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A moderate change in temperature induces 

changes in fatty acid composition of 

storage and membrane lipids  

in a soil arthropod 
Coby van Dooremalen, Jacintha Ellers 

Journal of Insect Physiology 56, 2010, 178–184 

 

 

 

A moderate change in ambient temperature can lead to vital physiological and biochemical 

adjustments in ectotherms, one of which is a change in fatty acid composition. When 

temperature decreases, the composition of membrane lipids (phospholipid fatty acids) is 

expected to become more unsaturated to be able to maintain homeoviscosity. Although 

different in function, storage lipids (triacylglycerol fatty acids) are expected to respond to 

temperature changes in a similar way. Age-specific differences, however, could influence this 

temperature response between different life stages. Here, we investigate if fatty acid 

composition of membrane and storage lipids responds similarly to temperature changes for 

two different life stages of Orchesella cincta. Juveniles and adults were cold acclimated 

(15°C→5°C) for 28 days and then re-acclimated (5°C→15°C) for another 28 days. We found 

adult membranes had a more unsaturated fatty acid composition than juveniles. Membrane 

lipids became more unsaturated during cold acclimation, and a reversed response occurred 

during warm acclimation. Membrane lipids, however, showed no warm acclimation, possibly 

due to the moderate temperature change. The ability to adjust storage lipid composition to 

moderate changes in ambient temperature may be an underestimated fitness component of 

temperature adaptation because fluidity of storage lipids permits accessibility of enzymes to 

energy reserves. 
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Introduction 

For nearly all organisms, ambient temperature is a key environmental factor influencing a 

variety of aspects of their ecology and evolution. Temperature can induce behavioral 

modifications, such as changes in locomotion activity or flight ability (Ellers and Boggs, 

2004), as well as a range of biochemical and physiological responses (Hochachka and 

Somero, 2002). Particularly well known is the effect of extreme temperatures on cellular 

responses, such as the expression of protective heat shock proteins at high temperatures 

(Bahrndorff et al., 2009a) or late embryogenesis abundant proteins when exposed to freezing 

conditions (Thomashow, 1998). However, even a moderate change in temperature can lead to 

vital physiological and biochemical adjustments, one of which is a change in fatty acid 

composition. When environmental temperature decreases, phospholipid fatty acids (PLFAs) 

in membranes of ectotherms become more unsaturated to be able to maintain homeoviscosity 

(Cossins et al., 1977; Hazel and Williams, 1990; Hazel, 1995; Hochachka and Somero, 2002; 

Haubert et al., 2008). The rate at which this change in PLFAs occurs, differed between cold 

and warm acclimation in the study of Cossins et al. (1977), possibly due to different 

temperature responses of membrane-linked proteins. This changing fatty acid composition of 

membrane lipids due to temperature is thought to be an adaptation to optimize phase behavior 

or membrane homeoviscosity, which is crucial for proper membrane functioning (Hazel and 

Williams, 1990; Hochachka and Somero, 2002). Transition from the fluid to gel phase, for 

example, reduces the activity of many membrane-associated enzymes and markedly increases 

the membrane permeability to cations and water (for review, see Hazel, 1995).  

Triacylglycerol fatty acids (NLFAs, as in neutral lipid fatty acids) differ in function 

from PLFAs as they represent the major fuel storage in fat bodies for organisms, for example 

during overwintering (Ohtsu et al., 1993) or in flight (Beenakker et al., 1985; Zera et al., 

1999). The fatty acid composition of the storage lipids (NLFAs) is expected to change with 

temperature in a similar manner to the membrane lipids. NLFAs become unsuitable substrates 

for lipases upon solidification, for example with a decrease in temperature, so that they are no 

longer available as energy source (Kostal and Simek, 1998). Maintenance of lipid fluidity, 

therefore, is expected to be adaptive in NLFAs as well. Although several environmental 

conditions are known to affect the NLFA composition, for example drought (Holmstrup et al., 

2002) and diet (Canavoso et al., 1998; Haubert et al., 2004; Chamberlain et al., 2005), the 

temperature response of NLFAs has received relatively little consideration (Haubert et al., 

2008). Some studies have indeed shown that ectotherms under cold conditions show increased 

unsaturation within NLFAs (Ohtsu et al., 1993; Bennett et al., 1997; Kostal and Simek, 1998; 

Brodte et al., 2008). For example, Drosophila species that are adapted to cooler climates, as 

well as diapausing individuals, are characterized by NLFAs with higher proportions of poly-

unsaturated fatty acids and lower proportions of saturated fatty acids and mono-unsaturated 
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fatty acids (Ohtsu et al., 1993). Also, seasonal adaptation to freezing involves an increased 

overall unsaturation within NLFAs and PLFAs with the onset of freeze-tolerance in fat body 

cells of third instar larvae of Eurosta solidaginis (Bennett et al., 1997).  

