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Ectotherms commonly adjust storage and membrane lipid composition to ambient 

temperature to counteract detrimental thermal effects on lipid fluidity. The effect of repeated 

temperature fluctuations on fatty acid composition and thermal tolerance was investigated. 

We exposed Orchesella cincta to two constant temperatures (5ºC and 20°C), and a 

continuously fluctuating treatment (5ºC/20ºC every two days). Fatty acid composition 

differed between constant low and high temperatures. Animals were most cold tolerant in the 

low temperature treatment, while heat tolerance was highest under high temperature. Under 

fluctuating temperatures, fatty acid composition changed with temperature initially, but later 

the fatty acid composition stabilized and closely resembled that found under constant warm 

temperatures. Consistently, heat tolerance in the fluctuating temperature treatment was 

comparable to the constant warm treatment. Cold tolerance in the fluctuating temperature 

treatment was intermediate compared to animals acclimated to constant cold or warmth, 

despite the fact that fatty acid composition was adjusted to warm conditions. This unexpected 

finding suggests that in animals acclimated to fluctuating temperatures an additional 

underlying mechanism is involved in the cold shock response. Other aspects of homeoviscous 

adaptation may protect animals during extreme cold. This paper forms a next step to fully 

understand the functioning of ectotherms in more thermally variable environments.  
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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). For example, temperature can induce 

morphological modifications, such as changes in wing size (Liefting et al., 2009) or egg size 

(Fisher et al, 2003), as well as a range of biochemical and physiological responses (Huey and 

Stevenson, 1979; Hochachka and Somero, 2002). Temperature also influences the physical 

properties of lipids, causing enhanced lipid fluidity at higher temperatures. Many lipid-

associated proteins require a particular fluidity of the lipid membranes to function optimally 

(Cossins et al., 1977). Hence, the effect of temperature change on lipid fluidity will impair the 

functioning of lipid-associated proteins and enzymes. To avoid detrimental thermal effects, 

ectotherms commonly compensate for changes in lipid fluidity by homeoviscous adaptation 

(HVA), which involves changing the structure and composition of lipids (Sinensky, 1974: 

Hazel and Landrey, 1988b). Although not the only change involved in HVA, a major effect of 

changes in environmental temperature is that lipids (fatty acids) become more unsaturated at 

low and more saturated at high temperatures (Hazel and Williams, 1990; Hazel, 1995; 

Hochachka and Somero, 2002, Kostal and Simek, 2008, Van Dooremalen and Ellers, 2010).  

The natural environment of terrestrial arthropods, however, is often characterized by 

frequent fluctuations in temperature. Whereas daily temperature variations are more 

predictable and can be anticipated, other temperature changes are recurrent but unpredictable. 

For example, the occurrence of sunny spells can repeatedly raise the temperature by more 

10°C even on an hourly basis (Overgaard and Sorensen, 2008). In addition, many temperate 

climates are characterized by warmer and colder periods at the timescale of several days 

(Klein Tank et al., 2002). As a consequence, organisms must constantly respond to changing 

thermal conditions, but such repeated acclimation may come at a cost (Loeschcke and 

Hoffmann, 2007). 

HVA theory does not predict, however, what the optimal membrane configuration is 

under fluctuating temperatures. If lipid remodelling is costly, lipid composition may be 

adjusted to an intermediate temperature, as was shown by a study on the effect of tidal 

temperature fluctuations in oysters (Williams and Somero, 1996, Pernet et al., 2007). An 

important question that has remained unexplored is how incomplete lipid adjustment affects 

the functioning of animals acclimated to fluctuating temperatures, especially their thermal 

tolerance. Tolerance to extreme temperatures has been found to correlate with acclimation to 

mild temperatures and associated fatty acid changes (Threader and Houston, 1983; Overgaard 

et al., 2005; Hawes et al., 2007).  

In this study, we investigated the effect of repeated temperature fluctuations on fatty 

acid composition and the subsequent tolerance to extreme temperatures in the springtail 
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Orchesella cincta. O. cincta is a surface-dwelling soil arthropod that occurs in a wide variety 

of seasonal habitats (Timmermans et al., 2005), where it experiences daily temperature 

fluctuations of more than 10°C and extreme temperatures occur regularly (Liefting and Ellers, 

2008). O. cincta shows strong thermal acclimation responses in growth rate (Ellers et al., 

2008), supercooling point (Bahrndorff et al., 2007) and fatty acid composition (Van 

Dooremalen et al., 2009; Van Dooremalen and Ellers, 2010). In the first part of the study, we 

measured fatty acid composition of animals exposed to a constant temperature of 5°C, 20°C, 

or to a fluctuating regime that alternated every other day between 5°C and 20°C. When 

exposed to constant temperatures, we expect that O. cincta will change its lipid composition 

according to HVA. Exposure to fluctuating temperature (5°C and 20°C) is expected to lead to 

a lipid composition intermediate to the constant temperatures. In the second part of the study 

we exposed animals from all three thermal regimes to cold shock and heat shock. We predict 

that tolerance to extreme temperatures is related to acclimation regime and changes in lipid 

composition.  

