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ABSTRACT

* Impacts of soil moisture levels from 10% to 100% on two soil invertebrates.
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Amongst the biggest challenges are the increase in temperature and arid regions,

while at the same time, in other parts of the planet, extreme precipitation events and flooding occur. The aim of the present study was to investigate
the impacts of drought and flooding in soil invertebrates. Enchytraeus crypticus and Folsomia candida, model ecotoxicology test-species (OECD)
were used to assess performance (survival, reproduction, size) in LUFA 2.2 soil moistened to 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, 100% of the soil water holding capacity (WHC). Overall, both species had high tolerance for drought and flooding scenarios, with survival
threshold for E. crypticus being between 10% and 90% moisture and for F. candida being between 10% and 100% moisture. Reproduction
decreased from moisture <30% and >70% moisture. In drought there was a decrease on adults’ size, for both species from <30% moisture.
The morphological adaptations observed support evidence of adaptative phenotypic plasticity for both species, but highest for F. candida. A
redistribution of soil invertebrate species can be expected to occur, this under the present and future climate change scenarios, with new and
more tolerant species to prevail in different habitats. This will impact not only soil biodiversity structure, but also its function.
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1 Introduction events and flooding are predicted (Tabari, 2020). Estimations
are that flood intensity events will occur in 75.9% of land
area in humid regions (Tabari, 2020). The occurrence and
the increase on the frequency of extreme events brings
great costs to terrestrial (and aquatic) ecosystems services,
and to food production worldwide with serious consequences
to human populations (Amundson et al., 2015; Tabari, 2020;
Eekhout and de Vente, 2022). The response of how natural
populations deal with such climate changes have been
investigated mostly in mammals, plants, birds, amphibians,
and marine ecosystems (e.g. coral reefs) (Pereira et al.,
2012; Ciobanu et al., 2019; Guerra et al., 2021; Yusefi et al.,

One of the biggest impacts of climate change and tempera-
ture rise is the increase of global arid regions (European
Commission, 2019). Estimates point to an increase of global
drylands of about 23% (European Commission, 2019).
Predicted hotspots with the shifting towards arid regions
identify Amazonia, the Mediterranean, north-western and
eastern Asia (Spinoni et al., 2021) as the largest areas.
Other major regions are central North America, south-western
and south-eastern South America, north-eastern Brazil, and
south-western and south-eastern Africa (Spinoni et al.,

2021). Simultaneously to increased aridness, in other parts
of the planet, the opposite, increase of extreme precipitation
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2021). However, often forgotten or even neglected is the soil
fauna, which is a highly important group for key ecosystems’
services and goods, e.g., water supply, nutrient cycling, soil
formation, food production, flood and erosion control and
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climate regulation (Lavelle et al., 2006; Leal Filho et al.,
2023). The protection of soil fauna is essential (Lavelle
et al., 2006; Ciobanu et al., 2019; Guerra et al., 2021), as
even small changes in soil invertebrate key species can
have great impact in ecosystems functions (Barrett et al.,
2008). A study with earthworm species (soil macrofauna),
showed that drought extreme events decreased earthworm
functional diversity and species richness, which of course
compromises litter decomposition processes (da Silva et al.,
2020). Soil biodiversity is among the best indicators of soil
quality in terrestrial ecosystems (Lavelle et al., 2006) and
ultimately key for human populations (Guerra et al., 2021).
Drought and flooding are both closely associated with soil
erosion, compromising natural terrestrial ecosystems
services and food production worldwide (Amundson et al.,
2015; Eekhout and de Vente, 2022). During soil erosion the
loss or reduction of organic matter affects soil water holding
capacity and nutrient cycling (Pimentel, 2006; Eekhout and
de Vente, 2022). Among soil conservation measures the
protection of biodiversity is part of the solution to mitigate
soil challenges (Albaladejo et al., 2021; Eekhout and de
Vente, 2022).