In addition to the functions mentioned above, such as energy storage and structural 

components of membranes, fatty acids have a number of other functions. They are precursors 

in biosynthesis of waxes, pheromones and defensive secretions (Stanley-Samuelson et al., 

1988), and most importantly in insects, a precursor for biosynthesis of eicosanoids, which are 

involved in reproduction (Stanley, 2006). These additional functions may constrain insects in 

adjusting fatty acid composition to temperature, or may cause changes in fatty acid 

composition over the lifetime, due to distinct requirements of different life stages.  

In this study we investigated the temperature response of the lipid composition in 

adult and juvenile Orchesella cincta. The collembolan O. cincta is a surface-dwelling soil 

arthropod that occurs in a wide variety of seasonal habitats (Timmermans et al., 2005). Earlier 

studies have found that O. cincta shows local adaptation to temperature regimes (Bahrndorff 

et al., 2006; Liefting and Ellers, 2008), and that there is variation in thermal responses of life 

history traits (Bahrndorff et al., 2007; Driessen et al., 2007; Ellers et al., 2008; Bahrndorff et 

al., 2009b). We analyzed variation in the composition of NLFAs and PLFAs in juveniles and 

adults at various time intervals after the onset of cold acclimation and subsequent warm 

acclimation. We tested three hypotheses. First, PLFAs and NLFAs both change to a more 

unsaturated composition at lower temperature and to a more saturated composition at higher 

temperature. Second, fatty acid composition differs between life stages; with adults have a 

more unsaturated fatty acid composition than juveniles due to the increased requirement of 

eicosanoids in the reproductive activity. Finally, the response to warm acclimation is the 

reversed response to cold acclimation; therefore, the rate of the response will be similar. 

 

Method 

Animal collection and rearing 

The animals for the experiment were obtained from a laboratory culture of O. cincta kept at 

the department of Animal Ecology, VU University Amsterdam. These animals originated 

from a pine forest at Roggebotzand [52º 32’ 60”N, 05º 50’ 60”E]. Animals were kept in 

plastic vials (Ø 16cm) with a bottom of plaster of Paris and at constant temperature (15ºC), 

humidity (water-saturated) and photoperiod (12L:12D). Pieces of bark overgrown with green 

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

juveniles were selected based on body size, where animals with a body mass less than 600µg 

were assumed to be juveniles (Janssen and Joosse, 1987; Driessen et al., 2007). Juveniles 

were collected with the body mass that ranged between 200-500µg. Adults were collected 

with the body mass that ranged between 700-1500µg. For both age-classes, this range did not 
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change over the sampling moments (data not shown). At 5°C, no growth was assumed, as 

growth rates of almost zero were found at 8-10°C (J. Ellers, unpubl.). At 15°C, juvenile 

period was assumed to be longer then 70 days, as the O. cincta juvenile period lasted 70 days 

(male) or 85 days (female) at 16°C (Stam, 1997). Samples were freeze-dried for lipid 

extraction. 

 

Experimental set-up 

Both juveniles and adults kept for two weeks in their experimental vials at 15°C until the 

experiment started (day 0). After taking samples at day 0 (15°C), the animals were 

immediately transferred to 5°C to acclimatize for four weeks. Samples were taken at day 1, 2, 

4, 7, 14, 21, and 28. Directly following the sampling at day 28 (5°C), the animals were 

transferred to 15°C to acclimatize for another four weeks. Samples were taken at day 29, 30, 

31, 34, 38, 43, 49, and 56. For each sampling moment 3 samples were taken from both 

juveniles and adults, each consisting of 5 pooled individuals.  

