrient gradient.

The traditional, taxonomy-based TA proxy includes
certain limitations, such as inconsistent identification
and nomenclature of TA taxa [15]. This has promoted the
application of functional traits (hereafter abbreviated as
“traits”) to the context of TA [16]. Traits are properties
that reflect survival, development, and growth strategies
in an individual organism and, thus, the environmen-
tal pressures the community is facing [17]. Changes in
hydrology affect the trait composition of TA communities:
dry and disturbed conditions generally favor small and
compressed tests, and small and hidden apertures [e.g.,
11, 16]. Proteinaceous tests and mixotrophs thrive in wet
and open peatlands, while siliceous tests are more com-
mon in drier and forested conditions [18-20]. However,
similarly to the species composition, it is not well-known
how climate-induced drying affects TA traits.

Our aim is to assess the use of TA as a proxy for cli-
mate-induced drying and associated changes in boreal
peatlands. We compare testate amoeba communities
and functional traits between undrained control areas
and water level drawdown (WLD) areas, where WT has
been moderately lowered for two decades to simulate
the impacts of climate-induced drying. The counterparts
originally resembled each other in their vegetation and
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WT. The experiment covers three peatland types (rich
fen, poor fen, and bog). We hypothesize that TA com-
munity composition and traits differ between control
and WLD areas depending on site fertility, so that the
largest contrasts between the control and the WLD area
are displayed in the nutrient-rich fen and the smallest in
the bog. To enhance the understanding on the ecological
controls driving TA communities, we address the follow-
ing research questions:

Q1: What are the water table optima of the TA taxa with
significant preference for control or WLD conditions?

Q2: What are the environmental variables that explain
the patterns observed in the taxa and traits?

Materials and Methods
Study Site

Our study site, Lakkasuo (Fig. 1a), is an eccentric raised
peatland complex in Orivesi, Central Finland (61°47'N,
24°18'E). Lakkasuo peatland complex consists of several
peatland types, including a mesotrophic fen, an oligotro-
phic fen, and an ombrotrophic bog (hereafter referred to
as rich fen, poor fen and bog, respectively). In three study
sites representing these peatland types, a long-term water
level drawdown (WLD) experiment was established in
2000-2001 to simulate climate-induced drying and the
experiment is still ongoing. The WLD was executed by
digging 30 cm-deep ditches around three experimental
WLD areas and establishing corresponding, undrained
control areas upstream of each WLD area [5]. At the
beginning of the experiment, vegetation and water table
depth were similar within each site: in the rich fen con-
trol area and the rich fen WLD area, as well as in the two
poor fen study areas and in the two bog study areas [5].
To date, WLD has led to the establishment of tree stands
that increase shading and nutrient concentrations in the
fen sites but not in the bog [5, 21]. In 2022, water tables
were on average 9 cm lower in the WLD areas than in the
control areas (Fig. 1b).

Data Collection

To assess the impact of WLD on TA communities and
traits, we collected the topmost 3 centimeters of 3—10
moss shoots from the immediate proximity of 8§10 per-
manent sampling plots in each study area (total n=53) in
summer 2022. We sampled the moss species dominant in
the permanent sampling plots, that was Sphagnum spp.
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Fig. 1 (a) Aerial photographs (taken by Pasi Jalkanen in 2023 and pre-
viously published in Koster ef al., 2023 [22] of the six study areas and
their locations within Lakkasuo peatland. (b) Environmental variables

in all but two sampling plots in the rich fen WLD area
(see Supplementary Table 1). The samples were stored in
15 ml of 4% formaldehyde.

We prepared the TA samples by shaking the sample for
a minute in hand, and a minute in a Vortex shaker, after
which the sample was poured through a 150 um sieve.
The samples were then centrifuged to remove excess lig-
uid. We analyzed the samples under a light microscope at
200x and 400x. TA were identified to morphotype level,
using as references Siemensma (2023) [23] and photos
in McKeown et al., (2019) [24], and counted aiming at
the total count of 150 individuals [25]. However, when
identification to the morphotype level was not reached,
we applied the grouping presented in Amesbury et al.,
(2016) [9]. Phryganella paradoxa was identified as
uncertain (cf.), as Siemensma (2023) [23] warns that the
identification cannot be confirmed without inspecting
pseudopodia.
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in Lakkasuo study areas [5, 21]. Negative WT values indicate water
table below peat surface. RF = rich fen, PF = poor fen, BO = bog

The functional traits inspected were biovolume (based
on test length and width, and a different formula for each
shape of the test as in [19]), aperture size, mixotrophy,
aperture position, test compression, and test material. Test
length, test width, and aperture size were measured for ~
5 replicates of each taxon in each sample. As some taxa
were present in low abundance, not every recorded taxon
was represented, but we aimed to cover at least 80% of
the community by the measurements [26]. When five rep-
licates were not feasible within reasonable time, we used
the mean value calculated from the measurements from
the same study site. Categorical traits were converted to
binary format, assigning a value of 1 if a taxon exhib-
ited the trait and O if it did not (see Supplementary Table
2). Finally, the community weighted mean (CWM) was
calculated for each trait in each plot by quantifying the
mean trait value of the taxon present in the community,
weighted by their relative abundance [27].
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To address the impact of selected environmental vari-
ables (Supplementary Table 3) on TA community compo-
sition and traits, we applied data from Kokkonen et al.,
(2019) [5] for soil nutrient concentrations and soil pH,
and from Kuuri-Riutta et al., 2025 [21] for Sphagnum
water content, WT (where negative values indicate water
table below peat surface), soil temperature at the depths
of 5 and 15 cm, and shading intensity (Fig. 1, Supple-
mentary Fig. 1). To address the impact of different veg-
etation types on TA, we used vegetation inventory data
recorded by Koster et al., (2023) [22]. All environmental
data as well as vegetation coverages were recorded in
the permanent sampling points, from which the testate
amoeba samples were also collected.