In nature, natural populations deal with such extreme
events via processes of adaptative phenotypic plasticity,
stimulating evolution, or otherwise face extinction (Schlichting
and Wund, 2014; Lalejini et al., 2021). For populations less
plastic to certain stressors (e.g., temperature or moisture),
phenotypes have lower chance to change under environ-
mental stress, and natural selection will always act to select
the most fitted (Lalejini et al., 2021); whereas for more plastic
populations the chances for survival are higher. Responses
can be of adaptive or non-adaptive plasticity, with advanta-
geous or disadvantageous changes in phenotypes, respec-
tively (Lalejini et al., 2021). Available studies on the impacts
of climate change in soil invertebrates show that terrestrial
insects and molluscs possess adaptative phenotypic
plasticity (Schilthuizen and Kellermann, 2014). Additionally,
the ability of a species to cope with climate change events
is obviously related with its innate stress tolerance range
to abiotic factors, as observed by their capacity to survive
and reproduce within a certain stress (Schilthuizen and
Kellermann, 2014). Hence, this can be used as a proxy for
organisms adaptative phenotypic plasticity (Deutsch et al.,
2008; Huey et al., 2009; Sunday et al., 2011).

Phenotypic plasticity refers to changes in gene expression
resulting in changes at the phenotype level (Schlichting and
Wund, 2014; Lalejini et al., 2021). At the molecular level,
genetics and epigenetics mechanisms support phenotypic
plasticity (Fusco and Minelli, 2010; Schlichting and Wund,
2014; Duncan et al., 2020). However, this molecular archi-
tecture is still poorly known in natural populations (Duncan
et al., 2020), but is a key to understand how species will
cope with climate change (Guarino et al., 2022). Neverthe-

less, this topic is virtually unknown for soil invertebrates.
Obviously, the lack of studies on such topics is also related
to the limitations in molecular tools available for environmen-
tal species. Over the last years there has been a lot of
progress, e.g., for the enchytraeid (Enchytraeus crypticus)
and collembolan (Folsomia candida), two ecotoxicological
models with the whole genome sequenced (Faddeeva-
Vakhrusheva et al., 2017; Amorim et al., 2021), and also
with optimized methods to evaluate epigenetics (Bicho et al.,
2020a, 2020b, 2021).

Enchytraeids and collembolans belonging to the soil
mesofauna, are abundant in several ecosystems worldwide,
having a global distribution, being essential for several soil
ecosystem services, with functions like the decomposition of
organic matter and nutrient cycling (Cragg and Bardgett,
2001; Pelosi and Rdémbke, 2018; Potapov et al., 2020).
Enchytraeids can occupy different trophic niches being
epigeic, epi-endogeic or endogeic (Korobushkin et al.,
2024), although most species are endogeic and live in the
first 5 to 10 cm of soil, with similar functions to earthworms
(like soil bioturbation) but at different scales (van Vliet et al.,
1993; Pelosi and Rémbke, 2018), which make them excellent
bioindicators of soil quality (Pelosi and Rémbke, 2018).
Collembolans are either euedaphic, hemidedaphic or
hepedaphic (Keersgaard et al.,, 2004; Holmstrup et al,
2015). They are particularly important due to grazing activity
on fungi with benefits to plants (Lussenhop, 1996; Fountain
and Hopkin, 2005). The few available studies with enchy-
traeids showed impact on survival to mild levels of drought
(LD5q corresponding to about 32% soil moisture) (Maraldo et
al., 2009). Previous field studies showed impacts of changes
in soil moisture in enchytraeid populations, also showing
that they are sensitive to drought conditions (Abrahamsen,
1971; Briones et al., 1997). For flooding scenarios, a field
study with enchytraeids showed population reduction after
long periods of flooding, although followed by a rapid recovery
(Plum and Filser, 2005). For collembolans (euedaphic,
Folsomia candida) a laboratory study showed animals
survival for 6 days at drought conditions (soil water potential
(SWP): -24.7 bar) (Sjursen et al, 2001). For other
euedaphic collembolan species (Protaphorura tricampata),
high level of resistance was observed to extreme drought
conditions (SWP: -35 bar) for 22 days (Holmstrup and
Bayley, 2013). Available laboratory studies, where other life
history traits (reproduction and growth) are evaluated, the
effects of different soil moistures are limited to mild ranges
(25% to 75% of the soil water holding capacity) (Bandow
et al., 2014; Silva et al., 2022; Szabd et al., 2022). Further,
for ecological relevant soil fauna, like macrofauna, reviews
indicated a limited number of studies on effects on earth-
worms for extreme soil moisture regimes (e.g., flooding and
drought) (Singh et al., 2020; Kaka et al., 2021). Hence, lite-
rature shows a knowledge gap on soil invertebrate
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responses, beyond survival (e.g., reproduction, growth) to
extreme climate scenarios and outside sufficient relevance,
since organisms experience a wider range of climate events
and not mere average conditions (Maraldo and Holmstrup,
2010). Extreme events may pose risk to these communities
beyond their threshold survival, with direct impact in their
abundance, diversity, and composition (Maraldo and
Holmstrup, 2010; Coyle et al., 2017).

