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Thermal response of lipid composition is 

stronger for surface dwelling than for soil 

dwelling springtail species 
Coby van Dooremalen, Matty Berg, Jacintha Ellers 

 

 

 

 

 

 

Species living under large thermal fluctuations possibly need more flexible physiological 

capabilities than species living in more stable thermal environments. Deep-soil dwelling 

species habituate more stable thermal environments than surface dwelling species. We 

compared the flexibility of lipid composition in response to two acclimation temperatures of 

soil (4), near surface (2), and surface (3) dwelling species of Collembola. Chill coma recovery 

time (CCRt) and heat knock down time (HKDt) were assessed for soil (2) and surface (2) 

dwelling species. Surface dwelling Collembolan species showed a lipid composition more 

flexible in response to acclimation temperature compared to soil dwelling species and thus 

showed a larger physiological adaptation capacity to temperature. HKDt was more sensitive 

to acclimation temperature than CCRt: HKDt increased after warm acclimation in all species, 

whereas only a single species had improved cold tolerance after cold acclimation. In response 

to extreme heat, surface dwelling species were less sensitive to acclimation temperature. 

Strong physiological responses to temperature fluctuations may have become redundant in 

soil dwelling species due to relative thermal stability of their subterranean habitat. Unless soil 

dwelling species can hide from extreme temperature, low thermal plasticity renders soil 

dwelling species more vulnerable to climate change. This study shows the importance of 

investigating the physiological plasticity in relation to thermal phenotypic adaptation and 

meets the current demand for multidisciplinary studies on ecology and physiology. 
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Introduction 

Ambient temperature is a key environmental factor influencing a variety of aspects of animal 

ecology and evolution, especially for ectotherms (Huey and Stevenson 1979; Huey and 

Kingsolver 1989; Angilletta et al. 2003). Future increasing climatic oscillations (Meehl and 

Tebaldi 2004; IPCC 2007; Smith et al. 2009; Petoukhov and Semenov 2010) may put higher 

selection pressure on the thermal tolerance of species for survival (Gilchrist 1995). Thermal 

tolerance has already been found to limit insect distributions (Hoffmann and Blows 1994; 

Addo-Bediako, Chown and Gaston 2000; Chown 2001; Chown and Nicolson 2004). Thermal 

tolerance depends on the thermal window in which genotypes or species can survive, grow, 

and reproduce (Angilletta, Niewiarowski and Navas 2002; Van der Have 2002). High 

performance over a broad range of temperatures is supposed to increase the chances of 

success of a genotype or species in a highly variable thermal environment compared to 

species with small performance breadth (Huey and Stevenson 1979; Angilletta 2009). There 

is, however, a generalist-specialist trade-off: an increase in performance breadth should cause 

a decrease in the maximum performance. For a genotype to perform well over a broad range 

of temperatures, it needs to have high physiological capabilities (Stevens 1989; Stevens 1992; 

Terblanche et al. 2007; Chown and Terblanche 2007). However, highly plastic machinery in 

response to temperature will come at cost (Dewitt et al. 1998; Pigliucci 2005; Van Kleunen 

and Fischer 2005), resulting in relatively lower performance at the optimal temperature 

compared to a specialized genotype.  

Thermal limits have been shown to be plastic in ectotherms (Bahrndorff et al. 2006; 

Terblanche et al. 2007; Mitchell and Hoffmann 2010). For example, heat tolerance increased 

with higher acclimation temperatures (Feldmeth et al. 1974; Otto 1974), and cold tolerance 

increased with lower constant rearing temperatures (Macdonald et al. 2004), or with higher 

latitudes (Hallas et al. 2002). Chill injury in arthropods is probably associated with loss of 

membrane function as cold shock causes dissipation of transmembrane gradients of Na+ and 

K+ and a depolarisation of the cell membrane (Crockett and Hazel 1997; Kostal et al. 2004). 

Being phenotypically plastic enables these ectotherms to increase their thermal tolerance, 

which would increase their chances of survival in response to temperature change. 

Considerable evidence indicates that, besides enzymes (Hochachka and Somero 

2002), the physical properties of membrane lipids contribute to the definition of thermal limits 

for e.g. growth, lifespan and survival of ectotherms (Hazel 1995; Crockett and Hazel 1997; 

Hulbert and Else 2000; Hochachka and Somero 2002; Hulbert and Else 2005; Overgaard et al. 

2006; Murray et al. 2007; Clark and Worland 2008; Angilletta 2009). Temperature influences 

the physical properties of lipids (Hochachka and Somero 2002). Without adaptation, lipids 

solidify at low temperatures and liquefy at high temperatures. Hence, at these temperatures 

lipids become worse substrates for enzymes, such as lipases in the storage lipids (Kostal and 
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Simek 1998), and membrane gradients are disturbed, such as the Na+ gradient in the 

plasmalemmel membrane and the H+ gradient in the mitochondrial inner membrane (Crockett 

and Hazel 1997; Hochachka and Somero 2002; Kostal et al. 2004; Hulbert and Else 2005). 

Consequently, performance of membrane functions, such as physical barrier, transport, 

bioenergetics, cell signalling, or neural activity will not be optimal.  

Thermal acclimation is an effective means of dealing with changes in the thermal 

environment experienced during the lifetime of an organism (Angilletta et al. 2002). An 

important adaptive biochemical/physiological mechanism in response to temperature is 

homeoviscous adaptation. Homeoviscous adaptation maintains a balanced membrane fluidity 

(Hochachka and Somero 2002), and involves changes in the lipid composition, such as 

modification of the unsaturation of fatty acids and phospholipid head group, changes in the 

amount of sterols incorporated in the membrane bilayer, or the placement of fatty acids on the 

sn1 or sn2 position of the glycerol backbone (Hazel and Williams 1990; Hochachka and 

Somero 2002). In general, membrane fatty acids become more unsaturated during a cold 

response to compensate the negative effect of membrane solidification (Hochachka and 

Somero 2002). This is recently also found for storage lipids and body lipids in general (Van 

Dooremalen and Ellers 2010). A reduction in the degree of unsaturation is mainly achieved by 

incorporating a higher proportion of mono- or poly-unsaturated fatty acids (MUFAs and 

PUFAs) in phospholipids (membrane lipids) and triacylglycerols (storage lipids). Changes in 

lipid unsaturation have been shown in short-term acclimation (Overgaard et al. 2005), and in 

long-term acclimation, such as seasonal adaptation (Ohtsu et al. 1993; Bennett et al. 1997; 

Pernet et al. 2007). Although changes in lipid unsaturation have also been shown in response 

to fluctuating temperature, these adjustments are not repeatedly observed, potentially due to 

high costs of repeated adaptations (Pernet et al. 2007; Van Dooremalen et al, unpublished).  