Statistical Analyses

The total TA count differed among samples (range 117—
566), and the number of taxa found in a sample was cor-
related with the total count. Therefore, we omitted all
taxa with relative abundance below the threshold of 0.8%
(minimum relative abundance on the plot with the small-
est number of observations) to achieve a dataset similar to
rarefied data, yet without the random impact of rarefac-
tion per se and assessed the community data as relative
abundances thereafter. This resulted in a harmonized data-
set that retained 52 of the 66 initially identified taxa (see
Supplementary Table 4).

All analyses were conducted with R version 4.4.0 [28].
To analyze the differences in TA communities and traits
between the sites and treatments, we used a non-metric
multidimensional scaling (NMDS) from package vegan
[29]. To assess the differences in TA communities among
sites and treatments, we applied permutational multivari-
ate ANOVA (adonis). The differences in the multivariate
homogeneity of group dispersions were assessed with the
function betadisper.

The alpha diversity of testate amoeba taxa was quanti-
fied as taxon richness, Simpson’s diversity index, and Hill’s
evenness. Simpson’s diversity index was calculated using
package vegan [29]. Taxon richness was recorded as the
number of taxa in each sample. Hill’s evenness was calcu-
lated as Simpson’s index divided by taxon richness.

To test whether TA taxonomic composition and traits
differ significantly among the sites and between the WLD
and control treatments, multivariate analysis of vari-
ance (MANOVA) in package mvabund [30] was used,
MANOVA was also used to recognize site and treatment
preferences of TA taxa. We limited the inspection to the
most common taxa with an abundance of > 10% at least in
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one sample. We used two-way-ANOVA and Tukey’s post
hoc test to assess how traits responded to WLD within
each of the three sites. When needed, data was square
root or cubic root transformed to meet the parametric
assumptions.

The optimal water table depth and tolerance range
were obtained for each taxon by building a transfer func-
tion in package rioja [31]. We used the harmonized rela-
tive abundances and WT measurements repeated every
second week over the summer 2022 as a training set. We
used weighted averaging (WA) as it is rather robust to
spatial autocorrelation and, therefore, valid for clustered
datasets [32].

To assess how the most abundant taxa and traits reflected
environmental variables and prevailing plant groups and
to illustrate correlations between these variables, we run a
fourth-corner analysis in the package corrplot [33].

Results
Testate Amoeba Diversity in the Six Study Areas

Site fertility had a positive main impact on taxon rich-
ness (p-value 0.017), Simpson’s diversity index (p-value
0.0003), and evenness (p-value 0.006), while the WLD
treatment had a negative main impact only on Simpson’s
index (p-value 0.03). According to pairwise comparisons
(Tukey), taxon richness was significantly higher in the rich
fen control area than the bog control area, Simpson’s index
was higher in the rich fen control and WLD, and in the
poor fen control area compared to the poor fen WLD and
bog, and evenness was higher in the poor fen control com-
pared to the bog control (Supplementary Fig. 2).

There were 20 taxa present in the fens but absent from
the bog (see Supplementary Table 4), but only one taxon,
Pseudodifflugia fascicularis, appeared exclusively in the
bog.

Testate Amoeba Community and Trait Composition
in the Three Sites

Site was the strongest predictor of both community
and trait composition (Supplementary Table 5). In the
rich fen, the dominant taxa in the control area were
Hyalosphenia papilio (average relative abundance
14%), Planocarina marginata (8%), and Amphitrema
wrightianum (7%), and in the WLD area Corythion-
Trinema type (18%), Nebela tincta type (12%), and
Euglypha strigosa (7%) (Fig. 2, Supplementary Table
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Fig.2 Overview of the most common taxa in the TA community across
the WLD experiment in the three peatland types (a) and their location
in the NMDS ordination (b). Here we only show selected taxa with
relative abundance>10% in at least one plot. See the abbreviations
of taxon names in Supplementary Table 6. The superscript after the
taxon name shows if the taxon indicates control conditions or WLD

4). Centropyxis acuelata, Euglypha ciliata, Nebela col-
laris, and Physochila griseola were less abundant but
preferred by nutrient-rich conditions (Supplementary
Table 5). The poor fen control area was characterized
by N. tincta type (12%), Assulina muscorum (10%),
and Archerella flavum (10%), and the poor fen WLD
area by Corythion-Trinema type (21%), N. tincta type
(18%), and A. muscorum (16%). In both bog control
and bog WLD areas, the most common taxa were 4.

COR TRIWLD. PF . EUG STRWLD. PF . HYA ELEB© . NEB TINFF
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treatment (CTR=Control, WLD=Water level drawdown) or certain
peatland type (RF=Rich fen, PF=Poor fen, BO=Bog). The size of
the dots is scaled according to the relative abundance. The fit of all the
presented environmental variables had a p-value of 0.001, except for
SoilT5, that had a p-value of 0.003

flavum (32% and 23% in the control and WLD, respec-
tively) and Phryganella spp. (28% and 22% in the con-
trol and WLD area, respectively).