Hence, in the current study the main aim was to investigate
the innate stress tolerance range to wide soil moisture
range, representative of extreme scenario events, drought
and flooding (10% to 100% moisture) to investigate threshold
survival limits and other life history traits (reproduction and
growth). Two standard soil model species were selected,
Enchytraeus crypticus (Enchytraeidae) and Folsomia
candida (Collembola) (OECD, 2016a, 2016b), due to their
extensive use in ecotoxicological assays, and because they
represent different ecological functions within the soil meso-
fauna. E. crypticus and F. candida were exposed in LUFA
2.2 soil for 21 and 28 days, respectively, to assess survival,
reproduction, and size.

2 Materials and methods

2.1 Test organisms

The test species Enchytraeus crypticus (Oligochaeta:
Enchytraeidae) and Folsomia candida (Collembola) were
used. E. crypticus cultures are kept in agar, consisting of
sterile Bacti-Agar medium (Oxoid, Agar No. 1) and a mixture
of four different salt solutions at the final concentrations
of 2 mM CaCl,'2H,0, 1 mM MgSO,, 0.08 mM KClI, and
0.75 mM NaHCO;, under controlled conditions of tempera-
ture (20+1) °C and photoperiod (16:8 hours light:dark). The
cultures were fed with ground autoclaved oats twice per
week. Adults with well-developed clitellum were used.

F. candida cultures are kept on a moist substrate of plaster
of Paris and activated charcoal (8:1 ratio), at (20 £ 1) °C,
under a photoperiod of 16:8 (hours, light:dark). Food
consists of dried baker's yeast (Saccharomyces cerevisae)
provided weekly. Age-synchronized juveniles (10—12 days)
were used for the test.

2.2 Test soil and spiking procedures

The standard LUFA 2.2 natural soil (Speyer, Germany) was
used. The main characteristics are summarised as follows:
pH (0.01 M CaCl,) of 5.6, 1.61% organic matter, 8.5 meq/
100 g CEC (cation exchange capacity), 44.48% maximum
WHC (water holding capacity), grain size distribution of
8.9% clay, 13.9% silt, and 77.2% sand.

In the standard guideline for enchytraeids and collembolans

(OECD, 2016a, 2016b) the recommendation is to have
40%-60% of the soil maxWHC. The aim was to cover as
wider range of moisture variation as possible to assess
tolerance ranges. To obtain all soil test moisture regimes
(flooding to drought) deionised water was added to obtain
the following concentrations: 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, 100% of the soil WHC (corresponding
to the following volumes (mL) of water added to each 100g
of soil: 4.45, 8.90, 13.34, 17.79, 22.24, 26.69, 31.14, 35.58,
40.03, 44.48 mL). For each soil moisture regime, water
added to soil was homogeneously mixed, split onto test
vessels, and immediately covered with parafiim to avoid
water evaporation. Soil was equilibrated for 1 day prior to
test start. At test start, small holes were made in the parafilm
for aeration, and water was replenished weekly to maintain
the corresponding start soil moisture regime.

