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Abstract 

 

Natural environments are characterized by daily and seasonal fluctuations in 

temperature, and ectotherms are expected to adapt to these fluctuations. Moderate 

temperature fluctuations often accelerate development rate as a result of the Kaufmann 

effect and possibly additional physiological adaptations. We examined the adaptive 

potential of ecotype-specific reaction norms by measuring the effect of temperature 

fluctuation on population growth of the soil arthropod Orchesella cincta from two distinct 

thermal habitats. We used a low and a high fluctuating temperature regime simulating 

field situations of either ecotype. We expected ecotype-specific responses in population 

growth rates under fluctuating regimes because in some ecotypes, extreme fluctuating 

conditions are more commonly encountered than in more buffered habitats. Number 

and size of springtails was measured after 8, 14 and 18 weeks and dry mass of the total 

population was estimated at the end of the experiment. Population growth increased with 

increasing amplitude of the temperature regime (T16°C < T12-20°C < T8-24°C). Mean 

body size was lower for populations that developed under the high fluctuating (T8-24°C) 

regime at all intervals, which was most likely caused by the high proportion of juveniles. 

Final biomass of populations that developed under the high fluctuating regime was twice 

as high as biomass of the populations that developed under a constant temperature. The 

strong and positive effects of fluctuating temperatures on population growth rate of 

Orchesella cincta are unlikely to be caused by the Kauffman effect, because thermal reaction 

norms are linear over the investigated temperature range; hence additional physiological 

mechanisms such as thermoperiodic stimulation may play a role. However, no ecotype-

specific responses were found, indicating that earlier found variation in ecotype-specific 

reaction norms cannot be explained by temperature fluctuation in the original habitat 

alone. 
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Introduction 

 

Natural environments are characterized by daily and seasonal fluctuations in temperature. 

Temperature is one of the most influential environmental factors for ectotherms as it 

affects nearly every aspect of their life history (Blanckenhorn 2000; Fischer et al. 2003a; 

Stillwell & Fox 2005; Colinet et al. 2007). Ectotherms show a remarkable ability to live 

under different thermal conditions, and there are numerous examples of adaptation to 

cold or hot environments (Cloudsley-Thompson 1975; Sterner et al. 1995; Sinclair et al. 

2003). In addition, ectotherms are expected to adapt to the fluctuations in temperature in 

their environment. Many theoretical and empirical studies have investigated evolutionary 

responses to such environmental variability (Huey & Kingsolver 1989; Gilchrist 1995), 

and found that fluctuating temperatures select for phenotypic plasticity in life history 

traits. Phenotypic plasticity is the response of a trait across a range of environmental 

conditions and can be described by a reaction norm (de Jong 1990). 

However, to measure thermal reaction norms, the majority of experiments force 

constant conditions upon organisms that typically occur in thermally variable 

environments. It is well known that daily temperature fluctuations (thermoperiods) can 

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

to constant temperatures (reviewed in Beck 1983; Brakefield & Mazzotta 1995). Many 

studies find that development is speeded up under fluctuating conditions and that growth 

rates are higher compared to constant temperatures (Beck 1983; Behrens et al. 1983; 

Brakefield & Kesbeke 1997; Ragland & Kingsolver 2008). It has also frequently been 

demonstrated that insects are able to develop at much lower average temperatures when 

fluctuating diurnally than at constant temperature (reviewed by Hagstrum & Hagstrum 

1970). Furthermore, laboratory acclimation to fluctuating thermal conditions resulted in a 

higher thermal tolerance limits in fish (Feldmeth et al. 1974; Heath et al. 1993). Chronic 

exposure to fluctuating temperatures hence has functional and physiological effects, 

compared to constant temperatures.  

The acceleration in development rate under a daily fluctuating regime can be 

caused by the non-linear relationship between developmental rate and temperature 

(Kaufmann 1932). Over the exponential part of the growth curve, development 

accelerates faster with a temperature increase than it slows down over a similar 

temperature decrease. Vice versa, over the higher part of the temperature curve this 

effect should be reversed, which has indeed been found in a number of species (Bryant et 
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al. 1999; Ragland & Kingsolver 2008). When the temperature fluctuations are in the 

approximately linear section of the thermal response curve, development rates should be 

comparable for fluctuating regimes and their corresponding constant conditions. 

Independent of the Kaufmann effect, physiological adaptations to fluctuating 

temperatures have been described. For example, a study on an intertidal mussel (Mytilus 

californianus) that is naturally exposed to great temperature fluctuations, demonstrated the 

ability to adjust membrane fluidity on seasonal as well as hourly time scales (Williams & 

Somero 1996). Other such adaptations under cycling temperatures include, for example, 

thermoperiodic stimulation of the neuro-endocrine system, diurnal organization of 

behaviors and metabolic processes, circadian effects and optimization of enzyme 

functioning (see review by Beck 1983; Clarke 2003; Dodd et al. 2005; Pernet et al. 2007).  