The community weighted mean of biovolume, aper-
ture size, recycled idiosomes and silica as test material,
acrostomic and plagiostomic apertures, and compressed
tests decreased along the nutrient gradient (Fig. 3). The
CWM of strongly compressed tests and siliceous-organic
as test material peaked in the poor fen.
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Fig.3 (a) NMDS where each species is coloured according to phylogeny. Traits as arrows in NMDS ordination. (¢) NMDS where the study points
are colored according to community weighted mean value within the range. See envfit statistics in Supplementary Table 7

Differences in Testate Amoeba Community
Composition between Water Level Treatments

Abiotic variables, vegetation, and TA community com-
position all showed the largest differences between treat-
ments in the rich fen and the smallest in the bog (Fig. 4).
While TA communities differed from each other among
the control areas, the communities in the rich fen and
poor fen WLD areas were clustered together in NMDS
(Fig. 4). A similar pattern was observed in the PCA
based on abiotic characteristics, but not in the NMDS
based on the vegetation (Fig. 4). Abiotic variables were
stronger predictors of TA community composition than
vegetation type (Supplementary Table 8).

Altogether 11 taxa showed site-independent prefer-
ence for either WLD or undrained (control) conditions:
Alabasta militaris, A. muscorum, E. strigosa, Valkanovia
elegans, and Corythion-Trinema type preferred WLD,
while A. wrightianum, A. flavum, Euglypha compressa,
H. papilio, P. marginata, and Phryganella acropodia
preferred undrained conditions (Supplementary Table
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5). There was also site-treatment interaction: differences
in the abundances of 4. flavum and H. papilio between
treatments were larger in the fen sites compared to the
bog, while those in the abundance of P. acropodia were
stronger in the bog. In addition, Heleopera sylvatica and
N. tincta type preferred WLD and Hyalosphenia elegans
and Trinema enchelys undrained conditions only in the
fens. Cf. P. paradoxa and Hyalosphenia minuta pre-
ferred WLD in the bog, but the undrained control area
in the poor fen.

Differences in Testate Amoeba Functional Traits
between Water Level Treatments

The difference in traits between the treatments was the
largest in the rich fen and the smallest in the bog (Sup-
plementary Table 5, Figs. 3 and 5). While MANOVA
showed a significant difference between treatments as a
main effect for several traits, these were mostly driven
by the responses in the fens and displayed rather mod-
est changes in the bog (Supplementary Table 9). The
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Fig. 4 The study plots in (a) PCA ordination based on environmental
variables, (b) NMDS ordination based on vegetation, and (¢) NMDS
ordination based on TA taxa, where the fit of the same environmen-
tal variables and vegetation groups are shown as vector arrows (see
Supplementary Table 3 for the description of environmental variables
and Supplementary Table 8 for envfit results). In the NMDS of the

WLD areas were characterized by relatively small bio-
volume and apertures, siliceous tests (on average, 35% of
the taxa in the WLD areas), and plagiostomic apertures
(on average, 16% of the taxa in the WLD areas). Traits
more common in the control areas than the WLD areas
included mixotrophy (on average, 26% of the taxa in the
control areas), proteinaceous tests (on average, 30% of
the taxa in the control areas), xenosomic tests (on aver-
age, 25% of the taxa in the control areas), and axial aper-
tures (on average, 84% of the taxa in the control areas)
(Fig. 5, Supplementary Table 5). In the WLD areas, order
Euglyphida was more common and Stramenopiles less
common than in the control areas. Arcellinida was less
abundant in the fen WLD areas compared to the controls
(Supplementary Fig. 3).

community, all sites differed from each other (adonis, p-value=0.001)
and the treatment impact was alike highly significant (p-value=0.001).
The variation within study areas (betadispersion) was not affected by
the WLD treatments (p-value=0.46), but it was higher in the rich fen
compared to the other two sites (p-value<0.001)

Environmental Variables Driving TA Community and
Trait Composition

Optimal water table depths ranged from —19 cm to
—23 cm for WLD-favoring and from —8 cm to —18 cm
for undrained-favoring taxa (Fig. 6). While the tolerance
ranges were partly overlapping for the proxies for WLD
and undrained conditions, WLD proxies preferred deeper
water tables than the proxies for undrained conditions.

TA taxa and traits were affected mostly by abiotic vari-
ables and less by plant types. Most WLD- or undrained-
preferring taxa correlated with WT or Sphagnum moisture
content (Fig. 7, see site-wise correlations in Supplemen-
tary Figs. 4-5), but many taxa and traits were equally
impacted by pH, nutrient concentrations, and shading.
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Discussion

We quantified the differences in testate amoeba communi-
ties and traits between undrained boreal peatlands and their
corresponding counterparts that have experienced decadal-
scale, moderate drying and associated habitat changes (orig-
inally similar based on their vegetation and measured water
table depths). The differences in both the composition and
traits of testate amoeba between the treatments were regu-
lated by site fertility and matched the documented changes
in vegetation and abiotic characteristics [5, 21]. Our results
imply that TA might be a strong proxy for the sensitivity or
resistance of peatland ecosystems to environmental pres-
sure and, especially, ongoing climate change.

The Impacts of Site Fertility on Testate Amoeba
Communities, Diversity, and Functional Traits

Our results show that TA communities and functional traits
reflect differences in abiotic conditions and, plant groups
along the site fertility gradient in boreal peatlands, in line
with [34-37]. By monitoring TA across three peatland types
we show that plagiostomic apertures and compressed tests,
which are associated with dryness [19, 38, 39], were more
common in the fens than in the bog, correlating directly
with nutrient concentrations. Proteinaceous tests, on the
other hand, were the most common in the bog, agreeing
with [20]. Furthermore, fens displayed larger tests and aper-
tures compared to the bog, and these traits were positively
correlated to pH, nutrient concentrations, and fen-typical

vegetation - Cyperaceae and herbs. This finding supports
those of some previous studies [19, 39] but contrasts others,
where small taxa replaced large taxa along a poor fen-rich
fen gradient [40] and as a response to lake eutrophication
[41]. Agreeing with existing literature [e.g., 11], biovolume
also benefited from near-surface WT, and the rich fen was
wetter than the other sites. These results support that site
fertility may be considered the main ecological gradient in
peatlands to which all biota and functions respond [42]. In
addition, large biovolume and aperture size have been pre-
viously associated with a high trophic position [43, and ref-
erences therein]. Therefore, it is possible that differences in
food sources partly explain the differences observed across
peatland types.

