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Abstract. Global warming is profoundly impacting northern ecosystems, particularly those underlain by per-
mafrost. Permafrost-affected peat plateaus, called palsa peatlands, consist of mounds with peat and mineral soil
covering ice lenses. When permafrost thaws, palsas can collapse and undergo significant hydrological changes
to form wet mires. This affects the physical structure of the soil and as a result, the communities of soil-dwelling
organisms, such as nematodes. Although the role of nematodes in carbon cycling is not fully understood, they
can influence greenhouse gas emissions through interactions with plants and microbes. This study examined
the effects of palsa degradation and experimental warming on nematode feeding guilds (bacterivores, fungi-
vores, root feeders, and omni-carnivores) in northern Norway, where permafrost is rapidly thawing. Our findings
showed that intact, vegetated palsas supported higher abundances of all nematode feeding guilds. With warm-
ing, bacterivorous and omni-carnivorous nematodes were negatively affected. Additionally, we observed a shift
in dominance of bacterivores to fungivores over the summer, suggesting a temporal shift in the predominant
decomposition pathway. No direct relationships were found between changes in any of the guild abundances
and measured CO2 and CH4 fluxes. This study highlights the fact that expected warming and the degradation of
palsas may have varied but had predominantly negative impacts on different nematode feeding guilds. Given the
role of soil nematodes in nutrient cycling and other soil processes, their decline under warmer conditions could
have ecosystem-level consequences in these palsa peatlands.

1 Introduction

1.1 Palsa collapse and climate change

Global-scale warming is accelerating the thawing of per-
mafrost soils, which encompass about 15 % of the North-
ern Hemisphere’s land surface (Obu, 2021) and contain
roughly 1300 (± 200) petagrams (1 Pg= 1015 g) of soil or-
ganic carbon (Hugelius et al., 2020). Northern peatlands
store 415± 150 Pg of carbon (C) and 10± 7 Pg of nitrogen
(N), with nearly half of this area underlain by permafrost
(Hugelius et al., 2020). Arctic surface temperatures have
risen by around 0.6 °C per decade over the last 40 years, a
rate 3 to 4 times faster than the global average soil temper-
ature increase (Rantanen et al., 2022; Li et al., 2023). This
has made arctic permafrost areas the fastest warming land

on Earth during the last 20 years (Wang et al., 2022). Per-
mafrost thawing exposes previously frozen organic matter
to accelerated microbial decomposition, which can release
greenhouse gases (GHGs) such as CO2 and CH4 back into
the atmosphere (Knoblauch et al., 2018; Schuur and Abbott
2011), exacerbating global warming through a positive feed-
back loop (Schädel et al., 2024; Schuur et al., 2022). This
permafrost–carbon feedback is expected to augment global
warming by 0.13–0.27 °C by 2100 and by up to 0.42 °C by
2300 (Schuur et al., 2015).

Permafrost-affected peat plateaus, called palsas, are char-
acterized by peat-covered hills or mounds with a perma-
nently frozen core containing large ice lenses (Seppälä,
2011). Palsas undergo a cyclic formation–degradation pro-
cess (Fronzek et al., 2006). Their formation relies on pro-
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longed sub-zero temperatures and thin snow cover (Fronzek
et al., 2009; Seppälä, 2011). As they mature, degradation
occurs, where they start to collapse from the edges due to
block erosion along surface cracks, leading to the loss of
their insulating peat layer and the thawing of their frozen
core, ultimately transforming the landscape into a palsa–mire
complex containing ponds or thermokarst (Fronzek et al.,
2006). Climate warming, however, threatens this cycle, with
an increased frequency of palsa collapse due to accelerated
permafrost thaw linked to rising temperatures and rainfall
amounts (Borge et al., 2017; Olvmo et al., 2020). These cli-
matic shifts could lead to a substantial reduction in areas suit-
able for palsa development, with some models predicting the
total disappearance of such regions in sub-arctic Fennoscan-
dia by the end of the 21st century (Fronzek et al., 2006; Few-
ster et al., 2022). Permafrost thaw in palsa peatlands results
in waterlogged conditions favourable for increased methane
production (Hodgkins et al., 2014; Singleton et al., 2018; Yu
et al., 2017). Understanding and quantifying the link between
permafrost thaw and greenhouse gas emissions is therefore
important to improve predictions of future global warming
(Hodgkins et al., 2014; Singleton et al., 2018; Yu et al.,
2017).

