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Abstract 

1. The ongoing climate change may strongly impact soil biodiversity with cascading effects 

on the processes they drive. Thus, it is of prime interest to improve our knowledge about 

responses by soil organisms such as collembolans to expected shifts in environmental 

conditions by considering communities comprising both detritivores and predators.  

2. The aim of the present study was to evaluate how simulated climate change and predation 

under laboratory conditions alter a collembolan community. 

3. To infer the impact of climate change, we applied a decreased level of soil moisture (60% 

vs. 30% soil water holding capacity) and an increasing air temperature (15 °C vs. 25 °C) to a 

collembolan community constituted by four species (Folsomia candida, Protaphorura 

fimata, Proisotoma minuta and Mesaphorura macrochaeta) exhibiting distinct functional 

traits, e.g. body size and furca presence, in presence or absence of a predatory gamasid Acari 

(Stratiolaelaps scimitus) during two months in a microcosm experiment.  

4. We observed that decreasing soil moisture altered the collembolan community with 

species-specific responses. Interaction between soil moisture, temperature and predation 

indicates that low soil moisture reduced total collembolan abundance especially i) by 

suppressing the positive effect of increasing temperature and ii) by increasing the predatory 

control on collembolan abundance. A
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5. These results highlight that soil moisture is the major driver of Collembola community and 

by consequence, a shift in climatic parameters with the ongoing climate change should 

strongly modify the Collembola community structure and the predator-prey interaction. Our 

findings are highly important since a strengthening of predation impact on Collembola prey 

could have major consequences on the whole soil food web being able to lead to a slowdown 

of key ecosystem processes they drive (e.g., litter decomposition and nutrient recycling). 

Finally, our study promotes the need to study more complex systems considering distinct 

soil-dwelling species, their functional traits and their trophic interactions to better predict the 

ecosystem responses to the ongoing climate change. 

 

Keywords: Climate change; Collembola; functional trait; mite; soil moisture; springtail; top-

down control; trophic interaction. 

 

1. Introduction 

In terrestrial ecosystems, soil biodiversity drives biogeochemical cycles (Bardgett, 

2005; Berg & Laskowski, 2005; Hättenschwiler, Tiunov, & Scheu, 2005) supporting soil 

fertility (Scheu, Ruess & Bonkowski 2005; Gobat, Aragno & Matthey, 2013), plant growth 

(Van der Putten, Vet, Harvey & Wäckers, 2001) and overall ecosystem functioning (Wardle, 

Bonner & Barker, 2002; Gobat et al., 2013). Among soil organisms, Collembola is a 

widespread group of microbi-detritivore organisms (Hopkin, 1997). They play a crucial role 

in nutrient cycling by regulating soil microbial communities (Hättenschwiler et al., 2005; 

Chahartaghi, Langel, Scheu & Ruess, 2005) and by micro-fragmenting litter (Gobat et al., 

2013). Collembola also play a key role in structuring the soil food web, being both microbial 

consumer and prey of several predators including spiders (Lawrence & Wise, 2000; Vucic-

Pestic, Birkhofer, Rall, Scheu & Brose, 2010), centipedes (Günther, Rall, Ferlian, Scheu & 

Eitzinger 2014; Kalinkat, Brose & Rall, 2013) and predatory Acari (Koehler, 1999; Schneider 

& Maraun, 2009; Thakur & Eisenhauer, 2015; Aupic-Samain, Baldy, Lecareux, Fernandez & 

Santonja, 2019). However, Collembola are strongly sensitive to environmental parameters 

such as soil humidity and air temperature (Harte, Rawa & Price 1996; Hopkin, 1997; 

Lindberg & Bengtsson, 2005; Santonja, Aupic-Samain, Forey & Chauvat, 2018). Thereby, 

the ongoing climate change, such as reduced precipitation and increasing temperature 

predicted in the temperate and Mediterranean regions (IPCC, 2014; Dubrovský et al., 2014), 

may strongly impact Collembola communities by altering species demographic parameters 

(e.g. reproduction, growth rate and survival, Blankinship, Niklaus, & Hungate, 2011; 
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Santonja et al., 2017) and trophic interactions within the soil food web (Tylianakis, Didham, 

Bascompte, & Wardle, 2008; Van der Putten, Macel & Visser, 2010) with cascading effects 

on overall ecosystem functioning (Thakur et al., 2015; Santonja et al., 2017). 