Fen TA communities were more diverse than bog com-
munities, agreeing with existing literature that explains
this by both abiotic and vegetation gradients, especially
brown mosses hosting more diverse TA communities
than Sphagnum mosses [12, 35, 40, 44]. Here, prevail-
ing plant groups did not explain the composition of TA
communities as strongly as abiotic variables. One limita-
tion in our dataset is that we sampled only the dominant
mosses, that was Sphagnum spp. except for two study
points dominated by Dicranum polysetum. In addition,
some taxa (e.g., Difflugia spp., Cryptodifflugia ovifor-
mis) occupy deeper sections of Sphagnum mosses than
what was sampled for this study, i.e., below 3 cm. Thus,
these taxa may be underrepresented, and some TA diver-
sity as well as some relevant indicator taxa may have
been ignored in this dataset.
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The Differences in Testate Amoeba Communities
and Diversity between Treatments

Supporting our hypothesis, TA communities differed between
the WLD and control areas most notably in the rich fen and
least in the bog. A similar pattern has been observed for abi-
otic environmental variables and vegetation [5]. In line with
previous research [45], this indicates that bog TA communi-
ties are more resistant to decadal-scale drying.

As stated before [e.g., 12, 36], site fertility-related differ-
ences in the response of TA communities should be accounted
for when applying TA to reconstruct WT as a single vari-
able. While ombrotrophic bogs receive all water and nutri-
ents from the atmosphere, the ecohydrology of fens is more
complex with several intercorrelated environmental gradients
[42]. Therefore, in bogs, WT tends to be the strongest envi-
ronmental variable controlling TA community composition
[7]. Moreover, boreal ombrotrophic bogs are so nutrient-poor
that changes in WT are rarely accompanied by establishment
of a tree stand [46]. This makes the interpretation of paleo
assemblages straightforward and has allowed the use of TA as
a semi-quantitative WT proxy [e.g., 7]. On the contrary, fens
readily respond to drying by arboreal vegetation succession
and associated changes in pH, nutrient concentrations, and
shading [5], which was shown to affect TA communities in
this study and previously [e.g., 20]. This indicates that in fens,
TA reflect the shift in the ecosystem state rather than merely
WT depth. This complicates the attempts to reconstruct WT as
a single variable in fens or through fen-bog transition: the sec-
ondary changes in fens may either amplify the drying signal
or cause false signals to WT reconstructions, while in bogs,
Sphagnum raising capillarity water [47] may hinder drying
signals. Thus, we recommend multiproxy approach, e.g., plant
macrofossils combined with TA.

11 taxa had consistent treatment preferences across sites.
Agreeing with existing literature, P. marginata, A. wrightia-
num, P. acropodia, E. compressa, A. flavum, and H. papilio
preferred undrained conditions, while Corythion-Trinema-
type, A. militaris, E. strigosa, A. muscorum, and V. elegans
preferred WLD areas [7, 11, 12, 48, 49]. H. elegans, H.
sylvatica, cf. P. paradoxa, and H. minuta had site-specific
treatment preferences even though they were present in all
sites. WT tolerance ranges were partly overlapping between
taxa preferring undrained and WLD conditions. Many were
also recorded from their non-preferred study areas. Thus,
it is important to inspect community-level changes rather
than the presence/absence of individual taxa and note that
training sets collected from bogs might not be reliable when
applied to fen profiles [9]. Here, the interpretation of cli-
mate-induced changes in TA community composition and
traits is based on the comparison of undrained and experi-
mentally drained study areas at one point of time. To gain
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more detailed information about the succession of TA com-
munities after WLD or other disturbances, we recommend
designing experiments that follow the succession of TA
communities across time in future studies.

The Differences in Testate Amoeba Functional Traits
between Treatments

Supporting our hypothesis, TA traits differed between the WLD
and control areas most notably in the rich fen and least in the
bog. In the bog, no significant differences between the control
and WLD areas were observed in the studied traits. Thus, our
result suggests that the usefulness of TA traits as bioindicators
of drying in ombrotrophic bogs may be limited, at least within
the range of WT changes applied in this experiment. The find-
ing is somewhat surprising, since no strong dependency on
the site type in WLD responses of TA traits has been reported
before, and a trait-based transfer function has been success-
fully developed for ombrotrophic peatlands [50]. A possible
explanation is that the WT difference between the control and
the WLD area was smaller in the bog than in the fens in the
sampling year. Moreover, the bog hosted smaller, i.e., better
drought-adapted [11, 16, 43] and references therein, taxa com-
pared to fens. Thus, it seems likely that bog TA communities
are adapted to persist in moderately drying conditions.