A strong gradient in thermal variability is found across soil profiles. Soil dwelling 

species habituate relatively stable thermal environments (Willmer 1982) compared to surface 

dwelling or near surface dwelling species, which can experience an increased range of 

thermal fluctuations with much more rapid shifts between extremes. Collembola exhibit a 

strong vertical stratification across soil profiles (Berg et al. 1998; Krab et al. 2010) and show 

diverse physiological adaptations to the environment depending on the geographic or local 

habitat in which they live (Joosse and Verhoef 1987; Holmstrup et al. 2002; Kærsgaard et al. 

2004; Liefting and Ellers 2008). For instance, plasticity of several physiological traits and 

extreme temperature tolerance in Orchesella cincta (Bahrndorff et al. 2006; Bahrndorff et al. 

2009b) and Megaphorura artica (Bahrndorff et al. 2007) differ over a latitudinal gradient, 

with higher plasticity in geographic areas that are more variable in temperature. Also at a 

small spatial scale, effects of temperature on growth rate in Orchesella cincta are lower in 

heath habitats than in the adjacent and thermally more stable forest (Liefting and Ellers 2008). 
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No differences in cold tolerance have been recorded between Collembolan species differing in 

their vertical stratification (Bahrndorff et al. 2009b).  

In this study, we related the thermal plasticity of lipid composition to the extreme 

temperature tolerance of collembolan species differing in their vertical stratification in soil. 

We have tested two hypotheses: first, on the physiological level, we tested if surface dwelling 

Collembola show higher thermal plasticity than soil dwelling Collembola, for whom 

extensive physiological capabilities seem redundant. Hence, we expected that at low 

temperature, fatty acids would be more unsaturated than at high temperature and that the 

difference in saturation at low and high temperature is larger for species that live higher in the 

soil profile. Second, on the functional level, we tested if surface dwelling Collembola have a 

higher extreme temperature tolerance than soil dwelling Collembola species and whether they 

experience smaller effects on their thermal tolerance after acclimation to different 

temperatures due to higher physiological plasticity.  

 

Method 

Animals 

Nine species of Collembola that naturally habituate different depths in the soil profile (Berg et 

al. 1998; Detsis 2000; Krab et al. 2010) were used in the experiment (Table 1): three surface 

dwelling species, Sminthurus viridis (Bourlet 1839), Isotoma riparia (Nicolet 1842) and 

Orchesella cincta (Linnaeus 1758), two near surface dwelling species, Tomoceros minor 

(Lubbock 1862) and Desoria trispinata (Mac Gillivray 1896), and four soil dwelling species, 

Sinella tenebriosa (Folsom 1902), Protaphorura subarmata (Gisin 1957), Protaphorura 

fimata (Gisin 1952), and Folsomia candida (Willem 1902). The species S. viridis, I. riparia, 

T. minor, D. trispinata, and P. subarmata were collected in June 2009 from nutrient-poor 

moist grassland at ‘De Veenkampen’ in Wageningen, Netherlands (51° 58’ 51” N, 5° 37’ 16” 

E). Sinella tenebriosa was collected (June 2009) from a compost heap at ‘Vijfhoekpark’ in 

Zaandam, Netherlands (52° 25’ 41” N, 4° 50’ 38” E). Field animals were collected from litter 

and soil using soil cores (Ø 10cm, 5 cm depth) or exhausters. Soil cores were extracted with a 

Berlese–Tullgren funnel at a temperature range of 5°-30°C for 7 days. Animals were collected 

in the funnels on water-saturated plaster of Paris and sorted manually. Only S. viridis was 

collected by trailing through the vegetation with a sweep net. The species O. cincta, F. 

candida, and P. fimata were taken from lab cultures (15°C) at the department of Animal 

Ecology, VU University, Amsterdam, where P. fimata originally came from a stock culture 

from the National Environmental Research Institute, Silkeborg, Denmark (Heckmann 2006). 

Before and during the experiment, animals were kept in plastic pots (Ø 16cm) with a 

moisturized bottom of plaster of Paris to maintain a constant water-saturated humidity. The 

first two weeks after collection, all animals were kept at a constant temperature of 15ºC with a 
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photoperiod of 12L:12D. The settling period seemed particularly restraining for S. viridis, as 

many animals died already during these two weeks, possibly due to starvation or lack of 

vegetation. This resulted in very low numbers of individuals for this species. All species were 

kept without food before and during the experiment to prevent interfering effects of different 

diets on lipid composition (Haubert et al. 2004; Chamberlain et al. 2004; Chamberlain et al. 

2005). 

 

Temperature acclimation 

At the start of the experiment (d0), the animals were randomly divided between 5ºC and 20°C 

and acclimated for one week. After one week (d7), three samples were taken from each 

species and temperature for fatty acid analysis. The number of animals in each sample was 

adjusted to the size of the species in order to obtain sufficient biomass for fatty acid analysis. 

On average, a sample consisted of 23 pooled animals and had a dry weight of 1.36 mg. 

Collected samples were stored under N2 at –80°C until lipid extraction.  

 

Fatty acid analysis 

Lipid extraction was performed according to Van Dooremalen and Ellers (2010). Briefly, 

samples were homogenized and extracted in dichloromethane/methanol. C19:0 was added as 

internal fatty acid standard to the total extract. Saponifaction of the lipids was conducted in a 

methanolized sodium hydroxide solution and followed by acid methanolysis in methanolized 

hydrochloric acid. Before saponification and acid methanolysis headspaces were flushed with 

nitrogen gas as this reduces oxidation of polyunsaturated fatty acids (van Dooremalen et al. 