 

Sample preparation for GC-FID 

Samples were prepared according to Van Dooremalen et al. (2009). For the gas 

chromatography (GC) analysis, lipids were extracted from the biomaterial with 

dichloromethane/methanol (2:1 v/v, 3×2ml). The extract was fractionated using a pre-packed 

silica column (Bond Elute SI 40µm, Varian Inc., 1ml/min.), 5ml of dichloromethane to collect 

the acylglycerol fatty acid (NLFA) fraction, and 5ml of methanol to collect the phospholipid 

fatty acids (PLFA) fraction. After fractionation 0.3µg of internal standard (nonodecanoic acid, 

C19:0, Fluka) was added to each sample to correct for fatty acids in the blanks. Then, the air in 

the headspace of the vial was flushed with nitrogen gas before saponification and methylation. 

Saponification of both fractions of lipids was conducted in a methanolized sodium hydroxide 

solution (45g NaOH, 150ml CH3OH, 150ml Milli-Q H2O) at 70°C for 90min (Chamberlain et 

al., 2004). Saponification was followed by acid methanolysis in methanolized HCl (325ml 

6.0N HCl, 275ml CH3OH) at 80±1°C for 10±1min. The methylated fatty acids were extracted 

into hexane/methyl tertiary butyl ether (1:1 v/v; 3× 1.25ml). Dried methylated fatty acids were 

dissolved in hexane (200µl) and stored at -80ºC until analysis. 

Fatty acid analysis was carried out on a GC-FID equipped with a standard 

split/splitless injector (Agilent 6890 GC with 5973 inert FID, Santa Clara CA, US) and polar 

BPX70 column (SGE International, 60m x 0.25mm I.D., df 0.25µm). Samples were injected 

in the pulsed splitless mode (275°C, pressure pulse of 150kPa). A two-step temperature 

program was used from 70°C (2.0min) at 20°C/min to 150°C, and then at 15°C/min to 250°C 

with helium as the carrier gas at a constant flow of 1.2ml/min. 
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Data analysis 

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). For both PLFAs and NLFAs, 95 

samples were collected (excluding blanks and standards). One PLFA sample was lost (N=94, 

adult, 15°C, day 6). Three NLFA samples were lost (low solvent peaks, N=92, adult, 15°C, 

day 10; adult, 5°C, day 28; juvenile, 5°C, day 28). 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 (NLFA: C17:0 13%, C18:3n6 20%, C20:0 16%, 

C20:2 15%, C20:3n6 32%; PLFA: C15:0 32%, C16:1 13%, C18:1n9t 33%, C18:3n6 74%, C20:0 47%, 

C20:2 17%, C20:3n6 45% missing values). There were some fatty acids with less than 10% 

missing values (NLFA C20:1 8%, PLFA C20:1 2%, PLFA C17:0 2% missing values). 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. The peak areas of C16:0 and 

C18:0 were corrected for C16:0 and C18:0 found in the blanks (only found in PLFAs). For the 

multivariate statistics, all peak areas were log-ratio transformed (Nash et al., 2008).  

We used multivariate statistics to analyze the changes in fatty acid composition, which 

has the advantage that many response variables can be reduced to one or two response 

variables without having to select from the original variables. Multivariate statistics are 

widely used in ecology (Leps and Smilauer, 2003), but as far as we know, only rarely in the 

field of fatty acids (Ruchonnet et al., 2006; Brodte et al., 2008; Munoz-Garcia et al., 2008; 

Petursdottir et al., 2008). A direct gradient/component analysis showed that the maximum 

length of the component was <3 (0.7 for component 1), which means that the data was 

linearly distributed (Leps and Smilauer, 2003). We thus used a Principle Component Analysis 

(PCA) to obtain the first two principle components (PC1 and PC2) for NLFA and PLFA data 

using the freely available software ‘PAST’ (Hammer et al., 2001). We correlated the PC1 and 

PC2 scores (values for PC1 and PC2) with the individual fatty acids. The new variable PC1 

represented the major trend in the fatty acid composition. Although PC2 showed a large 

percentage explained eigenvalue variation, the fatty acids linked to PC2 showed only non-

additive information to the fatty acids of PC1 (for the NLFAs) or showed no effects of 

treatment (for the PLFAs). PC2 was therefore neglected.  