In the fens, communities in the WLD areas were charac-
terized by smaller tests with smaller, plagiostomic apertures,
siliceous tests, and notably fewer mixotrophs compared to the
control areas. Small size and small, plagiostomic apertures
are considered adaptations to drying, enabling movement in
a thin water film and protecting against desiccation [43] and
references therein]. Mixotrophs — especially A. flavum and
H. papilio — suffered from deep WT, low Sphagnum water
content, high shading intensity, and shrubs and trees, agree-
ing with previous studies [11, 20, 49]. The smaller propor-
tion of proteinaceous test material is likely associated with
the small number of mixotrophs, while the smaller proportion
of xenosomic tests may be connected to the limited diversity
and availability of mineral particles [50]. Many of the traits
favored by WLD are manifested in the order Euglyphida,
whose share was higher in the fen WLD areas compared to
the control areas, while the opposite was observed in Arcel-
linida, agreeing with previous research [e.g., 50]. Overall, the
results support previous studies that suggested that TA traits
respond not only to water level but also to other environmen-
tal variables, in this case, to the increased tree coverage and
associated abiotic changes in the fen WLD areas [16, 20, 38].

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00248-025-02682-2.

Acknowledgements We thank Stephen Frolking for helpful comments
on the manuscript. This work was funded by Finnish Cultural Foundation


https://doi.org/10.1007/s00248-025-02682-2

Assessing the Value of Testate Amoebae and their Functional Traits in Detecting Climate Change-Induced...

Page 110of 12 35

(00240717), Olvi Foundation (20230925), Maj and Thor Nessling Foun-
dation (3825), the Research Council of Finland (projects BorPeat 30840
and DISPEAT 338631, research infrastructure FIRI 337064, and the flag-
ship ACCC 337550). This study was conducted at Lakkasuo-Siikaneva
peatland experimental site (ID: 10033) that is part of Analysis and Exper-
imentation on Ecosystems Research Infrastructure (AnaEE) Finland.

Author Contributions E.-S.T. conceived the experiment. O.K.-R. and
B.P.G. collected and analysed the data under the supervision of M.V.,
E.A.D.M., HY, and E.-S.T. The first manuscript draft was written by
0.K.-R. and B.P.G. The writing process was led by O.K.-R. All co-
authors read and commented on the final version.

Data Availability The data that support the findings of this study is
openly available in Zenodo research data storage service (https://doi.
org/10.5281/zenodo.17940365). The environmental data from Kokko
nen et al., (2019) are stored in the Pangaea Data Library (doi: https://
doi.org/10.1594/pangaea.904256), and those from Kuuri-Riutta et al.,
(2025) are stored in IDA research data storage service (https://doi.or
2/10.23729/fd-bad048dd-eda3-380f-915a-580ccd150ec2). Vegetation
data from Koster et al., (2023) are stored in the Dryad repository (doi:
https://doi.org/10.5061/dryad.dz08kps39).

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Loisel J, Yu Z, Beilman DW, Camill P, Alm J, Amesbury MJ,
Anderson D, Andersson S, Bochicchio C, Barber K, Belyea
LR, Bunbury J, Chambers FM, Charman DJ, De Vleeschouwer
F, Fiatkiewicz-Koziet B, Finkelstein SA, Gatka M, Garneau M,
Hammarlund Dan, Hinchcliffe William, Holmquist James, Hughes
Paul, Jones Miriam C, Klein Eric S, Kokfelt Ulla, Korhola Atte,
Kuhry Peter, Lamarre Alexandre, Lamentowicz Mariusz, Large
David, Lavoie Martin, MacDonald Glen, Magnan Gabriel, Mékila
Markku, Mallon Gunnar, Mathijssen Paul, Mauquoy Dmitri,
McCarroll Julia, Moore Tim R, Nichols Jonathan, O’Reilly Ben-
jamin, Oksanen Pirita, Packalen Maara, Peteet Dorothy, Richard
Pierre JH, Robinson Stephen, Ronkainen Tiina, Rundgren Mats,
Sannel A Britta K, Tarnocai Charles, Thom Tim, Tuittila Eeva-
Stiina, Turetsky Merritt, Véliranta Minna, van der Linden Mar-
jolein, van Geel Bas, van Bellen Simon, Vitt Dale, Zhao Yan, Zhou
W (2014) A database and synthesis of northern peatland soil prop-
erties and Holocene carbon and nitrogen accumulation. Holocene
24(9):1028-1042. https://doi.org/10.1177/0959683614538073

2. Rantanen M, Karpechko AY, Lipponen A, Nordling K, Hyvérinen
O, Ruosteenoja K, Vihma T, Laaksonen A (2022) The Arctic has

11.

13.

14.

15.

17.

warmed nearly four times faster than the globe since 1979. Commun
Earth Environ 3:1-10. https://doi.org/10.1038/s43247-022-00498-3
Swindles GT, Morris PJ, Mullan DJ, Payne RJ, Roland TP, Ames-
bury MJ, Lamentowicz M, Turner TE, Gallego-Sala A, Sim T, Barr
ID, Blaauw M, Blundell A, Chambers FM, Charman DJ, Feurdean
A, Galloway JM, Gatka M, Green SM, Warner B (2019) Wide-
spread drying of European peatlands in recent centuries. Nat Geosci
12(11):922-928. https://doi.org/10.1038/s41561-019-0462-z
Helbig M, Waddington JM, Alekseychik P, Amiro BD, Aurela M,
Barr AG, Black TA, Blanken PD, Carey SK, Chen J, Chi J, Desai AR,
Dunn A, Euskirchen ES, Flanagan LB, Forbrich I, Friborg T, Grelle
A, Harder S, Zyrianov V (2020) Increasing contribution of peatlands
to boreal evapotranspiration in a warming climate. Nat Clim Change
10:555-560. https://doi.org/10.1038/s41558-020-0763-7

Kokkonen NAK, Laine AM, Laine J, Vasander H, Kurki K, Gong
J, Tuittila E-S, Collins B (2019) Responses of peatland vegetation
to 15-year water level drawdown as mediated by fertility level. J
Veg Sci 30(6):1206—1216. https://doi.org/10.1111/jvs.12794
Pdivdnen J, Hanell B (2012) Peatland ecology and forestry — a
sound approach. Helsingin yliopiston metsitieteiden laitoksen
julkaisuja. Helsingin yliopiston metsitieteiden laitos, 3:

Tolonen K (1986) Rhizopod analysis. In: Handbook of Holocene
palaeoecology and palacohydrology Chichesler.