2009). Methylized fatty acids were extracted from the acid solution using methyl tertiair-butyl 

ether/hexane, dried and kept in 100µl hexane at -80°C until analysis. Fatty acid analysis was 

carried out on a GC-FID (Agilent technologies 6890, Santa Clara, CA, USA) equipped with a 

BPX70 column (SGE international, 60m x 0,25mm i.d. df 0,25μm). A 1µL-aliquot was 

injected in the pulsed splitless mode. The temperature-programmed oven was set to 70°C for 

two minutes, and then increased by 20°Cmin-1 to 150°C, continuing with an increase of 

15°Cmin-1 to 250°C, which was held for 10 minutes.  

GC-FID data handling was carried out using associated software (G1701DA, Agilent 

Technologies). Fatty acids were identified on the basis of their retention time and compared to 

a Supelco standard (Supelco 37 Component FAME Mix). We could make no distinction 

between C20:3n3 and C20:4n6 due to a stacked peak from the GC-FID. In the data we assumed 

that this stacked peak consisted of C20:4n6, as C20:3n3 was not detected using a different GC-

column (unpublished data), or detected in other studies on other Collembolan species 

(Chamberlain et al. 2004, Chamberlain and Black 2005). We, therefore, assumed that the 

proportion of C20:3n3 in the stacked peak was negligible.  
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The blank samples contained traces of C16:0, C16:1, C18:0, and C18:1n9. Therefore, 

calculations were corrected for the amounts of fatty acids found in the blanks. Proportions 

were calculated of the single fatty acids, saturated fatty acids (SFAs), mono unsaturated fatty 

acids (MUFAs), poly unsaturated fatty acids (PUFAs), C18 PUFAs, C20 PUFAs, the 

unsaturation to saturation ratio (U/S ratio), and the Unsaturation Index (UI: average number 

of double bonds per fatty acid). For each acclimation temperature of S. tenebriosa, one lipid 

sample was lost, as hardly any fatty acids were detected. 

 

Extreme temperature tolerance 

Animals from both temperatures we exposed to both a cold and heat shock on d7 to measure 

the plasticity of their extreme temperature tolerance in response to two acclimation 

temperatures, and to estimate their relative extreme thermal tolerance. For extreme 

temperature tolerance, we only used O. cincta, F. candida, P. fimata and I. riparia, as we 

were not able to collect sufficient numbers of individuals from other species.  

To assess the tolerance to extreme cold, we measured chill coma recovery time 

(CCRt). The CCRt was defined as the time it takes for an individual to recover its mobility 

following chill coma, once it has been returned to room temperature (David et al. 1998). 

Thus, extreme cold tolerance increases with decreasing CCRt. The appropriate time interval 

for the cold exposure was determined in a pilot study, based on the window in which the 

animals suffered from chill coma, but did not die (unpublished data). Twelve individuals 

(random sex) of each species and for each temperature were exposed individually in glass 

vials to salted ice of –5.14±0.02°C (mean±sem) during 10 minutes. After cold shock the 

animals were transferred to room temperature (approx. 21°C). Chill coma was considered to 

have ended if animals were back on their feet and started walking.  

To assess tolerance to extreme heat we measured heat knock down time (HKDt). 

HKDt was defined as the time required for an individual to lose its motor function during 

exposure to high temperature (Huey et al. 1992; Jenkins and Hoffmann 1994). Thus, extreme 

heat tolerance increases with increasing HKDt. Twelve individuals (random sex) of each 

temperature and species were exposed individually in glass vials to 39.28± 0.02°C 

(mean±sem) in a water bath to measure the HKDt. Animals were considered to be knocked 

down when the animal did not show any visible movement after disturbing them gently and 

remained on its side. 

 

Statistical analysis 

Multivariate statistics were used to analyze changes in fatty acid composition, and to allow 

the number of response variables to be strongly reduced without loosing information (Van 

Dooremalen and Ellers 2010). In the analysis, we only included fatty acids with 100% 

observed values, as not all fatty acids were present in all samples due to concentrations below 
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detection limits. Fatty acids that were excluded from further data analysis were C12:0 (81% 

missing values), C13:0 (87%), C14:0 (6%), C14:1 (71%), C15:0 (10%), C17:0 (2%), C18:1n7 (12%), 

C18:3n3 (2%), C18:3n6 (13%), C20:0 (15%), C20:1n9 (7%), C20:2 (19%), C20:3n6 (17%). The 

remaining (raw) peak areas of the single lipid fatty acids (C16:0, C16:1, C18:0, C18:1n9, C18:2n6, 

C20:4n6, and C20:5n3) were log-ratio transformed (Nash et al. 2008). A Principle Component 

Analysis (PCA) was used to examine the change in fatty acid composition for membrane and 

storage lipids using freely available software ‘PAST’ (Hammer et al. 2001). PCA was used to 

obtain the first principle component (PC). Sample values for PC1 formed the new variable 

‘PCscores’. To relate PCscores to single fatty acids, we calculated the Pearson correlation 

coefficients of single fatty acids with the PCscores.  

In the analyses, we used the PCscores (log-transformed(+1)), CCRt (log-transformed) 

and HKDt (log-transformed) as the dependent variables. We analysed the dependent variables 

after one week of acclimation at either 5°C or 20°C. Analysis of CCRt included only those 

individuals that recovered within 20 minutes, resulting in 3 excluded animals, which were all 

I. riparia (5°C, all dead). For analysis of CCRt and HKDt, body mass was standardized to the 

mean by subtraction of the average body mass of a species, divided by the average body mass 

of a species. We always included standardized body mass in the analyses as a covariable, but 

it never significantly affected dependent variables and was therefore not shown in the result 

section. For vertical stratification, we lumped surface and near surface dwelling species (see 

table 1) into surface dwelling species. The final AN(C)OVA model for each acclimation 

treatment included temperature (fixed factor), vertical stratification (fixed factor), interaction 

between temperature and vertical stratification, species (random factor nested in vertical 

stratification), and body mass (covariable, only for dependent variables related to extreme 

thermal tolerance). To assess the relative extreme thermal tolerance for different species 

average CCRt (reversed axis) was related to the average HKDt. Assumptions for normality 

and homogeneity were met for all tests. The amount of species used in this study, was too 

small for a phylogenetic analysis. 
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Table 1. Phylogenetic releationships, ecotype (vertical stratification), origin and the average dry body mass (BM) of the Collembola used in this study. 