 

Method 

Animal 

O. cincta was collected from a pine forest in the nature reserve Planken Wambuis, 

Netherlands (52° 2’ 3”N, 5° 46’ 58”O). The animals were kept in the laboratory of the VU 

University, Amsterdam, Netherlands, in plastic pots (Ø 16 cm) with a moisturized bottom of 

plaster of Paris to maintain a constant water-saturated humidity. Pieces of bark overgrown 

with green algae (Desmococcus sp.) served as a food source and were always kept in excess. 

The first two weeks after collection, all animals were kept at a constant temperature of 5ºC 

with a photoperiod of 12 L: 12 D to settle down and pre-acclimatize.  

 

Experimental set-up 

At the start of the experiment (d0), the animals were divided randomly over the three 

treatments, each of which consisted of three replicate pots. One treatment consisted of a 

constant temperature of 5°C, the second treatment was a constant temperature of 20°C, and 

the third treatment was moved every two days between 5°C and 20°C for a total of 18 days 

(also referred to as 20°Cfluc). Hence, this treatment consisted of a fluctuating thermal regime 

with an instant temperature change. The period of two days between the temperature changes 

was chosen to mimic natural temperature fluctuations that exceeded the daily rhythm and to 

overcome possible interference of their day-night-rhythm or correlated variables such as their 

metabolism. From the 5°C and the 20°C treatments, samples were taken after 10 days at 

experimental temperature (d10). For the 20°Cfluc group, samples were taken on d0 (5 ºC), d2 

(20 ºC), d8 (5 ºC), d10 (20 ºC), d16 (5 ºC), d18 (20 ºC), just before the animals were 
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transferred to the new temperature. Animals were also transferred to different temperatures on 

d4 (5 ºC), d6 (20 ºC), d12 (5 ºC), d14 (20 ºC), but at these days no samples were taken. Each 

sample consisted of ten pooled animals and at each sampling day, one sample was taken from 

each replicate pot (N=3). Collected samples were stored under N2 at –80°C until lipid 

extraction. On d10, we exposed the animals to a cold shock, and on d11 and d18 to a heat 

shock to measure their tolerance to extreme temperatures. 

 

Fatty acid analysis 

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

samples were homogenized and extracted in dichloromethane/methanol. Storage lipids 

(neutral triacylglycerols) and membrane lipids (polar phospholipids) were separated by 

dichloromethane and methanol, respectively, using a pre-packed silica column. After 

fractionation, C19:0 was added as internal standard. Saponifaction of both fractions of 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. Methylized fatty acids were extracted from the acid 

solution using methyl tertiair-butyl ether/hexane, dried and kept in 100 µl 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, 60 m x 0,25 mm 

i.d. df 0,25 μm). A 1 µL-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 C/min to 150°C, 

continuing with a gradient of 15°C/min 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). One membrane lipid sample was 

lost, as no fatty acids were detected (fluctuating temperature, d2). Not all fatty acids were 

present in all samples due to concentrations below detection limits. Fatty acids with more than 

10% missing values were excluded from further data analysis (storage lipids: C17:0 13%, 

C18:3n6 13%, C20:0 17%, C20:2 13%, C20:3n6 17%; membrane lipids: C14:0 31%, C15:0 59%, C16:1 

28%, C17:0 55%, C17:1 69% C18:1n9t 59%, C18:3n6 97%, C20:1n9 31%, C20:2 38%, C20:3n6 76% 

missing values). There were some fatty acids with less than 10% missing values (storage 

lipids one C15:0 and one C20:1n9 missing value). These missing peak areas were estimated based 

on the internal standard C19:0 and a lowered detection limit. The remaining fatty acids had no 

missing values. We found small traces of C16:0 and C18:0 in the blanks. We, therefore, 

corrected the peak areas of C16:0 and C18:0 for C16:0 and C18:0 found in the blanks. 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 
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species (Chamberlain et al., 2004, Chamberlain and Black, 2005). We, therefore, assumed that 

the proportion of C20:3n3 in the stacked peak was negligible. 