Recent research highlights the importance of soil food
webs in regulating greenhouse gas emissions during or-
ganic matter decomposition, particularly in processes such
as methanogenesis and soil respiration (Mackelprang et al.,
2016; McCalley et al., 2014; Singh et al., 2010; Voigt et al.,
2023). Soil nematodes, as key components of these webs, can
serve as useful indicators of microbial activity and the bal-
ance between bacteria and fungi in soils (Cesarz et al., 2015;
Yeates, 2003). Furthermore, their interactions with microbes
and vegetation can influence CO2 and CH4 emissions. There-
fore, studying nematodes can yield insights into the ecolog-
ical shifts driving greenhouse gas dynamics in response to
environmental changes.

1.2 The role of nematodes in the carbon cycle and their
main abiotic drivers in the Arctic

Nematodes, or roundworms, are a diverse phylum of aquatic
microfauna (0.1–5 mm in length) that can live in water films
around soil particles (Neher, 2010). They have diverse feed-
ing habits, which could ultimately affect the biological activ-
ity involved in soil organic matter decomposition. Soil nema-
todes can be categorized into different feeding guilds, with
five typically recognized groups: (a) bacterial-feeding nema-
todes or bacterivores, (b) fungal-feeding nematodes or fungi-
vores, (c) root-feeding nematodes or root feeders, (d) omni-
vores, and (e) predators (Bongers and Bongers, 1998). These
guilds hold a central position in soil food webs and play cru-
cial roles in the cycling of soil carbon and nutrients (Bard-
gett et al., 1999). For example, bacterivores and predatory
nematodes contribute to nitrogen mineralization by excret-
ing ammonium as a byproduct because their prey generally

has a lower carbon to nitrogen ratio than these nematodes
need (Neher, 2010). Microbivorous nematodes (i.e. bacteri-
vores and fungivores) can increase the microbial turnover
(i.e. the rate of cell production and death) of bacteria and
fungi, enhancing overall soil productivity and nutrient cy-
cling (Savin et al., 2001; Traunspurger et al., 1997), and,
potentially, CO2 production (Fu et al., 2005). Finally, while
root-feeding nematodes include some notorious plant pests,
they may also indirectly boost plant performance by promot-
ing microbial populations in the rhizosphere by stimulating
plant exudate release (Gebremikael et al., 2016; Poll et al.,
2007; Tu et al., 2003; Wurst et al., 2010). Each nematode
feeding guild contributes to CO2 emissions through aero-
bic respiration (Atkinson, 1980) and could influence the net
GHG emissions by affecting other soil fauna, soil microbes,
or vegetation. Bacterivores and omnivores may either restrict
or stimulate CH4 emissions depending on their grazing inten-
sity on methanotrophic bacteria and methanogenic archaea
populations. Root-feeding nematodes could decrease photo-
synthesis (CO2 removal) by affecting plant activity or stim-
ulate CO2 production in the rhizosphere by promoting root
leakage of labile carbon sources for microbial growth and
respiration (Gebremikael et al., 2016). Lastly, predatory ne-
matodes may indirectly alter emissions by regulating other
feeding guilds, thereby influencing microbial dynamics, veg-
etation, and nutrient cycling (Neher, 2010).

Nematode distribution globally is known to be primarily
influenced by soil properties such as texture, temperature,
organic matter content, pH, and cation-exchange capacity
(Nielsen et al., 2014; van den Hoogen et al., 2019). However,
climate factors, particularly rainfall, play a significant role
by altering soil characteristics, contributing as much as 65 %
of the global variation in nematode populations (Nielsen et
al., 2014). In cold environments, freeze–thaw cycling fre-
quency can negatively affect the abundance of nematodes
(Knox et al., 2016), and changes associated with permafrost
thaw such as altered soil texture, pH, and salinity may also
affect nematode distribution (Smith et al., 2012). Globally,
nematode abundance peaks in high-latitude arctic and sub-
arctic regions (van den Hoogen et al., 2019). Therefore, the
relative importance of nematodes and their role in cold re-
gions, particularly those undergoing rapid changes due to
permafrost thawing, warrant closer investigation to increase
the predictability of greenhouse gas emissions in this region.