Despite a growing interest to predict the responses of organisms and the processes 

they drive to future climatic conditions, only few studies focus on soil organisms. Under 

elevated temperature, ectothermic organisms such as Collembola and their predators 

generally increase their activities (e.g., reproduction, growth rate, mobility, nutrition) within 

their thermal limits due to a higher metabolic demand (Gillooly, Brown, West, Savage & 

Charnov, 2001; Vucic-Pestic et al., 2010). For instance, Santonja et al., (2018) reported an 

increase of collembolan abundance (Folsomia candida) from low temperature (15 °C) to 

moderate temperature (20 °C) followed by a strong reduction at elevated temperature (25 °C) 

exceeding their thermal limit in a 4-week microcosm experiment. In addition, altered climatic 

conditions could modify the outcome of predator-prey interactions (Thakur, Künne, Griffin & 

Eisenhauer, 2017; Santonja et al., 2018). For example, Lang, Rall, Scheu & Brose (2014) 

reported in a 7-week microcosm experiment that both increasing temperature and decreasing 

soil moisture reduced Collembola prey biomass (Lepidocyrtus cyaneus and Isotoma viridis) 

due to an increased consumption rate of a predatory Acari (Hypoaspsis aculeifer). While 

numerous studies provided clear evidence of negative effects of drought conditions (e.g., 

Lindberg, Engtsson & Persson 2002; Tsiafouli, Kallimanis, Katana, Stamou & Sgardelis, 

2005; Santonja et al., 2017) and of combined warmer and dryer conditions (Petersen, 2011; 

Xu, Kuster, Günthardt-Goerg, Dobbertin & Li, 2012) on collembolan populations during 

field experiments, only few studies used laboratory microcosm experiments. Moreover, these 

studies focused on the responses of a single or two collembolan species, which do not reflect 

natural communities and therefore limit extrapolation of the results from lab to field 

conditions. Experimentally controlled conditions mimicking, as far as possible, the natural 

conditions, are necessary to decipher the mechanisms responsible for such negative 

alterations.  

Ecological traits, including functional, morphological, physiological or phenological 

traits, strongly determine the performance of soil organisms (Violle et al., 2007). Species that 

exhibit distinct functional traits could therefore differently respond to environmental factors 

(Makkonen, Berg, van Hal, Callaghan, Press & Aerts, 2011; Salmon et al., 2014). Body size 

appears to be strongly influenced by shifts in climatic conditions (McGill, Enquist, Weiher & 

Westoby, 2006). The temperature-size rule (TSR) (Atkinson, 1994) predicts that small body 

size is an adaptive advantage in response to warmer conditions (Reuman, Holt & Yvon‐
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Durocher, 2014; Lindo, 2015) since small body size is associated with a reduction of the 

metabolic costs that occur with thermal constraints. In addition, a smaller body size of a 

collembolan could be favoured over larger ones under dryer conditions since they could 

survive in sheltered microhabitats (Kalinkat et al., 2013; Aupic-Samain et al., 2019) including 

deeper soil layers (Ojala & Huhta, 2001; Pflug & Wolters, 2001). However, in a 60-day 

microcosm experiment, Thakur et al., (2017) reported that the larger collembolan F. candida 

outperformed the smaller collembolan Proisotoma minuta under warmer conditions as 

gamasid mites H. aculeifer and Stratiolaelaps scimitus (formerly H. miles) exhibited a higher 

predation effect on small compared to large preys. In addition to the key role played by body 

size, the furca, i.e., the collembolan jumping organ, allows them to escape predators (Bauer & 

Christian, 1987; Hopkin, 1997). Thus, in a predator-prey system, some Collembola could 

respond differently to the interactive effects of decreasing soil moisture and increasing 

temperature according to their different ability to escape predation due to some functional 

traits including both body size (Kalinkat et al., 2013; Thakur et al., 2017) and furca presence. 