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 the multivariate statistics, all (raw) peak 

areas of the single lipid fatty acids were log-ratio transformed (Nash et al., 2008). 

 

Extreme temperature tolerance 

To assess the tolerance to extreme cold, we measured chill coma recovery time, which 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). 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 animals of each 

temperature treatment (total N=36 animals) were exposed to –20°C during approximately 260 

seconds in a freezer on d10. After cold shock the animals were transferred to room 

temperature (21°C). Chill coma was considered to have ended if animals responded (jumped) 

to a gentle brush of the abdomen.  

To assess tolerance to extreme heat we measured heat knock down time, which 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). Animals were considered 

to be knocked down when the animal did not show any visible activity after disturbing them 

gently and remained on its side. On d11, the same 36 animals as used in the chill coma 

experiment were exposed to 39.5± 0.02°C (mean±sem) in a water bath to measure the heat 

knock down time. The results showed interference with the cold exposure the day before: 

unusually high variation and a possible effect of cold shock on the heat knock down time for 

the animals in the fluctuating temperature group. We repeated the heat knockdown, therefore, 

on d18 with 30 ‘fresh’ animals that were exposed to the fluctuating temperature regime (until 

d18), but were not exposed to a cold shock before. From hereon we will only show and 

discuss the data of the heat knock down on d18. 

 

Statistical analysis 

Multivariate statistics were used to analyze the changes in fatty acid composition, which 

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

of the response variables (Van Dooremalen and Ellers, 2010). A Principle Component 

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

and storage lipids using the freely available software ‘PAST’ (Hammer et al., 2001). The PCA 

was used to obtain the first principle component (PC1). The sample values for PC1 formed 
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the new variable ‘PCscores’ and this variable was used in addition to the general indices U/S 

ratio and unsaturation index. To relate PCscores to the single fatty acids, we calculated the 

Pearson correlation coefficients of the single fatty acids with the PCscores. We used ANOVA 

with a Bonferroni’s post hoc test to assess the effect of the temperature treatment on fatty acid 

composition (PCscores) on d10 separately for membrane and storage lipids. To assess the 

effect of temperature on the PCscores for the fluctuating temperature group (20°Cfluc), we 

used a full factorial two-way ANOVA with the factors temperature rank of temperature cycle. 

We grouped day 0 and 2, day 8 and 10, and day 16 and 18 into the time series 1, 2, and 3, 

respectively. A Bonferroni’s post hoc test was used on the interaction term.  

The effect of temperature treatment on chill coma recovery time and heat knock down 

time was tested using generalized linear models with a normal distribution and identity link 

function. Generalized linear models are a generalization of ordinary least squares regression 

that uses maximum likelihood estimates to iteratively minimize the deviance (Hilbe, 1994). 

First, overall significance of temperature treatment was tested by comparing the likelihood 

ratio between a model with the three temperature treatments (i.e. the full model) and the 

intercept-only model with a chi-square distribution. We then explored whether the three 

temperature treatments needed to be maintained separately in the model by lumping pairs of 

treatments, i.e. the high and low treatment, and the fluctuating temperature treatment with the 

low and high temperature treatment respectively. If the log likelihood ratio between a lumped 

model and the full model was not significant compared to a chi-square distribution with df=1, 

than the lumped temperature treatments did not differ in their effect on thermal tolerance. 

 

Results 

Fatty acid composition 

For the membrane lipids of O. cincta, we analyzed eight fatty acids ranging in carbon length 

between 16 and 20 C-atoms (Appxs 1A, 2A). Palmitic acid (C16:0) was the major SFA, oleic 

acid (C18:1n9) was the most abundant MUFA, and linoleic acid (C18:2n6), arachidonic acid 

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

similar amounts. For the storage lipids, we analyzed 12 fatty acids ranging in carbon length 

between 14 and 20 C-atoms (Appxs 1B, 2B). Palmitic acid (C16:0) was the major SFA, oleic 

acid (C18:1n9) was the most abundant MUFA, and linoleic acid (C18:2n6) was the most abundant 

PUFA. 

 

Correlation between fatty acids and PCscores.  

The eigenvalue variation explained by the PCscores of the first principle component was 

49.8% for the membrane lipids and 62.7% for the storage lipids. The fatty acids C16:0, C18:0, 

C18:1n9, C18:2n6, and C18:3n3 were positively correlated with the membrane PCscores, while 
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C18:1n7, C20:4n6, and C20:5n3 were negatively correlated (Figure 1A). The fatty acids C15:0, C16:0, 

C18:0, and C18:2n6 were positively correlated with the storage PCscores, while C14:0, C16:1n7, 

C18:1n7, C20:1n9, and C20:5n3 were negatively correlated (Figure 1B). The fatty acids C18:1n9, 

C18:3n3, and C20:4n6 were not related to the storage PCscores.  