1.3 Hypotheses

This study investigated the variations in nematode feeding
guild abundances across different stages of palsa degrada-
tion in a palsa peatland system undergoing rapid permafrost
degradation in northern Norway. We also explored the ef-
fects of experimental warming along different stages of palsa
degradation on the nematode communities. We hypothesize
that palsa collapse through increased soil temperature and
moisture, along with decreased oxygen concentration (Tro-
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mans, 2000; Walvoord and Kurylyk, 2016), will have vary-
ing effects on the different guilds. Specifically, we expect
microbivorous nematodes (opportunistic feeders) to benefit
from palsa collapse due to increased microbial activity, while
root-feeding nematodes will decrease in number due to di-
minished host plant availability. Additionally, we hypothe-
size that experimental warming will positively affect nema-
todes by improving microenvironments and resource utiliza-
tion in soil habitats (Liu et al., 2022) or by stimulating vege-
tation growth (Hollister et al., 2023; Newsham et al., 2021).
However, we predict a negative impact of both collapse and
warming on omnivorous and predatory nematodes (together
the omni-carnivores) because these guilds are sensitive to
physical disturbance due to their low motility, slow life cy-
cle, and permeable cuticle (Bongers and Bongers, 1998; Ko-
rthals et al., 1996; Pothula et al., 2022). Finally, shifts in ne-
matode guild abundances are anticipated to influence GHG
emissions, as they play pivotal roles in microbial activities
and/or plant–microbe interactions. We used structural equa-
tion models (SEMs) to integrate these various hypothesized
causal pathways into a single, multivariate analysis (for de-
tails, see Table 1).

2 Materials and methods

2.1 Field site, experimental design, and peat
characteristics

We conducted our research at a permafrost-affected palsa
peatland in northern Norway (69.3° N, 25.3° E, 337 m a.s.l.
(metres above sea level)) close to the hill called Iškoras
(Fig. 1a; Jiao et al., 2023). The site is characterized by a
mean seasonal air temperature of 8 to 10 °C in summer and
−15 to −20 °C in winter (MAT ca. −3 °C) (retrieved from
the Norwegian Meteorological Institute). The plateau has a
mean annual precipitation of 400 mm (Borge et al., 2017) and
a mean maximum snow depth in winter of 25 to 75 cm (Far-
brot et al., 2013). The site represents natural gradients of per-
mafrost thaw, from palsa peat plateaus with intact permafrost
through thaw slumps to mire-like thaw ponds as thaw pro-
gresses. Eventually, these thaw ponds are (re)colonized, de-
veloping vegetation through natural succession with mosses
and sedges. At the site, six such transects of palsa collapse
were selected, each containing five phases of permafrost
degradation: vegetated palsa, exposed soil palsa, thaw slump,
thaw pond, and vegetated thaw pond (Fig. 1b). Soil sam-
ples were collected in the first three phases, and water sam-
ples were collected in the pond phases as described below
(Sect. 2.2). However, due to a lack of abundance of soil ne-
matodes found in the water samples, we chose to exclude the
two pond phases from this study. Additionally, in one tran-
sect, no soil samples were collected from the thaw slump
phase because it was fully submerged. Every palsa collapse
stage within a transect has a control plot and a treatment
plot to study experimental warming performed by open-top

chambers (OTCs). An OTC is a warming chamber that pas-
sively warms the air temperature by approximately 2 °C, with
the size of its warming effect on soil temperatures varying
due to factors like location, shading, and ground cover (Hol-
lister et al., 2023). These OTCs, 150 cm in diameter at the
base and 35 cm tall, were established in 2017 and remain in
place throughout all seasons.

Soil temperature was measured manually using a ther-
mometer during sampling, as well as logged continuously
at 15 min intervals with TMS-4 loggers (TOMST; Wild et
al., 2019). The average temperature, minimum temperature,
and maximum temperature of the week prior to and the week
of sampling were calculated from these continuous measure-
ments. To estimate soil moisture content, 50 g from each
100 g soil sample (see below) was oven-dried at 105 °C for
24 h, while oxygen levels were measured in situ for 2 min
while soil samples were being collected using a Pyroscience
FireSting-O2 fibre optic oxygen meter.

2.2 Soil sampling and nematode extraction

During the first week of June, July, and August 2022, soil
samples were collected from each vegetated palsa, exposed
soil palsa, and thaw slump plot. In each plot, three soil sub-
samples (10 cm depth, 2 cm diameter) were combined into
a single 100 g sample. This was done for both control and
OTC-treated plots across all six transects, resulting in a total
of 108 soil samples (6 transects× 3 thaw stages× 2 treat-
ments× 3 months). Samples were stored in a refrigerator
during fieldwork and transported back to the laboratory in
a cooler with ice packs to slow down nematode metabolism.
Thaw pond phases were sampled by collecting 5 cl water in
three locations. In the lab, nematodes were extracted from
the remaining 50 g soil using Baermann funnels (Cesarz et
al., 2019; Tintori et al., 2022). These glass funnels contained
a flat, circular cup of metal mesh lined with tissue paper in
which the soil sample was placed. Nematodes and other mi-
crofauna moving through the tissue paper are collected in the
stem of the funnel, which has a piece of rubber tubing with
a metal clamp. Every 24 h, for 3 consecutive days, 10 mL
was drawn from the funnels. From each 30 mL sample, af-
ter a 24 h settling period in the refrigerator for the nematodes
to settle, the top 25 mL was removed using vacuum suction,
leaving a concentrated 5 mL sample. This was mixed with
5 mL of 5 % hot formaldehyde (60–70 °C) to fix and preserve
the animals.