2.3 Test procedures

2.3.1 Enchytraeids

Test procedures followed the standard guideline (OECD,
2016a) with adaptations. In short, 10 organisms from
cultures were placed in each test container (@4 cm) with
20 g of moist soil (moisture was adjusted as mentioned
above), and food supply (2411 mg, autoclaved rolled oats,
grinded). Food (12+1 mg) and water were replenished
weekly. Exposure duration was 21 days (standard) at 20 °C
and 16:8 h photoperiod. Four replicates per treatment/samp-
ling were done, plus one without organisms for measure-
ments of pH and moisture content. Endpoints included
survival, reproduction and adults’ size (number of adults,
number of juveniles, and adult’s length). At test end, organ-
isms were fixed with 96% ethanol and Bengal rose (1%
solution in ethanol) to colour and facilitate counting.
Samples were then sieved through three meshes (1.6, 0.5,
0.2 mm) to separate individuals from most of the soil and to
facilitate counting using a stereo microscope. To measure
adults’ size (length), animals were transferred to a petri-dish
with a millimetre paper, photographed and analysed using
the software Imaged (Schneider et al., 2012).

2.3.2 Collembolans

Test procedures followed the standard guideline (OECD,
2016b) with adaptations. In short, 10 organisms were intro-
duced into each test container (5.5 cm), with 30 g of moist
soil (moisture was adjusted as mentioned above) and food
supply (7—10 mg of granulated dry yeast). Exposure duration
was 28 days (standard) at 20 °C and a photoperiod of 16:8h
(light:dark). Food (7-10 mg) and water were replenished
weekly. Four replicates per treatment/sampling were done,
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plus one without organisms for measurements of pH and
moisture content. Endpoints included survival, reproduction
and size (number and length of adults and juveniles). At test
end, vessels were flooded with water, the content was trans-
ferred to a crystallizer, stirred gently with a spatula, and the
surface was photographed for automatic counting and
measuring of adults and juveniles using the software ImageJ
(Schneider et al., 2012).

2.4 Data analysis

One-way analysis of variance (ANOVA) followed by Dunnett’
s comparison post-hoc test (p < 0.05) was used to assess
differences between controls and treatments (SigmaPlot,
1997). Effect Concentrations (ECx) estimates were done
modelling data to logistic 2 parameters regression model,
using the Toxicity Relationship Analysis Program (TRAP
v1.3) software. Since dose-response was overall bell-shape,
for the section with increased response data was inverted to
fit to model. Dose response data concerning drought,
10%-50%, was inverted to use the dose-response regression
models to estimate ECx values. In short, data was trans-
formed to percentage of the maximum response (average at
50% for both species (40% moisture for size in F. candida)).
Zero values were replaced by 0.0001 to avoid no data point
in logarithmic scale.

A: E. crypticus: survival

B: E. crypticus: reproduction

3 Results

The validity criteria were fulfilled as within the standard
OECD guideline (OECD, 2016a, 2016b) in controls at
40%-60% moisture. For Enchytraeus crypticus, adult
mortality was <20% and the number of juveniles >50 per
replicate, with a coefficient of variation <50%. For Folsomia
candida, adult mortality was <20% and the number of juve-
niles >100 per replicate, with a coefficient of variation <30%.

For E. crypticus (Fig. 1A) survival was affected only at
extreme levels of 10% and 100% moisture, with LCyy of
16% and 99% moisture (i.e., each side of the optimum
curve) for drought and flooding scenarios, respectively.
Reproduction showed an optimum between 50%-70%,
outside which (<50% and >70%) it decreases.