 

Effect of constant or fluctuating temperature on fatty acid composition on d10 

We compared the fatty acid composition of animals acclimated at 20°Cfluc with the fatty acid 

composition of animals acclimated to constant temperatures of 5°C and 20°C on d10 for 

membrane and storage lipids (Figure 2, Appendix 1). The PCscores for the membrane lipids 

of O. cincta at 20°Cfluc were not different from the PCscores of the 20°C animals, but they 

were significantly higher than the PCscores of the 5°C animals, indicating less C18:1n7, C20:4n6, 

and C20:5n3 (ANOVA F2,6=6.54, P<0.01). For the storage lipids, the PCscores of the 20°Cfluc 

animals and of the 20°C animals were significantly higher than the PCscores of the 5°C 

animals, indicating more C15:0, C16:0, C18:0, and C18:2n6 (ANOVA F2,6=65.35, P<0.001). 

 

Effect of fluctuating temperatures on fatty acid composition over time 

We investigated the fatty acid composition of animals exposed to the fluctuating thermal 

regime over time for membrane and storage lipids (Figure 2 striped bars, Appendix 2). When 

animals were exposed to the fluctuating thermal regime, membrane and storage PCscores 

changed significantly. For the membrane lipids (Figure 2A), the full factorial two-way 

ANOVA showed a significant effect of the temperature treatment, but only a trend of time 

and the interaction between cycle rank and temperature (R2
adj=0.53; F1,11=6.59, P<0.05 for the 

temperature treatment; F2,11=3.46, P=0.07 for cycle rank; F2,11=3.54, P=0.06 for their 

interaction). The Bonferroni posthoc test, however, did show differences between the 

different days, such as a change from negative PCscores on d0 (more C18:1n7, C20:4n6, and 

C20:5n3), to positive PCscores on d18 (more C16:0, C18:0, C18:1n9, C18:2n6, and C18:3n3). The two-

way ANOVA for the storage lipids (Figure 2B) showed a significant effect of temperature, 

cycle rank and their interaction (R2
adj=0.88; F1,11=15.41, P<0.01 for temperature treatment; 

F2,11=53.29, P<0.001 for cycle rank; F2,11=5.20, P<0.05 for their interaction). In the first 

temperature cycle, the animals responded to transfer from 5°C to 20°C by shifting their 

composition towards more C15:0, C16:0, C18:0, and C18:2n6, while in later temperature cycles the 

response to the fluctuating temperature was dampened. 
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Figure 1A 

 

 

 

Figure 1B 

 

 

 

Figure 1. Coefficients of the correlations between the fatty acids and the principle component scores 

of PC1 for membrane lipids (A) and storage lipids (B). The asterisks show the level of significance of 

the correlation coefficients (*p < 0.05, **p < 0.01, ***p < 0.001). 

 

 



 73

 

Figure 2A 

 

Figure 2B 

 

Figure 2. Principle component scores of PC 1 (mean±sem) for membrane (A) and storage (B) lipids for 

all treatments. The striped bars show the PC scores for the animals kept at fluctuating temperature 

(20°Cfluc). Animals sampled on d0, d8, d16 were measured after two days of acclimation to 5°C (black 

striped bars). Animals sampled on d2, d10, d18 were measured after two days of acclimation to 20°C 

(grey striped bars). Animals kept at constant 5°C (black bar), and animals kept at constant 20°C (grey 

bar) were sampled only on day 10. Gray italic letters indicate differences between the groups of the 

temperature treatment (P<0.05). Black letters indicate differences between the days of the group 

exposed to fluctuating temperature (P<0.05). 
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Thermal tolerance 

Temperature treatment did have a significant influence on chill coma recovery time (χ2 = 

9.39, df=2, P=0.009). Lumping the 5°C and 20°C treatments significantly reduced the 

likelihood compared to the full model (χ2 = 9.39, df=1, P=0.002). Hence, animals acclimated 

to 5°C recovered significantly faster from chill coma than animals acclimated to 20°C (Figure 

3A). Animals exposed to fluctuating temperature had an intermediary recovery time 

compared to animals acclimated to 5°C and 20°C, but did not differ significantly from either 

5°C (χ2 = 2.55, df=1, P=0.11) or 20°C (χ2 = 2.52, df=1, P=0.11).  