The PCA was used to examine the change in the fatty acid composition, with a focus 

on (un)saturation. To relate PC1 to the single fatty acids, we calculated the Pearson 

correlation coefficients of the single fatty acids with the scores of PC1. To test whether 

NLFAs and PLFAs respond to temperature change, linear regression models were run on the 

PC1 scores separately for NLFAs and PLFAs, and for cold and warm acclimation. 

Independent variables were Day and Life Stage, and the interaction term. The data of day 28 

of the cold acclimation was also used as ‘day 0’ of the warm acclimation. This means that in 
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the analysis for cold acclimation (15°C→5°C) day 0 was measured at 15°C and day 1-28 at 

5°C, and in the analysis for warm acclimation (5°C→15°C) day 28 was measured at 5°C and 

day 29-56 at 15°C. To test for differences in the rate (slope) of response to cold acclimation 

and warm acclimation, the days for warm acclimation were analyzed in the reversed order 

(day 28, 29, 30, 31, 34, 38, 43, 49, 56, were recoded as day 28, 27, 26, 25, 22, 18, 13, 7, 0, 

respectively). Then, linear regression models with acclimation temperature (AT), time (Day), 

and the interaction term were run separately for NLFAs and PLFAs, and for juveniles and 

adults. Assumptions for normality and homogeneity were met for all tests. Ln-transformation 

of the time variable ‘Day’ did not change the outcome of the results.  

 

Results 

The data (mean±s.e.m.) for day 0, 28 and 56 are presented for NLFAs (Appendix 1) and 

PLFAs (Appendix 2), separately for juveniles and adults. The tables show the percentages of 

the single fatty acids, the sums of the saturated, mono-unsaturated and poly-unsaturated fatty 

acids as well as the unsaturated to saturated fatty acid ratio, unsaturation index and the values 

for the PC1 scores of the multivariate statistics. 

For the NLFAs, the eigenvalue variation explained by the PC1 scores was 39.4% (for 

PC2 this was 19.3%). In general a positive correlation was found with PC1 (Figure 1a) for the 

saturated fatty acids (C14:0, C15:0, C16:0, C18:0) and the mono-unsaturated fatty acids (C16:1, 

C18:1n7, C18:1n9) (all P values <0.01, except: C18:0 with p=0.32, C18:1n9 with p=0.74). Nearly all 

poly-unsaturated fatty acids (C18:2n6, C18:3n3, C20:4n6, C20:5n3) and one monounsaturated fatty 

acid (C20:1) correlated negatively with PC1 (all P values <0.01, except: C18:2n6 with p=0.46). 

For the PLFAs, the eigenvalue variation explained by the PC1 scores was 58.4% (for PC2 this 

was 11.8%). We found that the saturated fatty acids (C14:0, C16:0, C17:0, C18:0, all P values 

<0.01) were positively correlated with PC1 (Figure 1b). The poly-unsaturated fatty acids 

(C18:2n6, C18:3n3, C20:4n6, C20:5n3) and mono-unsaturated fatty acids (C18:1n7, C18:1n9, C20:1) were 

mostly correlated negatively with PC1 (all P values <0.01, except for C18:1n7 with p=0.42, 

C18:1n9 with p=0.48). 

For the NLFAs, the PC1 scores decreased during cold acclimation (day 0-28), 

indicating a decrease in saturation of fatty acids. During warm acclimation (day 28-56), PC1 

scores increased (Table 1: Day, Figure 2), representing an increase in saturation of fatty acids. 

For the PLFAs, the PC1 scores decreased during cold acclimation (day 0-28), when the 

interaction was excluded from the model. During warm acclimation (day 28-56) PC1 scores 

did not change (Table 1: Day, Figure 3).  

We found an effect of life stage on the PC1 scores for NLFAs and PLFAs during cold 

and warm acclimation, with higher PC1 scores (i.e more saturated fatty acid composition) for 

juveniles than for adults (Table 1: LS). We found no differences in the rate of acclimation (no 
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difference in slopes of lines) between adults and juvenile for NLFAs or PLFAs during both 

cold and warm acclimation (Table 1: Day*LS). 