However, no previous study attempted to evaluate the impact of both decreasing soil moisture 

and increasing temperature on a collembolan community and its response to predation, even 

though this type of experimentation could improve our mechanistic knowledge of soil 

microarthropod responses to the ongoing climate change. 

To fill this gap, we investigated how low soil moisture (60% vs. 30% soil water 

holding capacity), elevated atmospheric temperature (15°C vs. 25°C) and their interactions 

alter a collembolan community artificially constituted by four species (F. candida, 

Protaphorura fimata, P. minuta and Mesaphorura macrochaeta) with distinct functional 

traits such as body size and furca size in an 8-week factorial microcosm experiment. In 

addition, we investigated how the presence of a predatory Acari (Stratiolaelaps scimitus) 

alters this collembolan community in combination with environmental pressures. Firstly, we 

hypothesize that decreasing soil moisture can reduce collembolan abundances as water 

availability is generally the most constraining environmental condition for soil organisms in 

temperate and Mediterranean ecosystems (Lindberg & Bengtsson, 2005; Kardol, Reynolds, 

Norby & Classen, 2011). Secondly, we hypothesize that increasing temperature will increase 

collembolan abundances under optimal soil moisture conditions (Santonja et al., 2018). 

Thirdly, we hypothesize that decreasing soil moisture can enhance the predatory control of 

the collembolan community since predatory Acari are less sensitive to desiccation than their 

collembolan prey (Kardol et al., 2011; Santonja et al., 2017). Fourthly, we hypothesize that 

increasing temperature will strengthen the predatory control of the collembolan community 
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due to increasing activity leading to a higher encounter probability between prey and predator 

(Thakur et al., 2017; Santonja et al., 2018).  

 

2. Material and Methods 

 

2.1. Litter and soil collection 

Litter and soil material used as substrate for soil microarthropods were collected at the 

O3HP (Oak Observatory at OHP) experimental field site located in the Luberon Natural 

Regional Park (43°45′34.26″N, 5° 17′57.84″E; 650 m a.s.l), in Provence, SE France. This site 

is covered by a Mediterranean oak forest dominated by the downy oak (Quercus pubescens 

Willd.) and Montpellier maple (Acer monspessulanum L.). Senescent leaves of A. 

monspessulanum were sampled from different trees in November 2017 during the litterfall 

period. These leaves were placed in litterbags (4-mm mesh size) and disposed at the soil 

surface for 2 months (from middle November to middle January) in order to allow microbial 

colonization (Swift, Heal, Anderson & Anderson, 1979). After retrieval, the litter samples 

were pooled, dried at room temperature, frozen twice at -18 °C for 48 h in order to remove 

only fauna. This method of defaunation has been previously used efficiently to remove soil 

fauna with a minimal effect on the microbial community (Poll et al., 2007; Thakur et al., 

2017). The leaf litter characteristics of A. monspessulanum were determined according to the 

protocols described in Aupic-Samain et al., (2019). The leaf litter has a C: N ratio of 53 ± 0.4, 

a water holding capacity of 70% and a specific leaf area of 177 cm2 g-1. 

Soil cores of 5 cm diameter × 5 cm depth were sampled in November 2017, sieved 

through a 2 mm mesh and frozen twice for 48 h to remove the remaining soil fauna, in 

particular immobile forms such as eggs and pupae (Poll et al., 2007; Thakur et al., 2015). Soil 

samples were autoclaved twice for 24 h between the two cycles at 1 atm and 121 °C in order 

to eliminate soil invertebrates and microorganisms (Alef & Nannipieri, 1995; Trevors, 1996; 

Fernandez et al., 2013). Soil has a C: N of 12.4 ± 1.5, organic matter of 19.2 ± 0.6% and a pH 

of 7.1 ± 0.05. Soil and litter were stored in a dark room at ambient temperature until the start 

of the experiment. 