Heat knock down time was not significantly different among temperature treatments in 

the model with three temperature treatments (χ2 = 5.80, df=2, P=0.055). Lumping the 5°C and 

20°C treatments significantly reduced the likelihood compared to the full model (χ2 = 5.14, 

df=1, P=0.02), due to the significantly longer knock down times for the 20°C treatment 

(Figure 3B). Although heat knock down time of animals acclimated to fluctuating temperature 

were longer than at 5°C, the difference between a full model and a reduced model with 

fluctuating temperature lumped with 5°C just fell short of significance (χ2 = 3.588, df =1, P = 

0.06). Heat knock down times for the fluctuating temperature regime were similar to those 

found at 20°C, hence a reduced model with 20°Cfluc and 20°C did not differ significantly from 

the full model (χ2 = 0.170, df =1, P = 0.68). In contrast to the full model, this reduced model 

significantly differed from an intercept only model (χ2 = 5.625, df =1, P = 0.018). Hence, this 

showed a significant decrease in heat knock down time at 5°C compared to lumped 20°Cfluc 

and 20°C. 

Figure 3. Mean (sem) chill coma recovery (CCR) time in seconds on day 10 (A) and heat knock down 

(HKD) time in seconds on day 18 (B). Animals were kept at 5°C (5°C), 20°C (20°C) and at fluctuating 

temperature that changed every two days from 5°C to 20°C (20°Cfluc: where CCR and HKD time were 

measured after two days of acclimation to 20°C). 

Figure 3A Figure 3B 
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Discussion 

Ectotherms face the challenge of maximizing fitness under variable thermal conditions. An 

important physiological mechanism underlying phenotypic responses to temperature is 

restructuring of fatty acid composition. When exposed to constant temperatures, lipids were 

generally more saturated in O. cincta acclimated to 20°C than after acclimation to 5°C, which 

was as predicted by HVA theory (Sinensky 1974; Hazel, 1995; Hochachka and Somero, 

2002). Consistent with our previous study (Van Dooremalen et al., unpublished), but in 

contrast to the HVA theory, we found an accumulation of C18:2n6 and C18:3n3 at higher 

temperatures. As mentioned in a previous study, poly-unsaturated fatty acid levels in O. 

cincta are possibly constrained due to lack of appropriate desaturases for their biosynthesis, or 

because of preservation of essential fatty acids for future use (Stanley-Samuelson et al., 1988; 

Stanley, 2009; Van Dooremalen et al., unpublished).  

Our results showed that fluctuating temperatures caused a specific response in lipid 

composition that differed from the lipid response at constant temperatures. Although we 

expected a gradual increase in adaptation to the average temperature, based on a previous 

study with oysters (Pernet et al., 2007), instead lipid response to fluctuating temperature was 

much reduced after the first cycle and resembled the upper temperature of the thermal regime. 

Pernet et al. (2007), in contrast, showed a lack of response early in the experiment and a 

growing response towards the end of the experiment (7 days). These differences may be due 

to temporal differences in the experimental set up. We applied abrupt temperature changes 

every other day, whereas Pernet et al. (2007) used more gradual, daily temperature changes. 

Perhaps our set up elicited other HVA mechanisms that work on a shorter time scale, such as 

changes in the phosphoheadgroup composition (Hazel and Landrey, 1988a; Carey and Hazel, 

1989). Changes in the cholesterol:phospholipid ratio were not found in response to daily 

temperature fluctuations (Pernet et al. 2007), although the role of cholesterol was found to be 

important under fluctuating thermal regimes (Prodrabsky and Somero, 2004). 

Tolerance of temperature fluctuations is a key trait for successful survival and 

reproduction in thermally variable environments, because temperature fluctuations can have 

profound effects on developmental time and other life history traits in comparison to constant 

temperatures (Heath et al., 1993; Davis et al., 2006; Renault et al., 2004; Ragland and 

Kingsolver, 2008). We found that cold tolerance of animals acclimated to 5°C was higher 

than for animals acclimated to 20°C. This was expected, as net shock temperature was smaller 

for animal acclimated to 5°C. The advantage of returning out of chill coma faster than others 

potentially increases the chance to escape predators or reduces the risk of chill coma injury 

(Macdonald et al., 2004; Colinet et al., 2006). Other studies found similar effects of 

acclimation temperature on cold tolerance. In different Drosophila species, chill coma 

recovery time increased in response to lower constant rearing temperatures (Macdonald et al. 