Juveniles and adults showed no differences in the rate of acclimation between cold 

and warm acclimation for NLFAs and PLFAs (Table 2: Day*AT). For the NLFAs, however, 

adults showed lower PC1 scores (i.e. more unsaturated fatty acid composition) for cold 

acclimation than for warm acclimation and only an effect of time after excluding the 

interaction term from the model. For the PLFAs, juveniles showed higher PC1 scores 

(indicating more saturated fatty acids) for cold acclimation than for warm acclimation and no 

effect of time. 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

of PC1 for NLFAs (A) and PLFAs (B). The asterisks show the level of significance of the correla-tion 

coefficients (*P<0.05, **P<0.01, ***P<0.001). 

Figure 1A 

Figure 1B 
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Figure 2 
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Figures 2 and 3. Principle component scores of PC1 (Mean ±s.e.m.) for NLFAs (Figure 2) and PLFAs 

(Figure 3). Cold acclimation (closed symbols) and warm acclimation (open symbols) are shown as a 

function of time (in days) for adult (circles) and juvenile (squares) Orchesella cincta. Day 0 was 

sampled at 15°C, day 1-28 at 5°C, and day 29-56 at 15°C, and high values for PC1 correspond to a 

more saturated fatty acid composition. 
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Table 1. The R
2
 adjusted (R

2
adj), coefficients (B) and p-values (p) of the regression models for the 

NLFA and PLFA composition (PC1 scores of PCA) during cold and warm acclimation in Orchesella 

cincta. Effect of time (Day), Life Stage (LS: adult=1 and juvenile=0 in analysis), and the rate of 

change (interaction Day*LS) were tested, where day 0 was sampled at 15°C, day 1-28 at 5°C (cold 

acclimation), and day 29-56 at 15°C (warm acclimation). High values for PC1 correspond to a more 

saturated fatty acid composition. 

 R
2
adj Day LS Day*LS 

  B p B p B p 

NLFA         

Cold acclimation 0.769 -0.008   0.001 -0.369 <0.001 0.004 0.224 

Warm acclimation 0.626 0.009 <0.001 -0.097   0.002 -0.002 0.284 

        

PLFA        

Cold acclimation 0.635 -0.006   0.103
a
 -0.424 <0.001 0.001 0.889 

Warm acclimation 0.453 -0.003   0.311
b
 -0.255 <0.001 0.004 0.272 

a 
When the interaction was excluded from the model, Day was significant (Day B=-0.005, p=0.029) 

b 
When the interaction was excluded from the model, Day was not significant (Day B=-0.001, 

p=0.736) 

 
 
 
 
Table 2. The R

2
 adjusted (R

2
adj), coefficients (B) and p-values (p) of the reversibility regression 

models for the NLFA and PLFA composition (PC1 scores of PCA) juvenile and adult Orchesella 

cincta. Effect of time (Day), acclimation temperature (AT: 5°C and 15°C), and the reversibility 

(interaction Day*AT) were tested, where the days for warm acclimation were analyzed in the 

reversed order (day 28, 29, 30, 31, 34, 38, 43, 49, 56, were recoded as day 28, 27, 26, 25, 22, 18, 

13, 7, 0, respectively). 

 R
2
 adj Day AT Day*AT 

  B p B p B p 

NLFA         

Adults 0.576 -0.003 0.404
a
 0.025 <0.001 0.000 0.332 

Juveniles 0.445 -0.007 0.025 0.004   0.356 -0.000 0.717 

        

PLFA        

Adults 0.084 -0.007 0.039 -0.005   0.309 0.000 0.205 

Juveniles 0.302 -0.010 0.096
b
 -0.033   0.001 0.001 0.114 

a 
When the interaction was excluded from the model, Day was significant (Day B=-0.005, p=<0.001) 

b 
When the interaction was excluded from the model, Day was not significant (Day B=-0.001, 

p=0.573) 
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Discussion 

In this study we investigated the effect of moderate ambient temperature changes on the 

storage and membrane lipid composition during temperature acclimation for adult and 

juvenile O. cincta. One of our main findings is that the composition of storage lipids became 

more unsaturated during cold acclimation and more saturated during warm acclimation. This 

result is consistent with other studies on the effect of low temperature on the unsaturation of 

NLFAs (Ohtsu et al., 1993; Kostal and Simek, 1998; Brodte et al., 2008; Haubert et al., 2008). 