The nematodes were classified under an inverted micro-
scope (at 200× and 400× magnification) into the five main
feeding guilds based on their morphological traits. These
were the morphology of the feeding apparatus, bulbs of the
pharynx, and size. In some cases, nematodes were classified
as “unknown” due to difficulties in identification caused by
their (partial) decomposition prior to fixation (on average 6 %
of nematodes per sample). However, since the predator guild
had too few individuals for meaningful analysis as a separate
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Figure 1. (a) Location of the research site; (b) schematic overview of the five landscape types along each thaw gradient (n= 6). Shaded land-
scape types were not included due to the low presence of nematodes. Map created with https://mapchart.net (last access: 18 January 2024).
Figure created with BioRender.

feeding guild, we combined omnivores and predators into a
single omni-carnivorous group, as these guilds are ecologi-
cally similar (Yeates et al., 1993). The count data for each
feeding guild were normalized to nematodes per gram of dry
soil based on the gravimetric soil moisture determined ear-
lier.

2.3 Soil respiration measurements

We conducted soil respiration measurements (CO2 and CH4)
in the same weeks as the soil sampling. Soil respiration was
measured on 20 cm long cylindrical PVC soil collars (11 cm
in diameter) that were inserted 10 cm into the ground in 2017
at each plot. For each measurement, the collar headspace
was sealed with a tight-fitting PVC lid (DBI-dut Nr121B)
connected to an infrared-gas analyser (Li7810, LI-COR Bio-
sciences, Lincoln, NE, USA) for a period of 80–120 s. The
height of the collar was measured at four points for each
measurement in order to calculate accurate headspace vol-
umes based on mean collar height, as soil subsidence has
affected the placement of soil collars over time. Soil respi-
ration rates (CO2 and CH4) were calculated using the HMR
package (Pedersen et al., 2010), selecting either linear or
non-linear regression where appropriate and converting from
µL m−2 s−1 to µmol m−2 s−1 using the standard gas constant
adjusted for temperature during the measurement based on
plot-level TOMST logger data.

2.4 Statistical analyses

All data analyses were conducted using R v4.2.2. (R Core
Team, 2013). Spearman’s rank correlations between the mea-
sured soil conditions were calculated using the base cor()
function (Fig. S1). Linear mixed models (LMMs) were cre-
ated to study changes in the abundance of the individual
feeding guilds (bacterivores, fungivores, root feeders, and
omni-carnivores). These LMMs included the palsa degrada-
tion phase (stage), warming treatment (OTC), time (month),
and their interactions as categorical fixed effects. Three lev-
els of random effects were specified: “transect” adjusts for
common traits among samples from the same transect, “stage
within transect” accounts for relationships among samples at
the same degradation stage within a transect, and “treatment
within stage within transect” considers dependencies among
samples from the same plot across the 3 months. Assump-
tions of residual normality and homoscedasticity were tested
using the shapiro.test() function from the stats package (R
Core Team, 2013) and the leveneTest() function from the car
package, respectively (Fox and Weisberg, 2019). Transfor-
mations (log(x+1) or cube root) were applied to every model
except the temperature and moisture to accommodate viola-
tions of these assumptions. Significance of fixed effects was
tested with a type III Wald chi-squared test using the Anova()
function from the rstatix package (Kassambara, 2023). Post
hoc analyses were conducted using the emmeans() function
from the emmeans package (Lenth, 2024) using the false dis-
covery rate (FDR) to correct for multiple comparisons, and
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the significant difference was summarized using a compact
letter display (CLD) using the cld() function from multcomp
(Hothorn et al., 2008). Similar models were created to test
changes in peat characteristics (soil temperature, moisture,
oxygen concentration, and GHG fluxes), which can be found
in the appendix (Table S1).