The effect of fluctuating temperatures has mostly been assessed for single traits 

only. However, thermal response curves can evolve independently for different traits, 

and are expected to be adapted to the temperature conditions experienced under natural 

conditions. The general assumption is that higher development rates under fluctuating 

temperatures create a fitness benefit because organisms reach maturity earlier than under 

constant temperatures. Selection mediated by temperature will act not only optimize the 

thermal response of development rate but also many other life history traits. When 

accumulated over several traits, the effects of thermal fluctuations may even be stronger 

and affect the dynamics of natural populations (Behrens et al. 1983). When the amplitude 

of temperature fluctuations differs between habitats, local selection can also result in 

ecotype-specific adaptations within species (Kingsolver et al. 2007; Liefting & Ellers 

2008). This has, to our knowledge, rarely been tested directly. 

Orchesella cincta is a soil arthropod found in a variety of habitats with distinct 

thermal regimes like forest and heathland. Forest habitat is more strongly buffered 

against daily temperature fluctuations than the exposed heath habitat, and infrequent 

temperature peaks will also occur less often in the forest habitat. Field measurements 

have shown that these habitats do not differ in mean temperature but heathland 

experiences higher temperature variability (Liefting & Ellers 2008). Thermal reaction 

norms for juvenile growth rate are habitat-specific in this soil arthropod, with a stronger 

temperature response in forest populations (Liefting & Ellers 2008). Furthermore, similar 

trends were observed in other temperature-dependent life history traits (Liefting 

unpublished). These habitat-specific reaction norms may be adaptive because they enable 
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animals from heath habitat with a high temperature variability to maintain their growth 

rate across a wide range of temperatures.  

Here, we examine the adaptive potential of the ecotype-specific reaction norms 

by measuring the effect of amplitude of a thermoperiod on population growth rate for 

forest and heath populations. The experiment used two diurnally fluctuating sinusoidal 

temperature regimes: a temperature regime with low fluctuations simulating an average 

summer day for the forest, and a more extreme temperature cycle with high fluctuations 

for an exposed terrain like heath. The fluctuating treatments have the same mean 

temperature and are compared to a constant treatment which provides a direct test for 

the effects of temperature variation (Beck 1983; Hagstrum & Milliken 1991; Ragland & 

Kingsolver 2008). We expect fluctuating temperature regimes to accelerate population 

growth rates compared to constant regimes in all populations due to the cumulative 

effects of thermoperiods across several life history traits. Second, we expect that 

population growth rates of heath populations will benefit more from the regime with 

high fluctuations than forest populations, because extreme fluctuating conditions are 

more commonly encountered in the heath habitat.  
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Figure 5.1 The  two  fluctuating  regimes, a  low  fluctuating  regime with an amplitude of 12‐
20°C  and  a  high  fluctuating  regime  with  an  amplitude  of  8‐24°C.  The  average  for  both 
regimes is 16°C which was also the temperature of the third constant regime. 
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Materials and methods 
 

Orchesella cincta (Collembola) is a wingless arthropod, which lives in soils rich in organic 

matter and is found in the litter layer in a broad range of habitats in the Holarctic (van 

Straalen et al. 1985). The species is abundant in a wide variety of habitats like forests, 

woodlands and heaths. Like all Collembola, O. cincta grows indeterminately, with moults 

separating instars. Reproductive instars generally alternate with non-reproductive instars 

(Ernsting & Isaaks 2002). Orchesella cincta used in the experiments were collected in 2006 

from the litter layer in the Kampina nature reserve in The Netherlands (51°34' N, 5°15' 

E). Both heath and forest habitats were each sampled at several locations (maximally 500 

m apart). For each location, a stock population was started with the collected springtails 

(approximately 50 individuals) in a climate chamber at a fluctuating regime (12/20°C 

with 7 hrs at the maximal and minimal temperature and in between increments of 1 

degree every 40 minutes, 70% RH, LD 12:12 h (Fig. 5.1a). The stocks were maintained at 

this regime for at least 3 generations to exclude maternal effects. All populations were fed 

algae (Desmococcus spec) on bark.  

Three thermal regimes were set up in three different climate rooms, two with 

fluctuating temperatures and one with constant temperatures. Temperature fluctuations 

were arc sinusoidal to mimic field measurements in forest and heath in the same reserve 

in 2004-2005, to resemble average summer days in both habitats (Fig. 5.1). The low 

fluctuating (LF) regime is the same as the regime the stocks were maintained at, (16±4°C 

with 7 hrs at the maximal and minimal temperature and in between increments of 1 

degree every 40 minutes, 70% RH, LD 12:12 h (Fig. 5.1a). The high fluctuating regime 

(HF) had the same average temperature, but with a higher amplitude; 16±8°C with 7 hrs 

at the maximal and minimal temperature and in between increments of 1 degree every 20 

minutes, 70% RH, LD 12:12 h (Fig. 5.1b). The constant regime was set at 16°C, with a 

similar light/dark photoperiod. 

Of each stock population, young adult animals of comparable size were sexed. 