 

2.2. Mesofauna collection 

The experiment was conducted using two well-represented soil arthropod groups from 

the leaf litter of Mediterranean forests: a gamasid predator and collembolan prey (Poinsot-

Balaguer & Kabakibi, 1987; Santonja et al., 2017; Thibaud, 2017). Due to i) the difficulty to 
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easily distinguish several species from the same genus in the field, such as for example F. 

candida and F. fimetaria that coexist in natura, ii) the difficulties in maintaining laboratory 

cultures of collembolans collected in the field, and iii) the high number of individuals 

necessary to perform the experiment (i.e., 5120 Collembola and 640 Acari individuals), we 

decided to use 5 microarthropod species frequent in Mediterranean oak forests (4 Collembola 

and 1 Acari) from laboratory cultures (Santonja et al., 2017; personal observations).  

The gamasid mite Stratiolaelaps scimitus (Acari: Laelapidae) was selected as 

representing predators. S. scimitus is an ubiquitous species (Karg, 1998) known as predator of 

Collembola (Koehler, 1999; Aupic-Samain et al., 2019). It was fed Folsomia candida during 

rearing. 

Four collembolan species were selected according to two morphological traits: body 

size (large vs. small) and furca (presence vs. absence). Folsomia candida Willem, 1902 

(Collembola: Isotomidae), and Protaphorura fimata Gisin, 1952 (Collembola: Onychiuridae) 

(GenBank acc. no. MN519200) were selected as large prey species with and without furca, 

respectively (Table S1). Proisotoma minuta Tullberg, 1871 (Collembola: Isotomidae) and 

Mesaphorura macrochaeta Rusek, 1976 (Collembola: Onychiuridae) (GenBank acc. no. 

MN525426) were chosen as small prey species with and without furca, respectively (Table 

S1). These hemi- and euedaphic (i.e., intermediate and deep soil-living) species are 

ubiquitous, known as microbi-detritivorous species and frequently used in laboratory 

experiment (Fountain & Hopkin, 2005; Staaden, Milcu, Rohlfs & Scheu, 2011; Thakur et al., 

2017). Folsomia candida and S. scimitus were obtained from permanent laboratory cultures at 

Aix-Marseille University, Marseille, France, while M. macrochaeta, P. fimata and P. minuta 

were obtained from permanent laboratory cultures at Dep. of Bioscience, Aarhus University, 

Silkeborg, Denmark. All Collembola species were fed ad libitum with dry yeast pellets 

(Arkopharma®).  

The five selected species were reared separately in plastic boxes (5.5 cm diameter × 9 

cm height) containing a flat mixture of plaster of Paris and activated charcoal in a 9:1 ratio, 

permanently water saturated. Since Acari and Collembola have different generation times 

which also depend on the environmental conditions such as temperature and pH (Folker-

Hansen, Krogh & Holmstrup, 1996; Fountain & Hopkin, 2005; Park, 2007), individuals from 

each species with similar body size were carefully selected in order to synchronize the age of 

these organisms for the experiment. Prior to the start of the experiment, all individuals were 

starved for 48 h. 
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2.3. Experimental setup 

We tested the effects of two temperatures (15 °C or 25 °C), two soil moisture 

conditions (60% or 30% soil water holding capacity WHC) and two levels of predation 

pressure either presence or absence of a S. scimitus on the population performance of the four 

Collembola species and the predator. Each combination was replicated eight times and then 

led to the construction of 64 microcosms, i.e., 2 temperatures × 2 moisture conditions × 2 

predator pressures × 8 replicates. Ten g of autoclaved soil (equivalent dry mass) were placed 

into the plastic cylinder experimental units (5.5 cm diameter × 9 cm height), i.e., microcosms, 

and 1 g of A. monspessulanum litter cut into small pieces 1.5 cm length × 0.5 cm width 

(equivalent dry mass) was evenly distributed on top of the soil surface. At the start of 

experiment, 1.7 ml of deionized water containing a mixture of yeast and distilled water (10 

mg of yeast in 1 ml of deionized water) was added on top of the litter to stimulate microbial 

growth (Thakur et al., 2017). 

Twenty individuals of each collembolan species were added to all microcosm 

experimental units 7 days after start of the experiment. In order to allow prey acclimation to 

the leaf litter and soil habitat, 20 individuals of S. scimitus were added 14 days after the start 

of the experiment. Every two days, the position of all microcosms were randomly rearranged 

and aerated by opening microcosm lid for 1 min. 