Warner BG, Charman DJ (1994) Holocene changes on a peatland
in Northwestern Ontario interpreted from testate amoebae (Proto-
zoa) analysis. Boreas 23(3):270-279. https://doi.org/10.1111/j.15
02-3885.1994.tb00949

Amesbury MJ, Swindles GT, Bobrov A, Charman DJ, Holden J,
Lamentowicz M, Mallon G, Mazei Y, Mitchell EAD, Payne RJ,
Roland TP, Turner TE, Warner BG (2016) Development of a new
pan-European testate amoeba transfer function for reconstructing
peatland palaeohydrology. Quat Sci Rev 152:132—151. https://do
i.org/10.1016/j.quascirev.2016.09.024

Marcisz K, Fournier B, Gilbert D, Lamentowicz M, Mitchell
EAD (2014) Response of Sphagnum peatland testate amoebae to
a l-year transplantation experiment along an artificial hydrologi-
cal gradient. Microb Ecol 67:810-818. https://doi.org/10.1007/s0
0248-014-0367-8

Koenig I, Mulot M, Mitchell EAD (2018) Taxonomic and func-
tional traits responses of sphagnum peatland testate amoebae to
experimentally manipulated water table. Ecol Ind 85:342-351. ht
tps://doi.org/10.1016/j.ecolind.2017.10.017

. Zhang H, Viliranta M, Amesbury MJ, Charman DJ, Laine A,

Tuittila E-S (2018) Successional change of testate amoeba assem-
blages along a space-for-time sequence of peatland development.
Eur J Protistol 66:36—47. https://doi.org/10.1016/j.ejop.2018.07
Liu B, Heinemeyer A, Marchant R, Mills RTE (2025) Exploring tes-
tate amoebae as taxonomic and functional bioindicators to inform
peatland habitat status and blanket bog restoration. Soil Biol Bio-
chem 206:109790. https://doi.org/10.1016/j.50ilbi0.2025.109790
Jassey VEJ, Lamentowicz M, Bragazza L, Hofsommer ML, Mills
RTE, Buttler A, Signarbieux C, Robroek BJM (2016) Loss of tes-
tate amoeba functional diversity with increasing frost intensity
across a continental gradient reduces microbial activity in peat-
lands. Eur J Protistol 55(Pt B):190-202. https://doi.org/10.1016/j
.jop.2016.04.007

Kosakyan A, Gomaa F, Lara E, Lahr DJG (2016) Current and
future perspectives on the systematics, taxonomy and nomencla-
ture of testate amoebae. Eur J Protistol 55(Pt B):105-117. https:/
/doi.org/10.1016/j.ejop.2016.02.001

Fournier B, Malysheva E, Mazei Y, Moretti M, Mitchell EAD
(2012) Toward the use of testate amoeba functional traits as indi-
cator of floodplain restoration success. Eur J Soil Biol 49:85-91.
https://doi.org/10.1016/j.ejsobi.2011.05.008

Kearney M, Jusup M, McGeoch M, Kooijman SAL, Chown S
(2021) Where do functional traits come from? The role of theory

@ Springer


https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s41561-019-0462-z
https://doi.org/10.1038/s41558-020-0763-7
https://doi.org/10.1111/jvs.12794
https://doi.org/10.1111/j.1502-3885.1994.tb00949
https://doi.org/10.1111/j.1502-3885.1994.tb00949
https://doi.org/10.1016/j.quascirev.2016.09.024
https://doi.org/10.1016/j.quascirev.2016.09.024
https://doi.org/10.1007/s00248-014-0367-8
https://doi.org/10.1007/s00248-014-0367-8
https://doi.org/10.1016/j.ecolind.2017.10.017
https://doi.org/10.1016/j.ecolind.2017.10.017
https://doi.org/10.1016/j.ejop.2018.07
https://doi.org/10.1016/j.soilbio.2025.109790
https://doi.org/10.1016/j.ejop.2016.04.007
https://doi.org/10.1016/j.ejop.2016.04.007
https://doi.org/10.1016/j.ejop.2016.02.001
https://doi.org/10.1016/j.ejop.2016.02.001
https://doi.org/10.1016/j.ejsobi.2011.05.008
https://doi.org/10.1016/j.ejsobi.2011.05.008
https://doi.org/10.5281/zenodo.17940365
https://doi.org/10.5281/zenodo.17940365
https://doi.org/10.1594/pangaea.904256
https://doi.org/10.1594/pangaea.904256
https://doi.org/10.23729/fd-bad048dd-eda3-380f-915a-580ccd150ec2
https://doi.org/10.23729/fd-bad048dd-eda3-380f-915a-580ccd150ec2
https://doi.org/10.5061/dryad.dz08kps39
https://doi.org/10.5061/dryad.dz08kps39
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/0959683614538073