Superfamily Family Species 
Vertical 

stratification 
Origin Location  

BM (µg 

dw)
*
 

Onychiuroidea Onychiuridae Protaphorura subarmata  Soil 
Field animals, 

Wageningen 
51° 58’ 51” N, 5° 37’ 16” E 19±1

fg
 

  Protaphorura fimata Soil 
Lab culture,  

VU University  
 66±3

cd
 

       

Entomobryoidea Entomobryidae Orchesella cincta Surface 
Lab culture,  

VU University  
 140±4

b
 

  Sinella tenebriosa Soil  
Field animals

**
, 

Zaandam  
52° 25’ 41” N, 4° 50’ 38”E 6±0.4

g
 

 Isotomidae Isotoma riparia Surface 
Field animals, 

Wageningen 
51° 58’ 51” N, 5° 37’ 16” E 74±6

c
 

  Desoria trispinata Near surface 
Field animals, 

Wageningen 
51° 58’ 51” N, 5° 37’ 16” E 9±1

fg
 

  Folsomia candida Soil 
Lab culture,  

VU University 
 40±1

ef
 

       

Tomoceroidea Tomoceridae Tomoceros minor Near surface 
Field animals, 

Wageningen 
51° 58’ 51” N, 5° 37’ 16” E 48±4

de
 

       

Symphypleona Sminthuridae Sminthurus viridis Surface 
Field animals, 

Wageningen 
51° 58’ 51” N, 5° 37’ 16” E 166±15

a
 

       
*
 Average dry body mass per individual, based on the freeze-dried total weight of the pool/ number of pooled animals of the samples of the fatty acid 

analysis. Letters indicate differences between the groups (P<0.05). 
**
Animals came from a compost heap. 
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Results  
Fatty acid response 

Twenty fatty acids were found in total, ranging in carbon length between 12 and 20 C-atoms 

(Appendix 1). Palmitic acid (C16:0) and stearic acid (C18:0) were the major SFAs, palmitoleic 

acid (C16:1) and oleic acid (C18:1n9) were the most abundant MUFAs, and linoleic acid (C18:2n6), 

arachidonic acid (C20:4n6), and eicosapentaenoic acid (C20:5n3) were the most abundant PUFAs 

and were highly variable in quantity across species.  

Eigenvalue variation explained by PCscores of the first principle component was 

67.2%. Fatty acids C18:0, C20:4n6, and C20:5n3 were positively correlated with PCscores, while 

C16:0, C16:1, and C18:1n9 were negatively correlated (Figure 1). C18:2n6 was not related to 

PCscores (Pearson r =-0.14, P=0.32, N=52).  

Fatty acid compositions (PCscores) of all species were compared after acclimation to 

either 5°C or 20°C (Figure 2). Vertical stratification (F1,7=18.86, P<0.01) and temperature 

(F1,41=25.20, P<0.001) both affected fatty acid composition. Surface dwelling species at 20°C 

showed lower PCscores than at 5°C, but this was not the case for the soil dwelling species. 

Fatty acid composition was therefore more thermally plastic in surface dwelling species than 

in soil dwelling species (F1,41=8.08, P<0.01, for the interaction between temperature and 

vertical stratification). Fatty acid composition also differed between species nested within 

vertical stratification (F7,41=18.65, P<0.001), but this was only due to higher PCscores for S. 

tenebriosa within soil dwelling species.  

 

 

 

 

 

Figure 1. Correlations coefficients of the association between the single fatty acids and the principle 

component scores of PC1. The asterisks show the level of significance of the correlation coefficients 

(***p < 0.001). 
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Figure 2. Principle component scores of PC1 (mean±sem) for the fatty acid composition of the 

different Collembolan species after one week of acclimation to either 5°C (dark grey bars) or 20°C 

(grey bars). The species were divided into soil (solid bars) and surface (striped bars) dwelling species. 

Significant differences between acclimation temperatures are indicated by * (Bonferroni P<0.05), ** 

(Bonferroni P<0.01), *** (Bonferroni P<0.001). Letters indicated significant differences between 

species. See Fig. 1 for relation between fatty acids and PCscores. 

 

 

Thermal tolerance 

CCRt and HKDt were used to determine thermal tolerance to extreme temperatures, the 

plasticity of this response to acclimation temperature and relative extreme temperature 

tolerance for the different species.  

CCRt (Figure 3A) was only affected by species nested within vertical stratification 

along the soil profile (F2,86=35.79, P<0.001). Protaphorura fimata was the most cold tolerant 

soil dwelling species, because they recovered faster from chill coma than F. candida 

(Bonferroni, P<0.001). Isotoma riparia was the most cold tolerant surface dwelling species, 

because they recovered faster from chill coma than O. cincta (Bonferroni P<0.001). The 

CCRt was not affected by vertical stratification along the soil profile (F1,2=0.09, P=0.80), 

temperature (F1,86=0.21, P=0.65), nor by the interaction between temperature and vertical 

stratification (F1,86=2.14, P=0.15).  

HKDt (Figure 3B) was affected by species nested within vertical stratification 

(F2,89=29.25, P<0.001). Protaphorura fimata was the most heat tolerant soil dwelling species, 

because they were knocked down later by heat than F. candida (Bonferroni, P<0.001). 
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Orchesella cincta was the most heat tolerant surface dwelling species, because they were 

knocked down later by the heat than I. riparia (Bonferroni P<0.001). Additionally, animals 

acclimated to 20°C were knocked down later by heat than animals acclimated to 5°C 

(F1,89=159.22, P<0.001). Moreover, this response was more plastic in soil dwelling species 

than in surface dwelling species (F1,89=34.61, P<0.001, for interaction between temperature 

and vertical stratification). HKDt was not affected by overall vertical stratification of animals 

in the soil (F1,2=1.34, P=0.37).  