The experiment was performed during 8 weeks in climate-controlled rooms 

(Panasonic® MLR-352H-PE) with a 16 h: 8 h light: dark photoperiod, a constant temperature 

and a constant 80% air humidity. The two soil moisture levels were established by adding 

deionized water on soil at the start of experiment and controlled for the duration of the 

experiment. The control treatment corresponded to 60% of soil WHC (i.e., natural soil WHC) 

and the drought treatment by reducing to 50 % the natural WHC of the soil (i.e., 30% of soil 

WHC) likely close to the worst regional climate models for the Mediterranean Basin 

predicting a decrease of annual precipitations (from 30 to 45%) for the end of the 21st century 

(Giorgi & Lionello, 2008; IPCC, 2014; Polade, Pierce, Cayan, Gershunov, & Dettinger, 

2014; Tuel & Eltahir, 2020). This corresponds to 6.0 ml and 3.0 ml of deionized water in 10 g 

of soil for control and drought treatments, respectively. The two temperature treatments 

corresponded to a low (15 °C day - 12 °C night) and a high (25 °C day - 22 °C night) 

temperature regime. The lowest temperature treatment was based on the temperature at which 

the four Collembola species were thermally acclimated (i.e., 15 °C) while the highest 

temperature treatment was established in order to represent a high (+ 10 °C) warming A
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scenario based on regional climatic models (Giorgi & Lionello, 2008; IPCC, 2014; Buckley 

& Huey, 2016). 

At the end of the experiment, fresh litter and soil from the 64 microcosms were 

separated and were transferred to Berlese-Tullgren funnels (Berlese, 1905). The litter samples 

were extracted for 1 h and the soil samples were extracted for 7 days. To collect and count 

remaining individuals, litter was inspected under a stereomicroscope and extracted 

individuals were stored in 70 % ethanol before counting and identification under a binocular 

microscope.  

 

2.3. Statistical analysis 

Statistical analyses were performed using a combination of univariate techniques with 

R software (version 3.5.1). Significance was evaluated in all cases at P < 0.05.  

A generalized linear model (GLZ) with glm function and MASS R package (Ripley et 

al., 2013), followed by post-hoc multiple comparisons (Tukey contrasts) with the glht 

function and the multcomp R package (Hothorn et al., 2014), were used to test i) for the 

effects of soil moisture, temperature, predation and their interactions on the abundances of 

the entire Collembola population and on the 4 Collembola species separately, and ii) for the 

effects of soil moisture, temperature and their interactions on the predator abundance. Since 

response variables were count data per microcosm, we performed GLZ models with negative 

binomial (log link function) error distribution due to overdispersion.   

 

3. Results 

 

3.1. Overall Collembola community response 

We collected a total of 55,095 collembolan individuals from all the microcosms with an 

average of 889 individuals per microcosm after 2 months (Table S2). Total collembolan 

abundance was 79% lower with the low compared to the high soil moisture condition (Table 

1) and 48% lower in presence of the predator (Table 1 and Figure 1a). The impact of 

predation on total collembolan abundance was also dependent on soil moisture and 

temperature conditions (significant soil moisture × temperature × predation interaction, Table 

1), since the abundance reduction due to predation was amplified under low compared to high 

soil moisture condition (Figure 1a), and especially in combination with a high temperature (-

90%). The effect of temperature treatment on total collembolan abundance was dependent on 

both soil moisture and predation conditions (Table 1), since total collembolan abundance was 
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49% higher at 25 °C compared to 15 °C only under high soil moisture condition in presence 

or absence of a predator, but 37% lower under low moisture condition in predator presence 

(Figure 1a).  

 

3.2. Species-specific Collembola response 

Relative proportions of F. candida, P. fimata, P. minuta and M. macrochaeta were 

respectively 77%, 4%, 18% and 0.4% across all treatments. The abundances of only two 

Collembola species were negatively affected by the decrease of soil moisture (F. candida and 

P. minuta), while all species abundances were differently affected by increasing temperature 

(except M. macrochaeta) and reduced by predator presence (Table 1). However, several 

interactions between the three treatments were observed (Table 1).  

The abundance of F. candida was reduced by 89% under low compared to high soil 

moisture condition (Table 1 and Figure 1b), while the abundance of P. minuta was reduced at 

low soil moisture condition except at 25 °C in predator absence (significant soil moisture × 

temperature × predation interaction, Table 1 and Figure 1c).  