Under flooding the E. crypticus EC5, was estimated to be
85% moisture and in drought scenarios the ECy, was of
33% moisture (Table 1). In terms of size (Fig. 1B) there was
an impact of drought on adults’ length, starting from < 30%
moisture (EC5,=23%).

For F. candida (Fig. 1C) survival was not impacted, except
at extreme drought conditions < 10% moisture. Reproduction
showed best performance around 50% moisture, outside
which there was a decrease, with EC5, of 78% under flooding
and 39% moisture in drought conditions (Table 1). Size
(Fig. 1D) was mostly impacted in drought, with smaller
adults from <30% moisture (EC5,=18.5%).
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Fig. 1

Results of the standard Enchytraeid Reproduction Test (ERT) (21 days) for Enchytraeus crypticus survival (A), repro-

duction (B) and size (length) (C); and of the collembolan standard test (28 days) for Folsomia candida survival (D), reproduction
(E) and size (length) (F). Exposure in LUFA 2.2 soil moist to 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% of the
soil WHC. All values are expressed as average + standard error (AV + SE). For reproduction values are expressed as percentage
of the control (50% moisture standard). The solid lines represent the model fit to data. [For F. candida 70% moisture (outlier)

was not included in the model].
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Table 1 Summary of the Effect Concentrations (ECx), for Enchytraeus crypticus and Folsomia candida when exposed to moisture range in
LUFA 2.2 soil.
Moist scenario Endpoint ECy ECs, ECq Model&parameters
Enchytraeus crypticus
Flooding Survival 86 99 113 log 2 par
75<Cl<97 94<Cl<104 98<Cl<127 S:0.4;Y0: 10
Reproduction 76 85 95 log 2 par
72<CI<80 83<CI<87 91<CI<99 S:0.5; Y0: 945
Drought Survival 22 16 9 log 2 par
17<CI<27 12<CI<19 3<CI<15 S:0.9;Y0: 8.2
Reproduction 48 33 18 log 2 par
44<CI<52 31<CI<35 15<Cl<22 S:0.4; YO: 331
Size 43 23 4 log 2 par
(adults) 38<CI<48 21<CI<26 0<CI<10 S:0.3; Y0: 3
Folsomia candida
Flooding Reproduction 72 78 84 log 2 par
66<CI<78 76<CI<80 80<CI<88 S:0.2; Y0:865
Drought Survival 22 16 12 log 2 par
19<CI<25 13<CI<19 8<Cl<17 S:4;Y0:9.7
Reproduction 44 31 19 log 2 par
39<CI<49 29<ClI<34 14<Cl<24 S:0.4; Y0: 865
Size 29 18 8 log 2 par
(adults) 22<CI<36 15<Cl<22 0<Cl<17 S:0.5;Y0: 14

Results show EC estimates and 95% confidence intervals. S: slope; YO: intercept.

4 Discussion

For Enchytraeus crypticus, although survival was only
affected at the extremes of drought (10% moisture) and
flooding (100% moisture), reproduction showed a narrower
range for average performance, between 50%-70% mois-
ture. The recommended soil moisture in the standard guide-
line (OECD, 2016a) is between 40% to 60% of the WHC,
hence this is within the adequate conditions also observed
in the present study.