The overall extreme temperature tolerance related the cold tolerance with the heat 

tolerance (Figure 4). Species with a relatively high extreme temperature tolerance showed 

either higher cold or heat tolerance, but not both. Folsomia candida showed a low relative 

tolerance to both extreme heat and cold.  

 

 

Figure 3. Chill coma recovery time (A) and the heat knock down time (B) of four Collembolan species 

after one week of acclimation to either 5°C (dark grey bars) or 20°C (grey bars). The species were 

dived into soil (solid bars) and surface (striped bars) dwelling species. Differences between 

acclimation temperatures (mean±sem) are indicated by * (Bonferroni P<0.05), or *** (Bonferroni 

P<0.001). 
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Figure 4. Extreme thermal tolerance (mean±sem) for soil (black symbols: circle P. fimata, diamond F. 

candida) and surface (grey symbols: square I. riparia, triangle O. cincta) dwelling collembolan species. 

The extreme cold tolerance increases with a decreasing chill coma recovery time (CCRt), and the 

extreme heat tolerance increases with heat knock down time (HKDt). The axes cross at the average 

CCRt (162sec), and HKDt (83sec). 

 
 

Discussion 

Species that differ in vertical stratification in soil, experience different thermal regimes and 

this may determine how well they can cope with extreme temperatures. In this study, we used 

extreme temperature tolerance as a proxy for the beneficial effects of physiological 

acclimation. Surface dwelling Collembola indeed showed a larger capacity to physiologically 

adapt to temperature, which resulted in increased extreme heat tolerance compared to soil 

dwelling Collembola. Strong physiological responses to temperature fluctuations seem 

redundant in soil dwelling species due to the relative thermal stability of their subterranean 

habitat. Unless soil dwelling species can temporarily retreat in deeper soil layers to avoid 

extreme temperatures, low thermal plasticity in soil dwelling species potentially increases 

their sensitivity to climatic change and renders these soil dwelling species more vulnerable to 

extinction than species with better physiological capabilities, such as surface dwelling 

species.  
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 Comparative studies should take phylogeny into account, because a common 

evolutionary history can lead to similarity among related species (Freckleton et al., 2002). The 

phylogeny of the Collembola is relatively well resolved (D’Haese 2002). In our study, the 

surface dwelling I. riparia and the soil dwelling F. candida belong to the same family and are 

most closely related (Table 1), while O. cincta and P. fimata are positioned in different 

superfamilies. Therefore, the differences in physiology and performance between soil and 

surface dwelling cannot be due to shared ancestry.  

 In addition to phylogeny, body mass is often considered an important factor within 

comparative studies (Stevenson 1985; Angilletta et al. 2004). For example, small terrestrial 

isopods are much more sensitive to thermal extremes than large isopods (Berg et al., 

unpublished). In our study, the range in body mass of soil dwelling (6-66µg) and surface 

dwelling species (9-166µg) almost completely overlapped, and the smallest soil and surface 

dwelling species did not differ in body mass (Table 1). Therefore, differences in physiology 

and performance across vertical stratification are most likely not due to differences in body 

mass, although we cannot completely exclude body mass effects between species. 

 

Fatty acid response 

Changing the fatty acid composition of body lipids is an important physiological mechanism 

underlying thermal adaptation (Hochacka and Somero 2002). It has been shown before that 

the capability to accurately adjust fatty acid composition increased the extreme temperature 

tolerance (Overgaard et al. 2005), while an unchanged fatty acid composition in response to 

temperature has been shown to decrease membrane function (Hazel 1995; Crockett and Hazel 

1997; Hochachka and Somero 2002; Kostal et al. 2004; Hulbert and Else 2005). In this study, 

we showed that surface dwelling species exhibited stronger adjustment in fatty acid 

composition than soil dwelling species. None of the soil dwelling species showed a significant 

adjustment in fatty acid composition after one week of acclimation. This agrees with our 

expectation that selection on the lipid response to temperature has been relaxed due to 

continuous exposure to a thermally stable environment (Stevens 1989, Bahrndorff et al. 2006; 

Bahrndorrf et al. 2007).  

Based on the fatty acid composition after one week of acclimation, we could 

distinguish soil dwelling from surface dwelling species. An explanation could be a difference 

in diet between the two ecotypes. Soil dwelling species feed predominantly on fungi, while 

the diet of surface dwelling species consists also of algae (Berg et al. 2004). In general, algae 

are much richer in PUFAs (Barclay et al. 1994). Although some arbuscular mycorrhiza fungi 

also contain high amounts of C20 PUFAs (Olsson 1999), Collembola do not prefer them as a 

food source (Berg et al. 2004). Differences in fatty acid composition of the diet, has been 

shown to influence fatty acid composition in Collembola (Haubert et al. 2004; Chamberlain et 

al. 2005). Interestingly, there was one exception in distinguishing soil dwelling from surface 
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dwelling species. Sinella tenebriosa (soil dwelling) had a fatty acid composition similar to 

that of surface dwelling species, although it showed no plastic fatty acid response in response 

to acclimation temperature. We think that this was not due to diet per se, but potentially due 

to the complete deviation in microhabitat: S. tenebriosa was collected several centimeters 

deep in a compost heap, a from a thermal point of view a rather stable environment with on 

average high temperatures.  

Homeoviscous adaptation theory predicts that fatty acids become more unsaturated 

with a decrease in temperature and more saturated with an increase in temperature (Hochacka 

and Somero 2002; Van Dooremalen and Ellers 2010). In this study, however, we observed 

higher levels of one saturated fatty acid (C18:0) and two polyunsaturated fatty acids (C20:4n6 

and C20:5n3) after acclimation to 20°C than to 5°C. Higher levels of polyunsaturated fatty acids 

after acclimation to 20°C than to 5°C was not expected, but as far as we know nobody ever 

conducted an experiment investigating the effect of thermal acclimation under starvation on 

the fatty acid composition. Potentially, a lack of food during the experiment altered the fatty 

acid response to temperature. A study on P. fimata showed no direct effect of starvation of the 

fatty acid composition (Haubert et al. 2004), but this study did not include a thermal response. 