35

Page 12 of 12

0. Kuuri-Riutta et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

and models. Funct Ecol 35(7):1385-1396. https://doi.org/10.1111
/1365-2435.13829

Schonborn W (1965) Untersuchungen iiber die Zoochlorellen-
Symbiose der Hochmoor-Testaceen. Limnol (Berlin) 3(2):173-176
Fournier B, Lara E, Jassey VEJ, Mitchell EAD (2015) Functional
traits as a new approach for interpreting testate amoeba palaeo-
records in peatlands and assessing the causes and consequences
of past changes in species composition. Holocene (Sevenoaks)
25(9):1375-1383. https://doi.org/10.1177/0959683615585842
Lamentowicz M, Kajukalo-Drygalska K, Kotaczek P, Jassey
VEJ, Gabka M, Karpinska-Kotaczek M (2020) Testate amoebae
taxonomy and trait diversity are coupled along an openness and
wetness gradient in pine-dominated Baltic bogs. Eur J Protistol
73:125674-125674. https://doi.org/10.1016/j.ejop.2020.125674
Kuuri-Riutta O, Le Geay M, Jassey VEJ, Barel JM, Laine AM,
Ylénne H, Tuittila E-S (2025) Microbial and Bryospheric photosyn-
thesis of boreal peatlands have peatland-type-specific responses to
long-term drying. New Phytol. https://doi.org/10.1111/nph.70519
Koster E, Chapman JPB, Barel JM, Korrensalo A, Laine AM,
Vasander HT, Tuittila E (2023) Water level drawdown makes boreal
peatland vegetation more responsive to weather conditions. Glob
Change Biol 29(19):5691-5705. https://doi.org/10.1111/gcb.16907
Siemensma FJ (2023) Microworld: world of amoeboid organ-
isms. World-wide electronic publication, Kortenhoef, The Neth-
erlands. https://arcella.nl/

McKeown MM, Wilmshurst JM, Duckert C, Wood JR, Mitch-
ell EAD (2019) Assessing the ecological value of small testate
amoebae (<45 pm) in new Zealand peatlands. Eur J Protistol
68:1-16. https://doi.org/10.1016/j.ejop.2018.12.002

Payne RJ, Mitchell EAD (2008) How many is enough? Deter-
mining optimal count totals for ecological and palacoecological
studies of testate amoebae. J Paleolimnol. https://doi.org/10.1007
/510933-008-9299-y

Pakeman RJ, Quested HM (2007) Sampling plant functional traits:
what proportion of the species need to be measured? Appl Veg Sci
10:91-96. https://doi.org/10.1111/j.1654-109X.2007.tb00507.x
Diaz S, Lavorel S, de Bello F, Quetier F, Grigulis K, Robson M
(2007) Incorporating plant functional diversity effects in ecosys-
tem service assessments. Proc Natl Acad Sci USA 104:20684—
20689. https://doi.org/10.1073/pnas.0704716104

R Core Team (2022) R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin
P, O’Hara R, Solymos P, Stevens M, Szoecs E, Wagner H, Barbour
M, Bedward M, Bolker B, Borcard D, Carvalho G, Chirico M,
De Caceres M, Durand S, Weedon J (2022) vegan: Community
Ecology Package . R package version 2.6-4, https://CRAN.R-pro
ject.org/package=vegan

Wang Y, Naumann U, Wright ST, Warton DI (2012) Mvabund- an
R package for model-based analysis of multivariate abundance
data. Methods Ecol Evol 3:471-474. https://doi.org/10.1111/j.20
41-210X.2012.00190.x

Juggins S (2024) rioja: Analysis of Quaternary Science Data. R
package version 1.0-7. https://cran.r-project.org/package=rioja
Telford RJ, Birks HIB (2009) Evaluation of transfer functions in
spatially structured environments. Quat Sci Rev 28:1309-1316
Wei T, Simko V (2024) R package ‘corrplot’: Visualization of a Cor-
relation Matrix. (Version 0.95), https:/github.com/taiyun/corrplot
Opravilova V, Hajek M (2006) The variation of testacean assemblages
(Rhizopoda) along the complete base-richness gradient in fens: a case
study from the Western Carpathians. Acta Protozool 45(2):191-204
Lamentowicz L., Gabka M, Rusinska A, Sobczynski T, Owsianny PM,
Lamentowicz M (2011) Testate amoeba (Arcellinida, Euglyphida)
ecology along a poor-rich gradient in Fens of Western Poland. Int Rev
Hydrobiol 96(4):356-380. https://doi.org/10.1002/iroh.201111357

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Payne RJ (2011) Can testate amoeba-based palaeohydrology be
extended to fens? J Quat Sci 26(1):15-27. https://doi.org/10.1002
/jgs.1412

Simova A, Jiroudek M, Singh P, Hajkova P, Hajek M (2022) Ecol-
ogy of testate amoebae along an environmental gradient from
bogs to calcareous Fens in East-Central europe: development of
transfer functions for palacoenvironmental reconstructions. Pal-
aeogeogr Palaeoclimatol Palacoecol 601:111145. https://doi.org/
10.1016/j.palae0.2022.111145

Marcisz K, Colombaroli D, Jassey VEJ, Tinner W, Kolaczek
P, Gatka M, Karpinska-Kotaczek M, Stowinski M, Lamentow-
icz M (2016) A novel testate amoebae trait-based approach to
infer environmental disturbance in sphagnum peatlands. Sci Rep
6(1):33907. https://doi.org/10.1038/srep33907

Lamentowicz M, Gatka M, Lamentowicz L., Obremska M, Kiihl
N, Liicke A, Jassey VEJ (2015) Reconstructing climate change
and ombrotrophic bog development during the last 4000years
in Northern Poland using biotic proxies, stable isotopes and
trait-based approach. Palaeogeogr Palacoclimatol Palacoecol
418:261-277. https://doi.org/10.1016/j.palaco.2014.11.015
Jassey VEJ, Lamentowicz L, Robroek BJIM, Gabka M, Rusinska
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(5):1150-1162
Macumber AL, Roe HM, Prentice SV, Sayer CD, Bennion H, Sal-
gado J (2020) Freshwater testate amoebae (Arcellinida) response
to eutrophication as revealed by test size and shape indices. Front
Ecol Evol. https://doi.org/10.3389/fevo.2020.568904