Structural equation models (SEMs) were created to test
multivariate hypotheses about the mechanistic drivers be-
hind the observed patterns in the linear mixed models. SEMs
are probabilistic models that unite multiple predictor and re-
sponse variables into a single causal network, representing
a broad range of multivariate hypotheses about interdepen-
dencies (Lefcheck, 2016). A base model was defined a pri-
ori to predict hypothesized relationships among changes in
nematode guild abundances, soil conditions, gas fluxes, and
the three predictors from the LMMs: palsa stage, warming
treatment, and month (Fig. 2) (Table 1). We decided to only
include the thermometer measurements due to their strong
correlation with the temperature metrics calculated from the
TOMST readings (Fig. S1). Shipley’s tests of directed sepa-
ration (Lefcheck, 2016) were used to test the independence
claims, which involve checking if any unspecified arrows
could be included in the model structure to increase its fit.
However, adding a path or arrow should only be done if
it is theoretically and ecologically justifiable, as adding ar-
rows through iteratively refining an SEM amounts to model
dredging. Initially, SEMs were developed, and subsequently
tested, on each feeding guild separately using the psem()
function from the piecewiseSEM package (Lefcheck, 2016).
For this, a linear mixed model (with the same random ef-
fects as before) was specified for each endogenous variable
in each SEM. During this process, all relevant assumptions
were checked, and appropriate transformations were applied
when necessary. More specifically, bacterivore and fungivore
abundance were log(x+1) transformed, while root feeder and
omni-carnivore abundance, as well as CO2 and CH4 fluxes,
were cube root transformed. The only appropriate model for
soil moisture was a generalized linear mixed model with beta
regression, but the psem() function is not compatible with
these kind of models. Therefore, we opted for a basic lin-
ear mixed model on the square root of moisture, of which
the residuals slightly violated the assumption of normality.
Finally, one large SEM was developed including all feeding
guilds.

3 Results

3.1 Effect of palsa collapse, experimental warming, and
seasonal progression on feeding guild abundances

A total of 17 488 nematodes were identified to the feed-
ing guild level. The linear mixed models revealed signif-
icant effects of palsa collapse, warming treatment, and/or
month for each guild (Table 2), as well as for total nema-
tode abundance (Fig. S2; Table S2). Intact, vegetated pal-

sas consistently showed higher abundances of all nematode
feeding guilds, although the difference was not significant
for fungivores (Fig. 3). Specifically, bacterivore abundance
was significantly higher in intact, vegetated palsas compared
to both exposed palsas and thaw slumps. Bacterivore abun-
dance peaked in July, with significantly lower abundances
in August compared to June and July. A significant interac-
tion between warming treatment and month was observed for
bacterivores, with warming decreasing bacterivore numbers
in June and August but not in July.

The abundance of fungivores did not differ significantly
among the palsa stages. However, fungivore abundance in-
creased significantly as the summer progressed, with higher
abundances in July and August compared to June. A signifi-
cant interaction between warming treatment and month was
also found for fungivores, with no effect of warming on fun-
givore numbers in June, a small increase with warming in
July, and a stronger decrease in August. Root feeders showed
a significantly higher abundance in intact, vegetated palsas
compared to exposed palsas and thaw slumps. No additional
significant effects were found for this feeding guild.

Omni-carnivores were also significantly more abundant in
intact, vegetated palsas compared to exposed palsas and thaw
slumps. A significant interaction between warming treatment
and month was also observed for this guild, with a decrease
in omni-carnivore numbers in warmed plots in June and Au-
gust but no warming effect in July.

3.2 Multivariate relationships among palsa collapse,
warming treatment, peat characteristics, and guild
abundances

The structural equation models (SEMs) for each feeding
guild achieved an adequate fit after including additional rela-
tionships based on tests of directed separation. Thaw stage,
warming treatment, and seasonal progression emerged as pri-
mary drivers of peat conditions, with thaw stage exerting a
particularly strong influence. For bacterivores, the SEM in-
cluded a direct effect of month on abundance, indicating that
seasonal changes not captured by measured variables influ-
enced bacterivore abundance. A negative relationship was
observed between soil temperature and bacterivore abun-
dance. The fungivore SEM also included a direct effect of
month on abundance, reflecting the significant increase in
fungivore abundance over the summer that is due to more
than the changes in the soil characteristics included over the
summer.

In the root feeder SEM, a direct effect of thaw stage on
abundance was included, suggesting that root feeder abun-
dance is directly influenced by the stage of palsa collapse.
For omni-carnivores, the SEM also included a direct effect
of the stage of palsa collapse but also of warming treatment
on their abundance, as well as a significant, negative rela-
tionship between omni-carnivore abundance and soil tem-
perature. This indicates that both palsa collapse and warm-
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Table 1. Hypotheses for each arrow in the SEM base model.

No. Hypothesis Source(s)

a Permafrost thawing and subsequent palsa collapse increase soil moisture. Walvoord and Kurylyk (2016)

b OTCs warm the air and thus the soil. Hollister et al. (2023)

c The short summers in the sub-Arctic are associated with a fast increase in air
temperature and soil temperature.

Sannel et al. (2015)

d Soil moisture and temperature are bidirectionally interdependent. Sannel et al. (2015),
Romanovsky et al. (2010)

e Warmer soils increase microbial activity and oxygen demand and also decrease
oxygen solubility in soil water.