 76

2004), and increased with latitude among geographic populations (Hallas et al. 2002). For the 

heat tolerance, we found that in animals acclimated to 5°C the tolerance to extreme heat was 

lower than for animals acclimated to 20°C. This was expected, as net shock temperature was 

larger for animal acclimated to 5°C. Other studies found similar effects of acclimation 

temperature on heat tolerance (Levins, 1969; Feldmeth et al. 1974; Otto, 1974). For example, 

in fish increasing acclimation temperature increased the maximum critical temperature 

(Feldmeth et al., 1974) and the time until 50% mortality (Otto, 1974).  

Despite changes in lipid composition, only small differences in extreme temperature 

tolerance were found between fluctuating and constant temperature regimes. Cold tolerance 

under a fluctuating regime was intermediate compared to the constant temperatures. The cold 

tolerance response did not differ from animals acclimated to constant 5°C, despite the 

similarity of fatty acid composition to the constant warm temperature. This suggests at least 

some fitness advantage of being acclimated to a fluctuating thermal regime, although the 

underlying mechanisms are currently unknown. Heat tolerance under a fluctuating regime was 

similar to the constant warm temperature, and higher compared to the low constant 

temperature. This is consistent with other studies, which found that thermal tolerance limits 

increase under fluctuating temperature regimes (Feldmeth et al., 1974; Otto, 1974; Threader 

and Houston, 1983; Heath et al., 1993; Colinet et al., 2006, Ragland and Kingsolver, 2008). 

Other performance traits have also been shown to increase under a fluctuating thermal regime. 

For example, O. cincta population growth was enhanced under temperature fluctuations up to 

16°C difference per day (Liefting et al., 2009). 

What remains unexplained is why the thermal response of the lipid composition 

becomes biased towards the higher temperature of the cycle. We can formulate two 

hypotheses to explain this phenomenon. First, non-linearity in the response of lipid 

composition could have caused a Kaufman effect (Cossins and Bowler, 1987), which means 

that the average temperature of a fluctuating regime corresponds with a more than average 

value for the response trait. In Van Dooremalen et al. (unpublished data), however, we 

showed that between 5°C and 25°C the lipid composition of O. cincta showed mostly linear 

reaction norms for the single fatty acids. This means that the Kaufman explanation is not very 

likely. Second, it could be that our two-day fluctuation regime was not long enough to 

complete the fatty acid response, but this explanation is invalidated by the fact that in the first 

temperature cycle we did observe a response conform the HVA theory. Still, if the rate of 

lipid adjustment is faster under higher temperatures (Cossins et al., 1977) it may result in a net 

shift towards the lipid composition of warm conditions. However, we previously found no 

difference in acclimation rate between warm (5°C to 15°C) and cold acclimation (15°C to 

5°C) in O. cincta (Van Dooremalen and Ellers, 2010). Third, there may also be an 

evolutionary benefit of adjusting fatty acid composition to the high temperature of the cycle. 

Adaptation to 20°C may be more beneficial than adaptation to 5°C for O. cincta, in terms of 
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increased growth and reproduction, or because possible chill injuries incurred at 5°C can be 

repaired during the period at 20°C (Renault et al., 2004; Colinet et al., 2006), resulting in a net 

benefit. Choosing a lower acclimation temperature for the lower limit should shift the balance 

towards the lower temperature of the cycle: the negative effects of not being adapted to the 

low temperature would become more severe and no longer outweigh the positive effects of 

being adapted to the warm temperature. 

In conclusion, this study clearly showed that the fatty acid composition of O. cincta 

was affected by fluctuating temperature. However, the mechanism underlying response to 

temperature fluctuations is more complex than the underlying mechanism in response to 

constant temperatures. By acknowledging this increased complexity of the underlying 

mechanisms in response to fluctuating temperature, this paper forms the next step to fully 

understand the functioning of the animals in more thermally variable environments. 
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Appendix 1A. Mean (sem) percentages of single fatty acids in membrane lipids on d10. Animals were 

kept at 5°C, 20°C and at temperatures that changed every two days from 5°C to 20°C.  