The change in NLFA composition over time in the laboratory is comparable to that found in 

the field (Bennett et al. 1997), despite the potentially confounding effects of desiccation 

during cold acclimation in the field (Holmstrup et al., 2002). This supports the hypothesis that 

changes in storage lipids are adaptive under temperature change. 

During warm acclimation, the NLFAs in our study became more saturated. We know 

from literature that at high temperatures NLFAs show a higher proportion of saturated fatty 

acids than at low temperatures (Ohtsu et al., 1993; Kostal and Simek, 1998; Brodte et al., 

2008; Haubert et al., 2008). The change in NLFAs during warm acclimation was not 

investigated before. This means that to compare our results, we need to look at PLFA results 

from other studies. Cossins et al. (1977) investigated goldfish PLFAs during warm 

acclimation. They found that a temperature increase (5°C→25°C) resulted in higher 

proportions of saturated PLFAs and lower proportions of mono-unsaturated PLFAs. The 

warm acclimation response of NLFAs in our study is consistent with the warm acclimation 

response of PLFAs of Cossins et al. (1977). Our findings on the cold and warm acclimation 

response of NLFAs support our hypothesis that NLFAs as well as PLFAs are adaptive to 

temperature. 

For membrane lipids we found that fatty acids became more unsaturated during cold-

acclimation. However, during warm acclimation the PLFAs did not change. This partial lack 

of response for membrane fatty acids does not match theory on homeoviscous adaptation 

(Cossins et al., 1977; Hazel and Williams, 1990, Hazel, 1995; Hochachka and Somero, 2002), 

but Haubert et al. (2008) recently also found a similar lack of response. They acclimatized 

three Collembola species to 5°C, 10°C and 15°C, which range was similar to the temperature 

difference in our study and found differences within these species in NLFA composition, but 

not in PLFA composition. From studies on homeoviscous adaptation we know that the change 

in unsaturation of the fatty acids is only one of several ways to change the fluidity of the 

membrane; concurrently the chain length of the fatty acids, the ratio between phosphohead 

groups, and the amount of cholesterol within the membrane may affect homeoviscous 

adaptation (Hazel and Williams, 1990; Hazel, 1995). Hazel and Landrey (1988a,b) showed 

that the primary response during acclimation in fish was a change in the phosphohead 

composition, which happened within hours after the temperature change. However, no 
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information exists on the relative importance of different aspects of homeoviscous adaptation 

in relation to temperature differences. The temperature difference we used in our experiments 

was rather small (10°C) compared to other studies (15°C: Hazel and Landrey, 1988a,b; 18°C: 

Kostal and Simek, 1998; 20°C: Cossins et al., 1977; 23°C: Bennett et al., 1997). Our results 

tentatively suggest that small temperature changes only cause a primary acclimation response 

in PLFA, which is a change in phosphohead composition (Hazel and Landrey (1988a,b). Such 

selective responses may also explain the stronger change in fatty acid unsaturation of storage 

versus membrane lipids, because NLFAs consist only of triacylglycerols and thus do not have 

phosphoheads used in the primary temperature response of membrane lipids. Hence, changing 

the fluidity of NLFAs, therefore, depends more strongly on changing the unsaturation of the 

fatty acids.  

According to our expectation, we found a significant effect of life stage, for both 

NLFAs and PLFAs, as adults had more unsaturated fatty acids than juveniles. Age-specific 

differences in lipid composition are known for several species, although the similarity in the 

specific changes is low among species (Bychek and Gushchina, 1999; Cakmak et al., 2007; 

Haubert et al., 2008). Correia et al. (2003), however, found no differences between patterns of 

(total) lipids for juvenile, subadult and adult Gammarus lucusta. Instead, in this species the 

amount of each component in the whole body increased with age.  