Mackelprang et al. (2016),
Tromans (2000)

f Lower oxygen diffusion in water leads to anoxic conditions. Feng et al. (2002), Tromans (2000)

g Nematodes need water films to navigate soil, but too much moisture causes
anoxia, so this arrow is context-dependent.

Grant and Villani (2003), Neher (2010)

h Warmer soils can stimulate nematode activity and reproduction rates. Dong et al. (2013), Bakonyi et al.
(2007), Newsham et al. (2021)

i Nematodes require oxygen, which is affected by thawing. Kitazume et al. (2018), Van Voorhies
and Ward (2000)

j, k Temperature affects microbial (and plant) communities, which could influence
net GHG emissions. Multiple studies have found that peat temperature is the
most important factor driving CH4 emissions.

Howard et al. (2020),
Łakomoiec et al. (2021),
Yvon-Durocher et al. (2014)

l, m Aerobic respiration (CO2 production) requires oxygen, while methanogenesis
requires anoxic conditions.

Chen et al. (2023),
Knoblauch et al. (2021)

n Palsa collapse may change CO2 emissions by altering microbial and plant
communities, key drivers of CO2 fluxes.

Karlgård (2008), Patzner et al. (2022)

o The different nematode feeding guilds may increase or decrease net GHG
fluxes, just like other soil fauna do.

Neher (2010), Tianxiang et al. (2008),
Zaman et al. (2021)

ing treatments directly affect omni-carnivore populations
through more than just changes in soil temperature.

The combined SEM, encompassing all feeding guilds and
CO2 and CH4 emissions, showed no significant relationships
between the abundances of any feeding guild and the fluxes
of CO2 and CH4 (Fig. 4). The model revealed the same sig-
nificant relationships between thaw stage and soil conditions
and between soil conditions and nematode guild abundances
as the individual guild models. To obtain adequate model
fits, the direct effects of palsa stage on soil temperature, soil
moisture, and oxygen concentration were added. Addition-
ally, positive covariances were observed among the abun-
dances of all nematode feeding guilds, suggesting that the
abundances of different guilds are positively correlated.

4 Discussion

4.1 All nematode guilds thrive in intact, vegetated
palsas

The different nematode feeding guilds were most abundant in
the intact vegetated palsas, suggesting that future palsa col-
lapse could negatively impact nematodes due to changes in
soil conditions or shifts in vegetation composition. This re-
sult contradicts our hypothesis partly, as we anticipated an
increase in bacterivore and fungivore abundance under palsa
degradation. However, the higher abundance of root feeders
and omni-carnivores in intact, vegetated palsas supports our
hypothesis and the existing literature and acts as a reminder
that the presence of omnivores and predators can indicate a
diverse, stable soil food web, while their absence may signal
soil disruption or nutrient depletion (Bongers and Bongers,
1998; Pothula et al., 2022).

While previous studies have shown that vegetation posi-
tively influences nematodes by enhancing microbial decom-
position and directly supporting root feeders (Gebremikael et
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Figure 2. SEM base model, with hypothesized positive relationships represented by green and negative by red directional arrows, and
bidirectional relationships by yellow bidirectional arrows. For the sake of visual clarity the variable “nematodes” was added. In reality, the
arrows “g”,” h”, “i”, and “o” are connected to each guild. Created with BioRender.

al., 2016; Wu et al., 2021; Yurkevich et al., 2020), this rela-
tionship alone does not fully explain our findings. For exam-
ple, thaw slumps, despite being vegetated, exhibited signifi-
cantly lower nematode abundances similar to those observed
in exposed soil palsas. This discrepancy underscores the im-
portance of additional factors beyond vegetation presence.
Intact palsas likely provide a more stable microenvironment
with well-drained and aerated soil conditions, which promote
diverse microbial communities and favourable habitats for
nematodes (De Deyn et al., 2004; Maharning et al., 2016; Wu
et al., 2021). In contrast, thaw slumps are characterized by
wetter soils and reduced oxygen levels, which might suppress
nematode populations despite vegetation cover (Grant and

Villani, 2003; Neher, 2010). Moreover, differences in vegeta-
tion composition between intact palsas and thaw slumps may
further influence nematode communities, as plant species can
shape the availability of resources and microhabitats (Ver-
schoor et al., 2002; Viketoft et al., 2005; Yurkevich et al.,
2020).