The temperature effect on F. candida abundance was dependent on both soil moisture 

and predation conditions (significant soil moisture × temperature × predation interaction, 

Table 1) since F. candida abundance was higher at 25 °C compared to 15 °C expect at low 

moisture condition in predator presence (Figure 1b). The abundance of P. minuta was 81% 

lower at 25 °C compared to 15 °C only at high soil moisture condition in predator absence 

(significant soil moisture × temperature × predation interaction, Table 1 and Figure 1c). In 

absence of predator, increasing temperature positively affected the abundance of M. 

macrochaeta (+51%) (significant predation × temperature interaction, Table 1; Figure 2a) 

and inversely reduced by 63% P. fimata abundance (Figure 2b). 

The impact of predation on F. candida and P. minuta depended on both soil moisture 

and temperature conditions (significant soil moisture × temperature × predation interaction, 

Table 1), since we reported no predation impact on F. candida abundance at low soil 

moisture combined to low temperature and, in the opposite, no predation impact on P. minuta 

abundance at high soil moisture combined to high temperature conditions. However, when 

significant, the predation impact on both F. candida and P. minuta abundances was higher 

under low compared to high soil moisture conditions (Figure 1b and c). Furthermore, the 

significant interaction between temperature and predation treatments on P. fimata and M. 

macrochaeta indicated that the negative effect of predation was amplified by increasing 

temperature (Table 1; Figure 2a and b).  
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3.3. Predator response  

The abundance of S. scimitus was 22% lower at 25 °C compared to 15 °C (Chi-

squared = 10.4, P < 0.001; Table S2) but was not affected by the soil moisture treatment 

(Chi-squared = 1.0, P > 0.05; Table S2).  

 

4. Discussion 

The present experiment focused on the interactive effects of climate change 

(increasing air temperature and decreasing soil moisture) and predatory control on the 

abundance of four co-existing Collembola species. We evidenced that altered climatic 

conditions modify the collembolan community composition with species-specific responses. 

In addition, our findings highlight that soil moisture is a major driver of the collembolan 

community by suppressing the positive effect of increasing temperature and strengthened the 

predatory control of collembolan abundance.  

 

4.1. Climatic change alters Collembola community  

Despite a strong research interest in predicting the effects of climate change on 

Collembola (e.g., Thakur & Eisenhauer, 2015; Santonja et al., 2018; Aupic-Samain et al., 

2019), only few studies have focused on communities including more than one or two 

Collembola species especially due to the difficulties in maintaining permanent laboratory 

cultures of field collected collembolans. In order to reflect the complexity of natural 

communities, we used 4 distinct Collembola species often used in microcosm studies (e.g., 

Cortet, Joffre, Elmholt, & Krogh, 2003; Cole, Staddon, Sleep, & Bardgett, 2004; Fountain & 

Hopkin, 2005; Park, 2007; Thakur et al., 2017), which responded differently to dryer and 

warmer conditions in the present study. 

According to our first hypothesis, decreasing soil moisture strongly reduced total 

collembolan abundances. This finding is in agreement with previous field studies reporting a 

decrease in abundances with decreasing soil moisture for Collembola (Tsiafouli et al., 2005; 

Lindo, Whiteley, & Gonzalez, 2012; Santonja et al., 2017). It is well known that drought may 

impact Collembola negatively by altering their behaviour (Verhoef & van Selm, 1983; 

Hågvar, 1983) and physiological processes (Hågvar, 1983; Poinsot-Balaguer & Barra, 1991; 

Holmstrup, Sjursen, Ravn & Bayley 2001; Gundersen, Leinaas & Thaulow, 2014) leading to 

higher mortality and/or lower fecundity rates. In addition, we confirmed our second 

hypothesis of a positive effect of increasing temperature on a collembolan community. 
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However, this positive effect depended on soil moisture conditions since the abundance 

increased with increasing temperature only at the highest soil moisture condition, consistent 

with our second hypothesis. As ectothermic organisms, Collembola (Gillooly et al., 2001; 