 

Thermal tolerance 

High cold tolerance (fast recovery form chill coma) potentially increases the chance to escape 

predators and reduces the risk of chill coma injury (Macdonald et al. 2004; Colinet et al. 

2006). Extreme cold tolerance was found to increase with latitude (Gibert et al. 2001; Hallas 

et al. 2002; Hoffmann et al. 2002), but not with vertical stratification in soils (Bahrndorff et 

al. 2009b). Bahrndorff et al. (2009b) found that, although they both benefited from rapid cold 

hardening treatment before the cold shock, surface dwelling species hardly benefited more 

than soil dwelling species. Bahrndorff’s finding were not according our expectations: surface 

dwelling species were expected to benefit more from pre-acclimation than soil dwelling 

species in extreme thermal tolerance. In contrast to our expectation, but in accordance with 

Bahrndorff et al., (2009b), we also found no difference in response of extreme cold tolerance 

to acclimation temperature between soil and surface dwelling species. Moreover, in only one 

of the species, I. riparia, cold acclimation actually improved CCRt. One explanation of the 

lack of response by acclimation temperature on extreme cold tolerance by other species is the 

possibility that there is no direct relationship between the fatty acid response and extreme cold 

tolerance. Different underlying mechanisms would then determine the lower and the upper 

side of the thermal range (Angilletta 2009). The lack of response in extreme cold to 

acclimation temperature and vertical stratification in soils (exposed thermal variation) could 

in fact mean that the distribution of the Collembola species is cold-limited. An additional 

explanation involves the observation that I. riparia was the only species that was collected 

from the field. Animals from lab cultures potentially may have lost the mechanism to protect 
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them from extreme cold, which would mean that maintaining such mechanism is very costly. 

Costly maintenance of a mechanism for protection during extreme cold, excludes the 

argument that damage incurred by extreme cold might not be important, because it can easily 

be repaired, i.e. is not very costly (Renault et al. 2004; Colinet et al. 2006). A final 

explanation of the lack of response by acclimation temperature on extreme cold tolerance 

could be that it depends on the method used to measure extreme cold tolerance (Chown et al. 

2009).  

 The extreme heat tolerance showed a much more apparent response after one week of 

acclimation than the extreme cold tolerance. In our study, individuals acclimated to 5°C had 

lower heat tolerance (shorter knock down times) than individuals acclimated to 20°C. Our 

findings agree with previous studies: e.g. heat tolerance increased towards the tropics 

(Hoffmann et al. 2002), with higher acclimation temperatures (Feldmeth et al. 1974; Otto 

1974), and after rapid heat acclimation (Cooper et al. 2008; Mitchell and Hoffmann 2010). 

Although in our study all species benefited from a higher acclimation temperature, the 

increase in HKDt was largest for soil dwelling species. The smaller effects on the thermal 

tolerance of surface dwelling after acclimation to different temperatures agreed with the 

higher physiological plasticity of the underlying fatty acid response.  

 Surface dwelling species, living in thermally variable habitats, indeed had overall 

relatively higher tolerance to extreme temperatures. Previous studies also showed that 

extreme temperature tolerance increased with increasing unpredictability of the environment 

(Addo-Bediako et al. 2000; Terblanche et al. 2007). For example, Addo-Bediako et al. (2000) 

found that the thermal performance breadths increased with latitudinal variation, but this was 

more due to variation in lower lethal limits than in upper lethal limits, in contrast to our study. 

Within the surface dwelling species, however, species were either cold (I. riparia) or heat 

tolerant (O. cincta), but not to both extremes at the same time. This specialization to either 

heat of cold is a general phenomenon based on an evolutionary trade-off, where species 

genetically adapted to one condition, perform less under other conditions (Hoffmann et al. 

2002; Bennett and Lenski 2007; Angilletta 2009). For example, in Drosophila heat tolerance 

increases towards the tropics, whereas cold tolerance decreases towards temperate latitudes 

(Hoffmann et al. 2002). Within the soil dwelling species, we saw that P. fimata was more 

tolerant to extreme temperature than F. candida. The low tolerance of F. candida could be 

due to the relatively low body size of this species (Berg et al., unpublished). Another 

explanation could be that P. fimata and the surface dwelling species have a larger variety of 

allo-enzymes, which allow these species to act under a larger thermal range than F. candida 

(Hochachka and Somero 2002). Being able to act under a larger thermal range is costly and 

could reduce maximum performance at the optimal temperature (Huey and Hertz 1984; 

Dewitt et al. 1998; Pigliucci 2005; Van Kleunen and Fischer 2005). 

 



 98

Conclusion 

According to our expectations, surface dwelling Collembolan species, naturally exposed to a 

highly variable environment, benefited from having higher physiological plasticity, by being 

less sensitive to acclimation temperature in response to extreme heat tolerance than soil 

dwelling species. We did not test, however, whether having higher capabilities to 

physiologically adapt to the environment is costly in terms of optimal performance. It is well 

possible that soil dwelling species perform better than the surface dwelling species when 

tested at their own optimal ambient temperature. We have discussed the lack of response of 

acclimation temperature on the extreme cold tolerance. Potentially, different physiological 

mechanisms work at both ends of the thermal extremes. Although the underlying physiology 

of thermal performance is of course much more complex than the here detailed mechanism of 

fatty acid response, this study shows the importance of investigating the physiological 

plasticity in relation to thermal phenotypic adaptation and meets the current demand for 

multidisciplinary studies on ecology and physiology.  
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Appendix 1. Fatty acid composition as percentage of total amount of fatty acid on day 7, for all surface dwelling species acclimated to 5°C or 20°C 

(mean±sem). C12:0, C13:0, and C14:1 were excluded from the table as 81%, 87%, 71% of the data of these fatty acids was missing, respectively. Bold fatty 

acids were used in multivariate statistics.  

 Sminthurus viridis Isotoma ripiria Orchesella cincta Tomoceros minor Desoria trispinata. 