 5°C 20°Cfluc 20°C 

C16:0 12.0 (0.4) 12.1 (0.3) 13.2 (0.2) 

C18:0 8.5 (0.6) 8.1 (0.2) 9.0 (0.2) 

C18:1n7 4.8 (0.3) 4.7 (0.5) 2.8 (0.2) 

C18:1n9 18.4 (0.2) 21.7 (0.7) 19.4 (1.5) 

C18:2n6 14.8 (0.3) 18.8 (1.0) 17.1 (0.2) 

C18:3n3 6.2 (0.2) 7.6 (0.5) 6.6 (0.6) 

C20:4n6 15.0 (0.3) 13.1 (1.0) 15.3 (1.2) 

C20:5n3 20.3 (0.4) 14.0 (1.2) 16.5 (0.7) 

SFA 20.5 (1.0) 20.1 (0.3) 22.2 (0.4) 

MUFA 23.2 (0.5) 26.3 (0.6) 22.3 (1.7) 

C18 PUFA 21.1 (0.3) 26.4 (1.4) 23.8 (0.6) 

C20 PUFA 35.3 (0.6) 27.2 (2.1) 31.8 (1.9) 

U/S ratio 3.9 (0.3) 4.0 (0.1) 3.5 (0.1) 

 UI  2.3 (0.0) 2.1 (0.1) 2.2 (0.1) 
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Appendix 1B. Mean (sem) percentages of single fatty acids in storage lipids on d10. Animals were kept 

at 5°C, 20°C and at temperatures that changed every two days from 5°C to 20°C.  

 5°C 20°Cfluc 20°C 

C14:0 2.2 (0.1) 1.9 (0.1) 1.7 (0.0) 

C15:0 0.6 (0.0) 0.8 (0.1) 1.0 (0.0) 

C16:0 14.2 (0.3) 16.8 (0.2) 17.4 (0.3) 

C18:0 2.5 (0.1) 4.2 (0.1) 4.5 (0.1) 

C16:1n7 2.5 (0.1) 2.1 (0.2) 2.0 (0.1) 

C18:1n7 6.6 (0.4) 5.9 (0.5) 4.0 (0.2) 

C18:1n9 36.4 (0.3) 33.0 (0.4) 33.6 (1.5) 

C20:1n9 0.5 (0.0) 0.3 (0.0) 0.5 (0.1) 

C18:2n6 19.6 (0.7) 22.0 (0.5) 21.7 (1.2) 

C18:3n3 10.6 (0.5) 9.4 (0.3) 9.4 (0.3) 

C20:4n6 2.2 (0.0) 2.0 (0.0) 2.4 (0.2) 

C20:5n3 2.2 (0.0) 1.6 (0.1) 1.9 (0.2) 

SFA 19.5 (0.3) 23.7 (0.4) 24.6 (0.2) 

MUFA 45.9 (0.3) 41.3 (0.7) 40.0 (1.7) 

C18 PUFA 30.1 (0.2) 31.4 (0.7) 31.1 (1.3) 

C20 PUFA 4.4 (0.0) 3.6 (0.1) 4.4 (0.3) 

U/S ratio 4.1 (0.1) 3.2 (0.1) 3.1 (0.0) 

 UI 1.4 (0.0) 1.3 (0.0) 1.3 (0.0) 
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Appendix 2A. Mean (sem) percentages of single fatty acids in membrane lipids on d0 to d18. Animals were kept temperatures that changed every two 

days from 5°C to 20°C. Animals sampled on d0, d8, d16 were measured after two days of acclimation to 5°C. Animals sampled on d2, d10, d18 were 

measured after two days of acclimation to 20°C.  

 Day 0 (5°C) Day 2 (20°C) Day 8 (5°C) Day 10 (20°C) Day 16 (5°C) Day 18 (20°C) 

C16:0 13.5 (1.0)
 

15.1 (0.2)
 

14.3 (0.9) 12.1 (0.3) 14.9 (0.6) 15.9 (0.3) 

C18:0 7.9 (0.8) 8.9 (0.0) 9.4 (0.1) 8.1 (0.2) 8.2 (0.2) 10.8 (0.1) 

C18:1n7 5.5 (0.1) 5.1 (0.0) 4.2 (0.2) 4.7 (0.5) 3.8 (0.2) 3.7 (0.1) 

C18:1n9 18.6 (0.5) 21.8 (0.7) 20.1 (0.7) 21.7 (0.7) 20.1 (0.4) 20.0 (1.1) 

C18:2n6 14.6 (0.3) 17.4 (0.9) 16.9 (1.3) 18.8 (1.0) 18.7 (0.4) 17.0 (0.2) 

C18:3n3 5.4 (0.2) 7.1 (0.2) 6.7 (0.6) 7.6 (0.5) 6.9 (0.4) 6.6 (0.1) 

C20:4n6 15.3 (0.3) 11.4 (0.7) 13.4 (1.7) 13.1 (1.0) 13.3 (0.7) 12.5 (0.5) 

C20:5n3 19.1 (0.6) 13.1 (0.9) 15.0 (1.8) 14.0 (1.2) 14.1 (0.6) 13.4 (0.3) 

SFA 21.4 (1.8) 24.0 (0.3) 23.7 (0.8) 20.1 (0.3) 23.1 (0.8) 26.8 (0.4) 