The temperature response was reversed for adults and juveniles in NLFAs and PLFAs, 

because no difference was observed in the rate of the responses (no interaction). For the adult 

NLFAs, however, a large change in unsaturation was already observed in one day. This 

suggests a rapid partial warm acclimation response, which can only be investigated further by 

measuring fatty acid compositions at smaller time intervals. The rapid change caused an 

overall higher unsaturation (lower PC1 scores) during cold acclimation than during warm 

acclimation. This finding agrees with the general theory of more unsaturation at lower 

temperatures. For juveniles, we found that the PLFAs were more saturated during cold 

acclimation than during warm acclimation, which was mainly due to a lack warm acclimation 

of juvenile PLFAs. This lack of response was probably not due to aging of juveniles, as the 

average weight of the animals pooled did not increase with time (data not shown). During the 

whole experiment, the sampled animals were approximately of the same age. However, a 

possible explanation could be that the lack of response was caused by the fact that the 

exposure to the experimental temperatures of juveniles collected more towards the end of the 

experiment, happened at a younger age. Our findings on the warm acclimation response were 

not consistent with the findings of Cossins et al. (1977). They found that the change in PLFA 

composition during warm acclimation occurred at a faster rate (10-15 days) than cold- 

acclimation (20 days). They suggested that the sudden exposure to cold impaired the 

acclimatory ability of the synthetic machinery or that membrane-linked proteins have a 

different response to temperature.  
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In conclusion, we found that storage lipids and, to a lesser extent, membrane lipids 

respond to a moderate temperature change. Natural environments show substantial variation 

in important abiotic conditions, such as temperature and humidity. To maximize their fitness, 

organisms should be able to respond to these varying selection pressures. The ability to adjust 

storage lipid composition to moderate changes in ambient temperature may be an 

underestimated fitness component of temperature adaptation because fluidity of storage lipids 

permits accessibility of enzymes to energy reserves. 
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Appendix 1. Mean (± s.e.m.) NLFA composition
a
 at day 0 (15°C background), day 28 (5°C after 28 days acclimation), and day 56 (15°C after 28 

days acclimation) for adult and juvenile Orchesella cincta.  

 Juveniles  Adults 

 15°C (d0) 5°C (d28) 15°C (d56)  15°C (d0) 5°C (d28) 15°C (d56) 

 Mean s.e.m. Mean s.e.m. Mean s.e.m.  Mean s.e.m. Mean s.e.m. Mean s.e.m. 

C14:0 3.08 0.72 2.24 0.49 2.45 0.19  1.58 0.24 1.63 0.06 1.93 0.08 

C15:0 1.13 0.07 0.84 0.15 0.93 0.04  0.80 0.05 0.64 0.04 0.87 0.03 

C16:0 19.54 1.31 15.75 0.65 17.19 0.32  16.38 0.54 15.51 0.27 17.31 0.48 

C16:1 1.51 0.08 1.49 0.02 1.98 0.10  1.38 0.09 1.71 0.03 1.90 0.23 

C18:0 5.56 0.57 3.08 0.45 3.51 0.22  5.40 0.54 3.66 0.21 4.55 0.55 

C18:1n7 4.60 0.14 5.50 0.08 5.13 0.11  4.06 0.19 5.17 0.36 4.66 0.16 

C18:1n9c 36.15 0.50 37.96 0.82 37.22 0.08  35.48 1.34 37.50 0.48 34.64 0.74 

C18:2n6c 17.34 0.92 19.82 0.20 20.50 0.27  19.46 0.74 19.24 0.12 20.29 0.52 

C18:3n3 6.15 0.64 8.11 0.83 6.70 0.13  9.57 0.09 9.13 0.08 8.15 0.25 

C20:1 0.62 0.07 1.00 0.14 0.53 0.04  0.97 0.01 1.31 0.04 0.62 0.02 

C20:3n3+C20:4n6 2.71 0.07 2.42 0.23 2.11 0.06  2.83 0.22 2.41 0.01 2.88 0.38 

C20:5n3 1.61 0.16 1.83 0.28 1.75 0.06  2.10 0.14 2.11 0.03 2.22 0.16 

∑SFAs 29.31 1.74 21.89 0.47 24.08 0.10  24.16 1.15 21.44 0.16 24.65 0.88 

∑MUFAs 42.88 0.63 45.95 1.06 44.86 0.14  41.88 1.16 45.68 0.14 41.82 1.12 

∑PUFAs 27.81 1.66 32.17 1.53 31.06 0.15  33.95 0.30 32.89 0.03 33.53 0.65 

              

U/S 2.44 0.21 3.57 0.10 3.15 0.02  3.16 0.21 3.67 0.04 3.06 0.15 

UI 1.15 0.04 1.29 0.04 1.23 0.00  1.31 0.01 1.32 0.00 1.29 0.01 

PC1 NLFA 0.24 0.06 -0.03 0.07 0.22 0.00  -0.18 0.03 -0.23 0.03 0.03 0.04 
a  

Single fatty acids were calculated as the percentage of the total amount fatty acid in the sample. ∑SFAs is the sum of all saturated fatty acids. 