Rydin H, Jeglum JK, Bennett KD (2013) The biology of peat-
lands (2nd edition.). Oxford University Press

Sysoev VV, Ibragimova AG, Gololobova MA, Medeiros A, Smol
JP, Kotov AA (2025) Changes in size of key indicators used in
palaeolimnological studies: a critical review. Earth Sci Rev
260:104995. https://doi.org/10.1016/j.earscirev.2024.104995
Lizonova Z, Zhai M, Bojkova J, Horsak M (2019) Small-scale
variation of testate amoeba assemblages: the effect of site hetero-
geneity and empty shell inclusion. Microb Ecol 77:1014-1024
Urbanova Z, Barta J (2016) Effects of long-term drainage on micro-
bial community composition vary between peatland types. Soil Biol
Biochem 92:16-26. https://doi.org/10.1016/j.50ilbio.2015.09.017
Keltikangas M, Laine J, Puttonen P, Seppéld K (1986) Vuosina
1930-1978 metséojitetut suot: Ojitusalueiden Inventoinnin tulok-
sia. (Summary: peatlands drained for forestry during 1930-1978:
results from field surveys of drained areas). Acta For Fenn 193:1-94
Rydin H (1985) Effect of water level on desiccation of sphagnum
in relation to surrounding sphagna. Oikos 45(3):374-379. https://
doi.org/10.2307/3565573

Lamentowicz M, Mitchell EAD (2005) The ecology of testate
amoebae (Protists) in Sphagnum in north-western Poland in rela-
tion to peatland ecology. Microb Ecol 50(1):48-63. https://doi.or
2/10.1007/s00248-004-0105-8

Basinska AM, Reczuga MK, Gabka M, Strézecki M, Lucow D, Sam-
son M, Urbaniak M, Lesény J, Chojnicki BH, Gilbert D, Sobczynski
T, Olejnik J, Silvennoinen H, Juszczak R, Lamentowicz M (2020)
Experimental warming and precipitation reduction affect the bio-
mass of microbial communities in a Sphagnum peatland. Ecol Indic
112:106059. https://doi.org/10.1016/j.ecolind.2019.106059

van Bellen S, Mauquoy D, Payne RJ, Roland TP, Hughes PDM,
Daley TJ, Loader NJ, Street-Perrott FA, Rice EM, Pancotto VA
(2017) An alternative approach to transfer functions? Testing the
performance of a functional trait-based model for testate amoe-
bae. Palacogeogr Palaeoclimatol Palacoecol 468:173—183. https
://doi.org/10.1016/j.palae0.2016.12.005

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1002/jqs.1412
https://doi.org/10.1002/jqs.1412
https://doi.org/10.1016/j.palaeo.2022.111145
https://doi.org/10.1016/j.palaeo.2022.111145
https://doi.org/10.1038/srep33907
https://doi.org/10.1016/j.palaeo.2014.11.015
https://doi.org/10.3389/fevo.2020.568904
https://doi.org/10.1016/j.earscirev.2024.104995
https://doi.org/10.1016/j.soilbio.2015.09.017
https://doi.org/10.2307/3565573
https://doi.org/10.2307/3565573
https://doi.org/10.1007/s00248-004-0105-8
https://doi.org/10.1007/s00248-004-0105-8
https://doi.org/10.1016/j.ecolind.2019.106059
https://doi.org/10.1016/j.palaeo.2016.12.005
https://doi.org/10.1016/j.palaeo.2016.12.005
https://doi.org/10.1111/1365-2435.13829
https://doi.org/10.1111/1365-2435.13829
https://doi.org/10.1177/0959683615585842
https://doi.org/10.1016/j.ejop.2020.125674
https://doi.org/10.1111/nph.70519
https://doi.org/10.1111/gcb.16907
https://arcella.nl/
https://doi.org/10.1016/j.ejop.2018.12.002
https://doi.org/10.1007/s10933-008-9299-y
https://doi.org/10.1007/s10933-008-9299-y
https://doi.org/10.1111/j.1654-109X.2007.tb00507.x
https://doi.org/10.1073/pnas.0704716104
https://www.R-project.org/
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/j.2041-210X.2012.00190.x
https://doi.org/10.1111/j.2041-210X.2012.00190.x
https://cran.r-project.org/package=rioja
https://github.com/taiyun/corrplot
https://doi.org/10.1002/iroh.201111357

	﻿Assessing the Value of Testate Amoebae and their Functional Traits in Detecting Climate Change-Induced Peatland Drying
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Study Site
	﻿Data Collection
	﻿Statistical Analyses

	﻿Results
	﻿Testate Amoeba Diversity in the Six Study Areas
	﻿Testate Amoeba Community and Trait Composition in the Three Sites
	﻿Differences in Testate Amoeba Community Composition between Water Level Treatments
	﻿Differences in Testate Amoeba Functional Traits between Water Level Treatments
	﻿Environmental Variables Driving TA Community and Trait Composition

	﻿Discussion
	﻿The Impacts of Site Fertility on Testate Amoeba Communities, Diversity, and Functional Traits
	﻿The Differences in Testate Amoeba Communities and Diversity between Treatments
	﻿The Differences in Testate Amoeba Functional Traits between Treatments

	﻿References