 5°C 20°C 5°C 20°C 5°C 20°C 5°C 20°C 5°C 20°C 

C14:0 0.5 (0.3) 0.5 (0.3) 1.0 (0.0) 0.4 (0.0) 1.0 (0.2) 0.5 (0.0) 0.8 (0.1) 0.4 (0.0) 1.6 (0.0) 0.4 (0.2) 

C15:0 0.3 (0.1) 0.1 (0.1) 0.5 (0.0) 0.4 (0.0) 0.4 (0.1) 0.3 (0.0) 0.5 (0.0) 0.6 (0.0) 0.6 (0.1) 0.3 (0.3) 

C16:0 10.9 (1.0) 10.5 (0.9) 14.6 (0.6) 10.5 (0.7) 16.0 (1.1) 12.1 (0.7) 12.4 (1.1) 11.5 (0.5) 15.0 (0.5) 12.1 (0.9) 

C16:1 2.6 (0.8) 1.7 (0.5) 2.2 (0.4) 0.9 (0.1) 5.3 (0.4) 1.7 (0.1) 5.0 (0.8) 1.7 (0.1) 5.8 (0.2) 1.9 (0.2) 

C17:0 0.7 (0.1) 0.4 (0.2) 0.8 (0.0) 0.9 (0.2) 0.7 (0.1) 0.7 (0.0) 0.9 (0.0) 0.9 (0.1) 0.8 (0.0) 0.7 (0.0) 

C18:0 6.1 (0.7) 7.3 (0.2) 10.0 (0.3) 12.6 (0.2) 8.1 (0.2) 11.1 (0.1) 10.2 (1.4) 10.8 (0.4) 12.1 (0.6) 16.7 (0.9) 

C18:1n7 3.7 (0.6) 3.7 (0.5) 4.8 (0.2) 3.5 (0.2) 8.9 (0.2) 4.3 (0.0) 8.0 (0.5) 6.1 (0.5) 3.6 (0.2) 2.2 (0.1) 

C18:1n9 11.2 (1.4) 9.6 (1.5) 16.9 (0.5) 8.7 (0.7) 24.9 (0.8)  17.3 (0.4) 22.6 (4.2) 17.5 (2.8) 23.7 (0.5) 15.1 (1.5) 

C18:2n6 37.4 (1.1) 39.9 (1.4) 15.3 (0.4) 13.3 (0.6) 11.2 (0.4) 8.3 (0.3) 5.8 (0.5) 6.8 (0.3) 6.3 (0.3) 8.3 (1.6) 

C18:3n3 9.9 (1.1) 7.0 (0.7) 2.9 (0.2) 1.6 (0.1) 1.3 (0.1) 1.2 (0.1) 0.7 (0.1) 1.1 (0.2) 0.8 (0.2) 1.2 (0.4) 

C18:3n6 1.9 (0.3) 2.0 (0.1) 0.7 (0.0) 0.6 (0.1) 0.4 (0.0) 0.4 (0.2) 0.8 (0.1) 0.4 (0.0) 0.7 (0.1) 0.0 (0.0) 

C20:0 0.2 (0.1) 0.3 (0.2) 0.5 (0.0) 0.5 (0.0) 0.4 (0.0) 0.6 (0.3) 0.3 (0.0) 0.2 (0.0) 0.3 (0.0) 0.0 (0.0) 

C20:1n9 1.4 (0.1) 1.5 (0.2) 4.2 (0.3) 2.9 (0.5) 0.9 (0.1) 0.9 (0.1) 2.8 (1.3) 2.7 (0.4) 0.6 (0.1) 1.2 (0.1) 

C20:2 1.0 (0.5) 0.8 (0.4) 1.4 (0.2) 1.4 (0.1) 0.6 (0.1) 1.0 (0.2) 0.6 (0.1) 1.2 (0.1) 0.2 (0.1) 0.0 (0.0) 

C20:4n6 7.1 (2.1) 9.6 (1.2) 10.2 (0.3) 15.9 (0.7) 9.2 (0.6) 17.7 (0.2) 9.2 (1.0) 13.4 (0.3) 16.3 (0.4) 22.2 (3.0) 

C20:3n6 0.1 (0.1) 0.0 (0.0) 0.8 (0.0) 0.4 (0.0) 0.3 (0.0) 0.4 (0.1) 0.4 (0.0) 0.5 (0.1) 0.5 (0.0) 0.2 (0.2) 

C20:5n3 4.8 (0.9) 5.1 (0.9) 13.0 (0.5) 25.3 (1.2) 10.1 (0.9) 21.3 (0.4) 18.8 (2.1) 24.3 (2.5) 11.1 (0.3) 17.6 (1.1) 

SFAs 18.9 (1.0) 19.2 (1.3) 27.6 (0.7) 25.4 (0.6) 26.7 (1.3) 25.4 (0.4) 25.3 (0.2) 24.3 (0.4) 30.4 (0.6) 30.2 (0.8) 

MUFAs 18.8 (2.6) 16.4 (2.3) 28.2 (1.2) 16.2 (0.8) 40.1 (0.6) 24.2 (0.4) 38.3 (3.6) 27.9 (2.8) 33.8 (0.8) 20.4 (1.6) 

C18PUFAs 49.3 (1.1) 48.9 (1.8) 18.9 (0.6) 15.5 (0.8) 12.9 (0.4) 10.0 (0.3) 7.3 (0.5) 8.4 (0.2) 7.8 (0.5) 9.5 (2.0) 

C20PUFAs 13.0 (2.4) 15.5 (1.7) 25.4 (1.0) 42.9 (1.9) 20.3 (1.5) 40.4 (0.6) 29.1 (3.0) 39.4 (2.7) 28.0 (0.1) 39.9 (3.9) 

PUFAs 62.3 (3.4) 64.4 (3.5) 44.3 (1.1) 58.4 (1.1) 33.2 (1.6) 50.4 (0.8) 36.4 (3.4) 47.7 (2.9) 35.8 (0.5) 49.5 (2.3) 

US ratio 4.3 (0.3) 4.3 (0.4) 2.6 (0.1) 2.9 (0.1) 2.8 (0.2) 2.9 (0.1) 3.0 (0.0) 3.1 (0.1) 2.3 (0.1) 2.3 (0.1) 

UI 1.8 (0.1) 1.9 (0.1) 1.8 (0.0) 2.4 (0.1) 1.6 (0.1) 2.3 (0.0) 1.9 (0.1) 2.2 (0.1) 1.7 (0.0) 2.2 (0.1) 
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Appendix 1 (sequel). Fatty acid composition as percentage of total amount of fatty acid on day 7 for all soil dwelling species 

acclimated to 5C or 20C (mean±sem). C12:0, C13:0, and C14:1 were excluded from the table as 81%, 87%, 71% of the data of 

these fatty acids was missing, respectively. Bold fatty acids were used in multivariate statistics. 