Rall, Vucic‐ Pestic, Ehnes, Emmerson, & Brose, 2010) can increase their activities (e.g., 

feeding, reproduction and growth rates) with increasing temperature but only, as we have 

demonstrated, when soil moisture conditions are not limiting, leading to increased total 

collembolan abundance. This finding confirms results from previous field experiments that 

reported an increase in collembolan abundance with increasing temperature only under wet 

soil conditions (Pflug & Wolters, 2001; Xu et al., 2012). However, we acknowledge that two-

thirds of the total Collembola abundance response to climatic parameters was mainly driven 

by F. candida, which is often a dominant species under laboratory conditions, suggesting 

caution to an extrapolation at field community level and necessitating additional 

experimentations to comfort our findings. 

Interestingly, we provided clear evidence of species-specific responses to both 

decreasing soil moisture and increasing air temperature within the collembolan community. 

For instance, decreasing soil moisture reduced the abundances of F. candida and P. minuta 

(only at low temperature), suggesting a greater drought vulnerability of Isotomidae species 

compared to Tulbergiidae species. Some collembolans, as reported for the Protaphorura 

genus, could benefit of processes allowing to prevent water loss in soil (Holmstrup & Bayley, 

2013; Holmstrup & Slotsbo, 2018) which could explain that P. fimata was not affected by 

decreasing soil moisture. Also, P. fimata and M. macrochaeta are eu-edaphic species which 

may avoid drought period better than hemi-edaphic species by living in deeper and more 

moist soil layers (Hågvar, 1983). Moreover, M. macrochaeta is known to be a tolerant 

species to unstable environmental by shifting in reproductive strategies (e.g., sexual and 

parthenogenesis reproduction under stress and unstressed environmental conditions, 

respectively; Niklasson, Petersen, & Parker, 2000), which could likely mitigate negative 

effect of decreasing moisture. An additional explanation lies in the fact that M. macrochaeta 

is usually recognized as an early colonizer species (Dunger, Schulz, Zimdars, & Hohberg, 

2004) and, with small body size associated with a better dispersal ability, could likely migrate 

to sheltered microsites against desiccating conditions. Consistent with previous field 

experiments, increasing temperature led to a shift in community composition (e.g., Pflug & 

Wolters, 2002; Lindberg, 2003; Jucevica & Melecis, 2005; Petersen, 2011; Daghighi, 

Koehler, Kesel, & Filser, 2017) highlighting a Collembola sensitivity to warmer conditions 

with species-specific responses: two species were favored (F. candida and M. macrochaeta) 
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and, oppositely, the two other species were disfavoured (P. fimata and P. minuta only under 

optimal soil moisture conditions). These findings could be in line with some previous studies 

that reported a better hatching success for F. candida at 24 °C (89%) compared to 16 °C 

(52%) (Marshall & Kevan, 1962), a decline of a P. minuta population when the temperature 

exceeded 20 °C (Thakur et al., 2017) and an increase of M. macrochaeta abundance 

according to a temperature gradient from 10 °C to 23 °C (Menezes-Oliveira, Scott-

Fordsmand, Soares & Amorim, 2014).  

 

4.2. Climatic change alters predatory control of the collembolan community 

Predator-prey interactions are a key structuring force in population dynamics (Thakur 

et al., 2017; Laws, 2017) and understanding the effects of climate change on these 

interactions is of primary importance to predict field soil ecosystem responses. As expected, 

total collembolan abundance was halved with the presence of a gamasid predator. However, 

shifts in climatic parameters modified the intensity of predation impact on the collembolans 

and the presence of the predator also altered the response of the collembolan community to 

changes in climatic parameters. The predation impact on the collembolan community was 

strengthened with decreasing soil moisture. Indeed, the reduction of total Collembola, F. 

candida and P. minuta abundances due to predation was amplified under 30% soil WHC 

compared to 60% soil WHC condition, and especially in combination with the highest 

temperature. Moreover, the abundance of the predator was not affected by decreasing soil 

moisture in our experiment, which shows that gamasid predators are less vulnerable to 

desiccation than their collembolan prey. Thus, our laboratory results provide support to some 

previous field studies that reported an increase in predation pressure with decreasing 

precipitation in semiarid grassland (Lindberg et al., 2002; Kardol et al., 2011) and in 

Mediterranean forest (Santonja et al., 2017).   