MUFA 24.1 (0.5) 26.9 (0.8) 24.3 (0.9) 26.3 (0.6) 23.9 (0.4) 23.7 (1.1) 

C18 PUFAs 20.1 (0.4) 24.6 (1.0) 23.6 (1.9) 26.4 (1.4) 25.6 (0.8) 23.6 (0.3) 

C20PUFAs 34.4 (1.0) 24.5 (1.6) 28.4 (3.5) 27.2 (2.1) 27.4 (1.3) 26.0 (0.7) 

U/S ratio 3.7 (0.4) 3.2 (0.0) 3.2 (0.1) 4.0 (0.1) 3.3 (0.1) 2.7 (0.1) 

 UI 2.3 (0.1) 1.9 (0.0) 2.1 (0.1) 2.1 (0.1) 2.1 (0.0) 1.9 (0.0) 
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Appendix 2B. Mean (sem) percentages of single fatty acids in storage lipids on d0 to d18. Animals were kept temperatures that changed every two days 

from 5°C to 20°C. Animals sampled on d0, d8, d16 were measured after two days of acclimation to 5°C. Animals sampled on d2, d10, d18 were 

measured after two days of acclimation to 20°C.  

 Day 0 (5°C) Day 2 (20°C) Day 8 (5°C) Day 10 (20°C) Day 16 (5°C) Day 18 (20°C) 

C14:0 2.6 (0.1) 2.1 (0.1) 2.1 (0.1) 1.9 (0.1) 2.0 (0.1) 2.2 (0.0) 

C15:0 0.7 (0.0) 0.7 (0.0) 0.8 (0.0) 0.8 (0.1) 0.9 (0.0) 0.9 (0.0) 

C16:0 14.5 (0.4) 15.0 (0.2) 16.2 (0.2) 16.8 (0.2) 17.5 (0.2) 17.0 (0.2) 

C18:0 2.4 (0.4) 3.6 (0.2) 3.8 (0.2) 4.2 (0.1) 4.4 (0.1) 4.6 (0.2) 

C16:1n7 3.0 (0.2) 2.3 (0.2) 2.5 (0.1) 2.1 (0.2) 2.1 (0.0) 2.1 (0.1) 

C18:1n7 7.8 (0.1) 6.3 (0.2) 5.7 (0.1) 5.9 (0.5) 5.0 (0.2) 5.2 (0.2) 

C18:1n9 34.5 (0.4) 34.2 (0.1) 33.8 (0.4) 33.0 (0.4) 32.8 (0.3) 33.2 (0.9) 

C20:1n9 0.5 (0.1) 0.5 (0.0) 0.4 (0.0) 0.3 (0.0) 0.4 (0.1) 0.4 (0.0) 

C18:2n6 20.3 (0.2) 21.0 (0.3)
 

21.0 (0.5) 22.0 (0.5) 21.6 (0.2) 21.1 (0.6) 

C18:3n3 9.3 (0.4) 10.1 (0.2) 9.8 (0.1) 9.4 (0.3) 9.5 (0.3) 9.4 (0.4) 

C20:4n6 2.5 (0.0) 2.3 (0.1) 2.2 (0.1) 2.0 (0.0) 2.1 (0.1) 2.1 (0.0) 

C20:5n3 2.0 (0.1) 1.9 (0.1) 1.8 (0.1) 1.6 (0.1) 1.7 (0.1) 1.8 (0.0) 

SFA 20.1 (0.7)
 

21.4 (0.3)
 

22.9 (0.3)
 

23.7 (0.4)
 

24.8 (0.2)
 

24.7 (0.1)
 

MUFA 45.7 (0.3)
 

43.3 (0.3)
 

42.3 (0.7)
 

41.3 (0.7)
 

40.3 (0.1)
 

40.8 (1.0)
 

C18 PUFA 29.6 (0.4) 31.0 (0.2) 30.8 (0.5) 31.4 (0.7) 31.1 (0.4) 30.5 (1.0) 

C20 PUFA 4.5 (0.1) 4.2 (0.2) 4.0 (0.1) 3.6 (0.1) 3.8 (0.2) 3.9 (0.1) 

U/S ratio 4.0 (0.2)
 

3.7 (0.1)
 

3.4 (0.0)
 

3.2 (0.1)
 

3.0 (0.0)
 

3.0 (0.0)
 

 UI 1.34 (0.02) 1.34 (0.01) 1.31 (0.01) 1.30 (0.01)
 

1.29 (0.00) 1.29 (0.01) 
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