4.2 Negative effects of increasing soil temperature on
bacterivores and omni-carnivores

Contrary to our hypothesis, we found a negative effect of in-
creasing soil temperature on bacterivore and omni-carnivore
abundance. The SEMs revealed a negative relationship be-
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Figure 3. Nematode feeding guild abundances across palsa degradation stages, warming treatments, and months. The y axis shows non-
transformed counts of each group per gram of dry soil. Diagonal striping indicates treatment (OTC).

tween soil temperature and bacterivore abundance, suggest-
ing that rising temperatures along thaw gradients, from sea-
sonal progression, and in our warming treatments contributed
to the observed declines. For example, the early summer peak
in bacterivore populations could partly be attributed to lower
average soil temperatures in June (5.9 °C) compared to July
and August (12.4 and 13.4 °C, respectively).

Similar observations were reported by Simmons et
al. (2009), who found a negative impact of soil warming on
bacterivores in the McMurdo Dry Valleys, Antarctica – likely
due to increased moisture suppressing a dominant bacteri-
vore species adapted to dry conditions. In contrast, Ruess et
al. (1999) reported higher nematode densities in warm, wet
Arctic soils, indicating a positive temperature effect. These
results suggest that the impact of warming on nematodes may
be influenced by interactions with other environmental fac-
tors such as moisture. The negative correlation between soil
temperature and both bacterivore and omni-carnivore abun-
dance in our study suggests that future global warming could
lead to declines in these guilds and their associated ecosys-
tem functions in palsa peatlands.

Although our measurements confirmed that soil moisture
increased and oxygen concentration declined with palsa col-
lapse, neither variable emerged as a strong driver of nema-
tode feeding guilds in our models. Only a small negative path
coefficient was detected from oxygen to bacterivores and root
feeders, likely reflecting the broad physiological tolerance
of nematodes to mildly hypoxic conditions (Van Voorhies
and Ward, 2000) and micro-scale variations in soil aeration.
Moreover, soil moisture in our study site remained consis-

tently high (62 %–95 %), a range presumably comfortable for
nematodes across all feeding guilds.

4.3 Bacterivores and fungivores show opposite
temporal dynamics

The decrease in bacterivore abundance and simultaneous in-
crease in fungivore abundance over the summer could be
driven by a summer shift from bacteria- to fungi-dominated
decomposition. We hypothesize that initially, as the active
layer thickens, opportunistic bacteria rapidly consume labile
compounds, followed by a peak and then a decline in bac-
terivores as these compounds become scarce (Mueller et al.,
2015). The persistence of some bacterivores in August may
be due to increased vegetation development stimulating bac-
terial activity through exudate release (Gebremikael et al.,
2014), while the abundance of fungi in late summer could
also support bacterial populations, as fungi usually initiate
plant material decomposition (Neher, 2010).

Unlike bacterivore abundance, which decreased by the end
of the summer, fungivores significantly increased from June
to August. We propose three hypotheses that may explain this
trend. Firstly, rising summer temperatures could lead to an
accumulation of recalcitrant plant litter only decomposable
by fungi – the primary food for fungivorous nematodes (Bi-
asi et al., 2005; Otten et al., 2001; Xu et al., 2015). Secondly,
increased vegetation density over the summer could directly
benefit fungivores through root exudates stimulating fungi in
the rhizosphere (Gebremikael et al., 2014; Gebremikael et
al., 2016). Lastly, the time required for fungi to develop their
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Table 2. Summary table of the ANOVA test for each nematode feeding guild’s linear mixed model. Significant effects have been marked in
bold. The type of data transformation is indicated in the guild titles. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001, and ∗∗∗∗ p < 0.10 (marginal
significance).

Summary table of ANOVA (type III Wald chi-squared tests) for each guild LMM

Chi-squared statistic Degrees of freedom p value

Bacterivores (log(x+ 1))

Stage 11.6067 2 0.003017∗∗

Treatment 0.4347 1 0.509686
Month 19.8597 2 4.87× 10−5∗∗∗

Stage : treatment 0.2008 2 0.904473
Stage : month 2.6349 4 0.620654
Treatment : month 9.8408 2 0.007296∗∗

Stage : treatment : month 1.1774 4 0.881804

Fungivores (log(x+ 1))

Stage 3.1337 2 0.2087049
Treatment 0.0695 1 0.7920080
Month 15.2471 2 0.0004888∗∗∗

Stage : treatment 0.3717 2 0.8304019
Stage : month 8.9769 4 0.0616800∗∗∗∗

Treatment : month 9.97614 2 0.0075917∗∗

Stage : treatment : month 4.0647 4 0.3973168

Root feeders (square root)

Stage 6.6910 2 0.03524∗

Treatment 0.1879 1 0.66464
Month 1.9988 2 0.36811
Stage : treatment 0.4878 2 0.78357
Stage : month 2.7856 4 0.59433
Treatment : month 3.0532 2 0.21727
Stage : treatment : month 1.3210 4 0.85780