 Protaphorura fimata Protaphorura subarmata  Folsomia candida Sinella tenebriosa 

 5°C 20°C 5°C 20°C 5°C 20°C 5°C 20°C 

C14:0 0.5 (0.0) 0.4 (0.0) 0.5 (0.0) 0.4 (0.1) 1.2 (0.0) 1.2 (0.1) 1.6 (0.2) 1.8 (0.1) 

C15:0 0.6 (0.0) 0.4 (0.0) 0.3 (0.0) 0.2 (0.0) 0.3 (0.0) 0.3 (0.0) 1.3 (0.3) 1.3 (0.1) 

C16:0 16.5 (1.1) 15.7 (0.4) 18.3 (0.4) 18.3 (0.9) 17.8 (0.2) 16.8 (0.4) 15.7 (0.8) 16.0 (0.6) 

C16:1 11.1 (1.1) 9.6 (0.4) 6.0 (0.3) 6.7 (0.4) 11.2 (0.3) 10.6 (0.1) 3.5 (0.2) 4.0 (0.2) 

C17:0 1.1 (0.0) 0.7 (0.0) 0.4 (0.0) 0.5 (0.1) 0.9 (0.1) 1.0 (0.0) 1.5 (0.3) 1.3 (0.1) 

C18:0 4.8 (0.1) 5.6 (0.1) 6.4 (0.3) 8.1 (0.4) 6.8 (0.2) 8.4 (0.4) 12.6 (0.4) 11.6 (1.4) 

C18:1n7 0.4 (0.2) 0.2 (0.2) 0.9 (0.1) 0.9 (0.0) 0.0 (0.0) 1.8 (0.1) 2.9 (0.1) 3.3 (0.2) 

C18:1n9 33.1 (1.0) 37.8 (0.5) 33.6 (0.4) 34.3 (0.3) 38.4 (0.4) 36.2 (0.1) 28.9 (0.2) 32.0 (0.0) 

C18:2n6 17.7 (0.3) 14.9 (0.1) 20.7 (0.8) 17.2 (0.3) 7.3 (0.2) 6.7 (0.3) 9.0 (1.0) 8.7 (1.3) 

C18:3n3 0.6 (0.0) 0.5 (0.0) 0.9 (0.1) 0.8 (0.1) 0.0 (0.0) 0.0 (0.0) 0.5 (0.1) 0.7 (0.7) 

C18:3n6 0.2 (0.0) 0.2 (0.0) 0.6 (0.1) 0.4 (0.0) 1.6 (0.0) 1.5 (0.0) 0.0 (0.0) 0.0 (0.0) 

C20:0 0.3 (0.0) 0.4 (0.0) 0.6 (0.0) 0.5 (0.0) 0.3 (0.0) 0.3 (0.0) 0.3 (0.3) 0.0 (0.0) 

C20:1n9 0.7 (0.2) 1.1 (0.3) 0.6 (0.1) 0.6 (0.0) 0.3 (0.0) 0.3 (0.0) 0.5 (0.0) 0.0 (0.0) 

C20:2 0.3 (0.0) 0.3 (0.0) 0.4 (0.0) 0.4 (0.0) 0.1 (0.0) 0.1 (0.0) 0.0 (0.0) 0.0 (0.0) 

C20:4n6 8.2 (0.8) 8.4 (0.1) 6.0 (0.3) 6.5 (0.5) 8.8 (0.2) 9.2 (0.3) 11.2 (0.4) 10.2 (0.5) 

C20:3n6 0.2 (0.0) 0.2 (0.0) 0.4 (0.0) 0.4 (0.0) 0.6 (0.0) 0.6 (0.0) 0.3 (0.3) 0.0 (0.0) 

C20:5n3 3.7 (0.4) 3.4 (0.0) 3.5 (0.4) 3.8 (0.3) 4.2 (0.1) 4.9 (0.1) 10.2 (0.4) 9.2 (0.3) 

SFAs 23.7 (1.0) 23.4 (0.4) 26.4 (0.1) 28.0 (0.6) 27.3 (0.5) 28.0 (0.4) 32.9 (1.5) 32.0 (0.9) 

MUFAs 45.4 (0.1) 48.7 (0.3) 41.1 (0.6) 42.5 (0.2) 50.0 (0.1) 49.0 (0.2) 35.8 (0.5) 39.2 (0.4) 

C18PUFAs 18.5 (0.3) 15.6 (0.1) 22.2 (0.8) 18.5 (0.4) 8.9 (0.2) 8.2 (0.3) 9.5 (0.9) 9.4 (2.0) 

C20PUFAs 12.4 (1.3) 12.3 (0.1) 10.2 (0.7) 11.1 (0.8) 13.8 (0.3) 14.8 (0.4) 21.8 (1.2) 19.4 (0.7) 

PUFAs 30.9 (1.1) 27.9 (0.2) 32.5 (0.6) 29.5 (0.8) 22.7 (0.5) 23.0 (0.2) 31.3 (2.0) 28.8 (1.3) 

US ratio 3.2 (0.2) 3.3 (0.1) 2.8 (0.0) 2.6 (0.1) 2.7 (0.1) 2.6 (0.1) 2.0 (0.1) 2.1 (0.1) 

UI 1.4 (0.1) 1.3 (0.0) 1.3 (0.0) 1.3 (0.0) 1.3 (0.0) 1.3 (0.0) 1.5 (0.1) 1.5 (0.0) 