∑MUFAs is the sum of all mono unsaturated fatty acids. ∑PUFAs is the sum of all poly unsaturated fatty acids. U/S is the ratio between the 

unsaturated fatty acids (MUFAs+PUFAs) and the SFAs. The unsaturation index (UI) is the average number of double bonds per fatty acid. The 

PC1 score is the variable calculated using multivariate statistics (see text).  
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Appendix 2. Mean (± s.e.m.) PLFA composition
a
 at day 0 (15°C background), day 28 (5°C after 28 days acclimation), and day 56 (15°C after 28 

days acclimation) for adult and juvenile Orchesella cincta. 

 Juveniles  Adults 

 15°C (d0) 5°C (d28) 15°C (d56)  15°C (d0) 5°C (d28) 15°C (d56) 

 Mean s.e.m. Mean s.e.m. Mean s.e.m.  Mean s.e.m. Mean s.e.m. Mean s.e.m. 

C14:0 1.31 0.27 1.09 0.26 0.84 0.04  0.64 0.01 0.66 0.14 0.69 0.07 

C16:0 17.00 0.86 17.15 1.44 15.03 0.46  13.42 0.22 14.48 0.42 15.08 0.33 

C17:0 0.65 0.04 0.65 0.09 0.52 0.03  0.62 0.08 0.46 0.05 0.49 0.04 

C18:0 14.77 0.30 13.24 1.13 11.57 0.97  11.10 0.40 9.20 0.56 10.04 0.37 

C18:1n7 2.71 0.09 3.27 0.17 2.92 0.19  2.64 0.07 3.39 0.21 2.84 0.13 

C18:1n9c 16.27 0.71 15.73 2.34 16.30 1.01  16.09 1.29 16.75 2.02 16.83 0.62 

C18:2n6c 12.94 0.08 14.03 0.35 15.75 0.53  13.37 0.49 14.21 0.93 15.49 0.41 

C18:3n3 4.34 0.19 4.73 0.25 4.43 0.29  5.08 0.14 5.12 0.77 5.24 0.45 

C20:1 0.77 0.08 1.48 0.03 1.15 0.14  1.11 0.09 1.55 0.18 0.99 0.15 

C20:3n3+C20:4n6 13.40 1.19 12.71 1.31 12.78 0.35  16.06 0.44 14.81 1.39 14.32 0.94 

C20:5n3 15.85 0.61 15.93 2.48 18.72 0.23  19.88 0.54 19.37 2.27 18.01 0.63 

∑SFAs 33.72 1.13 32.13 2.65 27.95 1.48  25.78 0.29 24.80 0.45 26.30 0.80 

∑MUFAs 19.75 0.81 20.48 2.44 20.37 1.10  19.83 1.19 21.69 2.07 20.66 0.65 

∑PUFAs 46.53 1.80 47.40 3.62 51.67 0.57  54.38 1.34 53.51 2.00 53.05 0.27 

              

U/S 1.97 0.10 2.16 0.27 2.60 0.19  2.88 0.04 3.04 0.07 2.81 0.11 

UI 1.92 0.07 1.93 0.15 2.10 0.02  2.25 0.04 2.22 0.11 2.15 0.03 

PC1 PLFA 0.24 0.08 0.11 0.10 -0.01 0.03  -0.12 0.03 -0.19 0.10 -0.09 0.04 
a  

Single fatty acids were calculated as the percentage of the total amount fatty acid in the sample. ∑SFAs is the sum of all saturated fatty acids. 

∑MUFAs is the sum of all mono unsaturated fatty acids. ∑PUFAs is the sum of all poly unsaturated fatty acids. U/S is the ratio between the 

unsaturated fatty acids (MUFAs+PUFAs) and the SFAs. The unsaturation index (UI) is the average number of double bonds per fatty acid. The 

PC1 score is the variable calculated using multivariate statistics (see text). 

 