Omni-carnivores (square root)

Stage 11.3871 2 0.003368∗∗

Treatment 5.4396 1 0.019685∗

Month 7.9929 2 0.018381∗

Stage : treatment 1.0107 2 0.603282
Stage : month 5.8367 4 0.211681
Treatment : month 7.1685 2 0.027758∗

Stage : treatment : month 3.4726 4 0.416806

hyphal network after seasonal soil thaw might lead to a de-
layed increase in fungivore abundance, which could explain
the low levels observed in early summer, when not enough
mild days had passed for extensive fungal growth (Gostinčar
et al., 2022).

4.4 All guilds positively covary

The SEM including all guilds highlights a significant pos-
itive covariance among all feeding guild abundances, even
when accounting for direct and indirect relationships with
thaw stage, warming treatment, month, and measured peat
conditions. Due to the limited existing literature on specific

interactions between nematode guilds, we chose not to in-
corporate directional arrows among the feeding guilds in
the SEM. Community assembly theory suggests that non-
random species assembly results from mechanisms like envi-
ronmental filtering and/or biotic interactions, namely facilita-
tive (indirect) interactions (Sutton et al., 2021; Van De Walle
et al., 2023). Plant-feeding nematodes, for example, can fa-
cilitate the release of exudates into the soil, stimulating mi-
crobial growth and decomposition, which could benefit mi-
crobivorous nematode populations (Gebremikael et al., 2016;
Poll et al., 2007; Tu et al., 2003; Wurst et al., 2010). Ad-
ditionally, bacterivores, fungivores, and omnivores feed on
microbes and excrete excess nutrients into the soil (Neher,
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Figure 4. Final SEM, showing the significant and non-significant hypothesized relationships from the base model. Dashed arrows are
additional arrows added to increase model fit based on d-separation tests. Back-transformed estimated marginal means of soil moisture,
soil temperature, and CO2 emissions for each stage, treatment, and month were added next to their respective arrows. Adjusted R2 values
for each endogenous variable indicate the variance explained by the model. Significant path coefficients are presented in raw (normal) and
standardized (italic) units. Created with https://BioRender.com (last access: 17 March 2025).

2010), enhancing plant productivity and benefitting all feed-
ing guilds. Microbivorous nematodes could also stimulate
microbial growth by transporting microbes to nutrient-rich
microenvironments (Fu et al., 2005) or by accelerating mi-
crobial population turnover (Savin et al., 2001; Traunspurger
et al., 1997). These mechanisms promote microbial growth
and nutrient availability, ultimately benefiting the entire ne-
matode community (Bardgett et al., 1999; Gebremikael et al.,
2014).

4.5 Broader implications and future prospects

Our findings did not reveal strong connections between the
abundances of different nematode feeding guilds and the
fluxes of greenhouse gases, suggesting that the role of nema-
todes may not be as substantial as other drivers such as envi-
ronmental drivers. Consequently, we did not observe strong
relationships between the observed shift from bacterial-to-
fungal dominance among microbivorous nematodes over the
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summer and GHG emissions. This shift in the community
structure of microbivorous nematodes, however, reflects a
change in the primary decomposition pathway, indicating al-
terations in organic matter dynamics and microbial activity.
As nematodes play critical roles in nutrient cycling (Bardgett
et al., 1999; Savin et al., 2001) and influence plant growth dy-
namics (Gebremikael et al., 2016; Neher, 2010), changes in
their community composition could indirectly affect green-
house gas emissions over longer timescales or under different
environmental conditions. The intricate relationships within
the soil food web, including those involving nematode feed-
ing guilds, need further exploration to better understand their
potential impacts on greenhouse gas emissions, particularly
under the rapidly changing conditions of palsa peatlands. The
positive covariance between all feeding guilds, for example,
could mean that changes in one guild will have cascading ef-
fects on others. Therefore, understanding these relationships
is crucial, as they could reveal broader ecological impacts,
such as altered nutrient cycles and energy flows, in the con-
text of climate-induced permafrost thaw.

In summary, this study highlights the sensitivity of ne-
matode guilds to palsa collapse and experimental warming,
which, coupled with their pivotal role in soil nutrient cy-
cling and other soil processes, positions nematodes as po-
tential indicators of ecosystem health and stability in the
face of climate change. Increased soil temperatures, in par-
ticular, could directly exacerbate the decline in bacterivores
and omni-carnivores. In conclusion, palsa collapse driven by
global warming is likely to adversely impact all nematode
guilds and the varied functions and services they provide in
the ecosystem.
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