The positive effect of increasing temperature on M. macrochaeta abundance was 

suppressed when introducing a predator into the community. Moreover, we observed an 

increase of predation impact on the abundances of the three other collembolan species with 

increasing temperature, that was amplified in combination with decreasing soil moisture for 

F. candida and P. minuta. In line with these findings, Thakur et al., (2017) reported higher 

predation effects of the two gamasid predators, H. miles (S. scimitus) and H. aculeifer, on F. 

candida and P. minuta at intermediate (17-20 °C) and high (22-25 °C) temperatures 

compared to a low temperature treatment (12-15 °C) in a 60-day microcosm experiment. A
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Santonja et al., (2018) observed also a stronger top-down control by a predatory centipede on 

F. candida at 20 °C and 25 °C compared to 15 °C. Combining these results suggests 

increased feeding activity of predatory Acari due to a higher feeding requirement with 

increasing temperature, but also a higher mobility and thus higher encounter probability 

between predators and preys leading to reduced prey abundance (Vucic-Pestic et al., 2010).  

 

5. Conclusion 

In the present study, we provided evidence, for the first time, that climate change-

simulated and predatory control effects on a complex soil arthropod community constructed 

by four co-existing Collembola species and a predatory Acari. We highlighted that soil 

moisture is a major driver of Collembola community structure. Decreasing soil moisture i) 

reduced total Collembola abundance, ii) suppressed the positive effect of increasing 

temperature and iii) strengthened the predatory control of the Collembola community 

especially in combination with a high temperature. The implications of our findings could be 

important in a climate change context as reduced soil moisture should decrease Collembola 

abundance and diversity involving a reduced microbial community control (e.g., grazing, 

dissemination) as well as a reduced prey availability for predators. Consequently, these shifts 

in Collembola community might have substantial consequences on the whole soil food web 

and on key ecosystem processes they drive (e.g., litter decomposition and nutrient cycling), 

especially in Mediterranean ecosystems where biological processes are already strongly 

limited by water availability (Le Houérou, 2006). Finally, our results are highly important 

since they promote the need to studying more complex systems considering distinct soil-

dwelling species, their functional traits and their trophic interactions to better predict the 

ecosystem responses to the ongoing climate change. 
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Tables 

 

Table 1. Chi-square significance of the experimental factors and their interaction produced 

by the generalized linear model. The factors are soil moisture (60% WHC and 30% WHC), 

temperature (15 °C and 25 °C), predation (no predator and predator presence) and their 

effects on collembolan abundances (total Collembola, F. candida, P. fimata, P. minuta and 

M. macrochaeta). Chi-square (χ2) and associated P-values (with the respective symbols * for 

P < 0.05, ** for P < 0.01, and *** for P < 0.001) are indicated. 

 

  
Total  

Col lembola 

Folsomia 

candida 

Protaphorura 

fimata 

Proisotoma 

minuta 

Mesaphorura 

macrochaeta 

Moisture (M) 148.8*** 180.0*** 0.4 9.7** 2.6 

Temperature (T) 0.0 4.3* 118.3*** 12.0*** 0.2 

Predation (P) 48.4** 19.8*** 81.7*** 24.9*** 65.2*** 

M × T 10.5** 6.5* 0.2 1.4 0.6 

M × P 14.7** 4.2* 1.7 15.7*** 0.5 

T × P 6.6*** 13.3*** 60.1*** 0.7 5.2* 

M × T × P 10.2** 13.8***  0.2 9.5** 2.4 
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Figure legends 

 

Figure 1. Effects of soil moisture × temperature × predation interaction on (a) total 

Collembola and (b) F. candida and (c) P. minuta abundances. Values are means ± SE; n = 8. 

Different letters denote significant differences between treatments with a < b < c < d < e < f. 

 

Figure 2. Effects of temperature × predation interaction on (a) M. macrochaeta and (b) P. 

fimata abundances. Values are means ± SE; n = 16. Different letters denote significant 

differences between treatments with a < b < c.
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Figure 1. 
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Figure 2. 
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