For Folsomia candida, survival was affected by extreme
drought (10% moisture) but not by flooding. This could be
related to the fact that these animals have a water repellent
exoskeleton cuticle and are actually able to stand on the
water surface, walking on the soil particles, rather than
within and in close contact like enchytraeids. Reproduction
was viable between 40%-70% moisture, becoming
impacted at <30% and =80% moisture. It is perhaps of
interest to note that reproduction was well above average at
70% moisture, indicating that the increase in soil moisture
seems preferred compared to decrease for F. candida in
LUFA 2.2 soil. This is slightly higher than the recommended
in the standard guideline (40% to 60%) (OECD, 2016b), but
still aligned and is well-known to depend on the species and
soil type, among others. Sandy soils will allow much higher
drainage than clay, in which the soils will remain soaked for
much longer periods. For instance, a study using OECD
standard soil with F. candida exposed to 30%, 50% and
70% moisture (Bandow et al.,, 2014) showed a similar

pattern, with reproduction decreased at 30% and increased
at 70%. On the other hand, a similar exposure using LUFA
2.2 soil with F. candida exposed to 30%, 50% and 75%
(Szabd et al., 2022) showed reproduction similar to 50%
moisture. Another study, using LUFA 2.2 soil with F. candida
exposed to 25%, 50% and 75% moisture conditions (Silva
et al., 2022), showed differences in reproduction compared
to 50% for drought conditions, but not for flooding. Hence, it
seems that there is a chance for higher variability in this
moisture interval. Overall, previous results offer agreement
regarding the preference for increased moisture, with signifi-
cant increase at 70%, although by 80% already a decrease
occurs (ECs, =78%, EC4,=84%).

Despite the large impact of extreme events, both species
showed a remarkable tolerance for drought and flooding
levels. E. crypticus and F. candida showed a survival thresh-
old to drought up to 10% to 20% moisture, respectively. For
flooding, survival threshold was much higher for F. candida.
It is noted that drought caused a strong impact on size of
F. candida adults, but not flooding, and this can be linked to
these differences: larger animals have higher survival than
smaller.

Oligochaete species are in general very sensitive to
drought stress, due to their permeable skin surface,
however this sensitivity is species dependent (Maraldo
et al.,, 2009). For example, soil water potential (SWP) of
—9.8 bar was lethal for Cognettia sphagnetorum (Abraham-
sen, 1971; Maraldo et al., 2009). Fridericia galba survived to
SWP < 9.8 bar in soil (equivalent moist to 20% of WHC) for
more than 49 days (Dézsa-Farkas, 1977; Maraldo et al.,
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2009). A study with E. albidus and E. crypticus (chronic
exposure, 6 and 4 weeks, respectively) to drought levels
showed impacts on survival and reproduction at mild levels
of drought: 32% to 30% moisture (Maraldo et al., 2009). The
E. albidus and E. crypticus 50% lethality drought level (LDs,)
were from —2 to —2.5 bar (SWP), corresponding to 32% to
30% moisture (Maraldo et al., 2009). The soil used in this
study consisted of peat (25%) and agricultural loamy sand
(75%, consisting of: 35% coarse sand, 45% fine sand, 9.4%
silt, 8.9% clay and 1.7% organic matter) (Maraldo et al.,
2009). The SWP for a given soil is influenced by properties
like soil texture, organic matter, among others (Ma et al.,
2022). The differences for the results observed in our study,
with previous studies, can be related with the different soll
properties. For example, same moisture levels in soil LUFA
2.2 (our study) could correspond to higher SWP levels, i.e.,
30% moisture correspond to > —2.5 bar. In a field experiment
for 2 months, exposure to extreme drought conditions (aver-
age of 50 mm of irrigation), showed that enchytraeid popula-
tions (most abundant species: C. sphagnetorum) recovered
within 3 months (Maraldo and Holmstrup, 2009). Enchy-
traeids can survive drought conditions via migration to micro-
habitats with higher moister levels (Uhia and Briones, 2002).
Results from our laboratory study cannot confirm this as
exposure is not fit for purpose [in our laboratory study the
soil vials (test vessels) are homogenously moistened
(mixed), i.e. no micro-habitat], but migration to more moist
habitats (e.g., deeper soil layers or micro-patches) could
reveal a very important mitigation behaviour in the real envi-
ronment. Another important coping strategy for enchytraeids
is that their production of cocoons, which are more tolerant
to drought than juveniles, could facilitate recovery (Lagerlof
and Strandh, 1997). This was in agreement with the obser-
vations by the mentioned study of (Maraldo et al., 2009)
where E. crypticus juveniles were less tolerant to drought
conditions, showing a 50% reduction of reproduction (EDs,)
of —=0.07 bar, much higher than for survival (LDs,: —2.5 bar).
In this study, both species showed a higher tolerance to
drought conditions after acute exposure (2 days) (E. albidus
LDy, = —13.9 bar; E. crypticus LDy, = —12.3 bar) (Maraldo
et al., 2009). For E. albidus the osmotic pressure of body
fluids was higher, which partly explained the higher tolerance
(Maraldo et al., 2009). In our study, it is a possibility that E.
crypticus activated physiological mechanisms to increase
osmotic pressure, but we have not recorded this. In stressful
environments, also as the experienced via drought soil
regimes, earthworms coil into a tight ball and excrete a
protective mucus to reduce water loss (McDaniel et al.,
2013). This behaviour response has also been observed in
enchytraeids under stress conditions, e.g., contaminated
soils, it is usually observed through the glass test vessel
during exposure. It is possible that enchytraeids have
behaved with such response, but we have not noticed it.

For F. candida, a study on drought (Silva et al., 2022)
showed no effect on survival up to 25% soil moisture, but
reproduction was reduced, in agreement with our current
results. For collembolan species the physiological adapta-
tions to drought have been described by (Holmstrup et al.,
2001), showing their higher tolerance to drought regulated
via e.g. water vapour absorption, high osmotic pressure,
accumulation of sugars and polyols and also free amino
acids (Holmstrup et al., 2015). Moreover, morphological
adaptations have also been described for euedaphic collem-
bolan species (F. candida), like small body size and high
cuticular permeability (Keersgaard et al., 2004). In our study
F. candida adults were smaller at lower soil moisture
(ECy, = 18% moisture), hence this could be a strategy or
consequence.

Less studies have investigated the impacts of flooding
scenarios in soil invertebrates. Flooding events can create
hypoxia or even anoxia conditions in soil (Coyle et al.,
2017). Our results showed that E. crypticus was less tolerant
than F. candida in terms of survival, although reproduction
was similarly impacted (E. crypticus: EC5,=85%; F. candida:
EC;,=78% moisture). For oligochaetes, oxygen retrieval
occurs from direct diffusion between water and epidermis
from the surrounding (pore) water. Although recent evidence
show that enchytraeids can be either epigeic, epi-endogeic
or endogeic (Korobushkin et al., 2024), the trophic niche for
E. crypticus in natural habitats is still not known. In our
experiments, during exposure in flooded soil (100% mois-
ture), animals were observed within the water layer in the
test vessels. Hence, death due to hypoxic conditions would
likely be occurring. This has been suggested as a major
impact of flooding events in endogeic animals because they
are unable to avoid or rapidly escape flooding conditions
(Coyle et al., 2017). A field study with enchytraeid populations
(most abundant species: Cognettia glandulosa, Henlea
ventriculosa and Fridericia bulboides) showed that these
were severely reduced after long periods (up to 5 months) of
flooding (5 mm h~1), although these populations show a
rapid recovery within 2 to 3 months (Plum and Filser, 2005).
The oligochaetes of the genus Enchytraeidae are known to
be amongst the most abundant in flooded rice fields
(Schmidt et al., 2015). Clearly, enchytraeids tolerance to
flooded conditions is species dependent.

As to collembolans, F. candida obtains oxygen from air,
via their cuticle (Fountain and Hopkin, 2005). F. candida can
survive in pockets of gas, between soil particles unsaturated
with water, during flooding, where levels of oxygen can be
below the optimal (Fountain and Hopkin, 2005). A study
showed that during hypoxia, F. candida increases heart
contraction frequency, hence animals can maintain partial
pressure differences between external medium and tissues
(Paul et al., 1997; Fountain and Hopkin, 2005). Also, F.
candida showed metabolic changes (increased lactate
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levels) under anaerobic conditions (Marx et al., 2009; Marx
et al., 2012). Further, it has also been described that F.
candida can survive at the surface of water tables (Peterson
et al., 2006). During our study, animals were observed
always standing above the surface of the water layer that
was formed in the test vessels. On the other hand, in terms
of reproduction, the eggs of F. candida are known to be very
sensitive to high levels of moisture (Fountain and Hopkin,
2005), which explains the observed impact in reproduction,
while not on survival.

The global predictions are not only for more regions in the
planet to suffer from extreme scenarios events but also an
increase on their frequency (Tabari, 2020; Spinoni et al.,
2021). Hence, it is of vital importance to understand the
potential impacts and if predictions surpass species threshold
limits. As previously shown, drought conditions caused a
reduction in earthworms® functional diversity and species
richness, with consequent slowdown of litter decomposition
processes (da Silva et al., 2020). Hence, a redistribution of
soil invertebrate species functional groups can be expected
to occur, this under the present and future climate change
scenarios, with new and more tolerant species to prevail in
different habitats. This will have direct consequences on
ecosystem services and goods, like the agricultural sector.

Beyond survival thresholds, other mechanisms may play
an intermediate role, e.g., as measured by size, overall
drought impacted negatively both F. candida and E. crypti-
cus, A survival strategy can impose costs on other traits,
e.g., size and reproduction. This has been also observed for
Enchytraeus albidus under temperature stress (Holmstrup
et al., 2022). Regardless of which specific physiological and
or morphological mechanisms might be involved, our study
shows evidence of adaptative phenotypic plasticity for both
species to differences in moisture. Namely, within drought
conditions, changes in the phenotypes were observed while
surviving, eventually shifting to a new optimum that guaran-
tees the individual survival. Such type of phenotypic plastic-
ity, where shifts in life-history and morphological traits occur,
have been shown for several taxa, from protists to vertebrates
(Miner et al., 2005; Pigliucci, 2005). Long-term studies with
extreme scenarios followed by a recovery phase would be
extremely relevant to 1) further understand possible conse-
quences at the population level and, 2) understand if E.
crypticus and F. candida phenotypic plasticity reflects adap-
tation responses to drought conditions, like an increased
tolerance to drought that can be maintained or passed
throughout generations. For example, for another enchytraeid
species (Cognettia sphagnetorum) this was not shown, after
several years of intermediate exposure to drought condi-
tions, populations still maintained the same sensitivity levels
to low moisture conditions (Maraldo et al., 2008). Neverthe-
less, long-term studies with several drought levels followed
by a recovery period, also covering several life stages, are

necessary to fully understand E. crypticus responses and
the mechanisms behind drought tolerance.

5 Conclusions

E. crypticus and F. candida showed high tolerance for
drought and flooding scenarios, with survival threshold being
between 10% and 90% for E. crypticus and 10% and 100%
moisture for F. candida, whereas reproduction was more
affected for both species, decreasing roughly outside <30%
and >70% moisture. Mainly for drought conditions, size was
impacted (decrease in body size). These morphological
adaptations support evidence of adaptative phenotypic plas-
ticity for both species, but highest for F. candida. As learned
from current limits of these soil invertebrates, a redistribution
of soil invertebrate species can be expected to occur, this
under the present and future climate change scenarios, with
new and more tolerant species to prevail in different habi-
tats. This will have direct consequences on ecosystem
services and goods, like the agricultural sector and a
profound impact on human health. Extreme drought or flood-
ing are expected to occur in more regions of our planet and
at higher frequence due to climate change. These extreme
events can change the abundance and diversity of soil
invertebrate communities. Animals have the capacity to
respond to environmental changes, namely recover, but at
this level and frequency it will force a structural change.
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