Heath and forest populations were assigned to the three temperature regimes. Each 

population was represented with three replicate pots per regime, resulting in a total of 60 

pots distributed over the three regimes. Each pot (6 cm Ø) contained a total of six 

females and four males with a bottom of plaster of Paris to reproduce. Animals that did 

not survive the first week were replaced. After the first week, losses were considered part 

of the normal dynamics. Populations were fed ad libitum algae on bark and water was 

supplied through the plaster base of the pot to maintain a 99% relative humidity. The 
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different regimes needed different frequencies of watering though, and these were 

ascertained in a pilot study with moist censors measuring relative humidity right above 

the plaster. Stand alone dataloggers (Mini Logger EC650, Fourier systems, T -30°C - 

50°C ±0.6°C, RH 0-100% ±3%) also logged temperature and humidity data in several 

places in each climate room during the whole experiment. Pots were randomized weekly. 

To measure population growth, the number of animals was counted after 8, 14 

and 18 weeks after the start of the experiment. Digital images of the springtails were 

taken at each interval against a white plaster background. These images were processed in 

Cell^D imaging software (analySIS 5.0) in order to count the number of springtails and 

measure average surface area (mm2) of the springtails as a measure of size. Accuracy of 

count and measurement was assessed by comparing results of a manually and digitally 

counted sub-set of the images. Measurements were averaged over the three replicate pots 

per population per regime, and the analyses were done on these means. After 18 weeks 

the experiment was terminated and all springtails were collected in order to measure dry 

weight of the total population. 

Unfortunately, due to technical difficulties, the experiment in the climate room 

with the low fluctuating regime was lost two months after the initial start. After the 

climate room had been repaired, that part of the experiment was initiated again 

immediately with animals from the same original stocks. These stocks had been kept at 

the same LF regime as during the original start of the experiment. Because all stocks were 

kept under controlled conditions and the experiments were carried out in conditioned 

climate rooms, we do not expect an effect of the small delay.  

 The digital images data acquired after 8, 14 and 18 weeks were analyzed in a 

repeated measures general linear model. The model included ecotype (heath or forest) as 

a random factor and regime (Low F, High F and constant) as fixed factor and their 

interaction. Dry weight was determined after termination of the experiment, so there 

were no repeated measurements. These data were analyzed in a general linear model with 

ecotype as a random factor and regime as a fixed factor, and their interaction. 

Assumptions on normality and homoscedacity were met.  
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Results 

 

All populations grew exponentially under all three regimes (Fig. 5.2). Populations 

increased from 14–fold to more than 300-fold in 18 weeks. Temperature fluctuations had 

a strong and significant effect on the number of springtails (Table 5.1). Populations 

developing under the constant regime of 16°C experienced the slowest population 

increase; mean population size at the end of the experiment was 555 ± 62 (Fig. 5.2). The 

LF regime stimulated a significantly faster increase in numbers than the constant regime, 

with mean final population size 1002 ± 75. The high temperature fluctuation regime had 

by far the highest population growth rate, with the number of springtails increasing from 

10 to 1819 ± 136 individuals in 18 weeks. Population increase was highest during the 

first 8 weeks of the experiment.  

 

Table 5.1 Repeated measures general  linear model for number of springtails and mean size 
of springtails at the three intervals. Ecotype refers to the two considered habitats (heath and 
forest)  and  regime  refers  to  the  three  temperature  regimes  tested  (low  fluctuating,  high 
fluctuating and constant). 

   number     size (mm2) 
factor  df MS  F  P    df  MS  F  P 
ecotype  1  42347.09  0.692  0.42    1  0.005  0.158  0.697 

regime  2  2.53∙10‐6  41.334  <0.001    2  0.333  9.805  0.002 

ecotype*regime  2  30490.94  0.498  0.618    2  0.006  0.192  0.828 
error  14 61238.22           14 0.034       
 
 

The increase in population size over time did not differ between ecotypes (Table 5.1). 

Also, there was also no interaction between ecotype and regime, indicating that the effect 

of thermal regime on population growth was the same for forest and heath populations 

(Table 5.1). Although forest populations outnumber the heath populations in the HF 

regime at each interval (Fig. 5.3), this effect was not significant.  
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Figure 5.2  The  total number of 
springtails  (mean  ±  SE)  for  the 
three regimes after 8, 14 and 18 
weeks  since  the  start  of  the 
experiment.  Note  that  the  y‐
axis has a logarithmic scale. The 
ecotypes  are  pooled  per 
regime. 
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Figure  5.3  Total number of  springtails  for  the  two 
ecotypes for each temperature regime (mean ± SE) 
for each of the three intervals (8, 14 and 18 weeks). 
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Temperature regime also had a strong effect on the mean body size (surface area in mm2) 

of springtails (Table 5.1). Size typically increased slowly over the first 8 weeks, followed 

by a steep increase over the next 6 weeks before leveling off for the two fluctuating 

regimes but not for the constant regime (Fig. 5.4). Mean body size was lower for 

populations that developed under the HF regime at all intervals. Springtails of 

populations that developed under the HF regime were on average 20% smaller at the end 

of the experiment than springtails that developed under either the LF or constant regime. 

There is even a slight decrease in mean body size over the last 4 weeks of the experiment 

for springtail populations developing under the HF regime. There was no effect of 

ecotype on mean body size nor an interaction between ecotype and regime (Table 5.1, 

Fig. 5.5).  

 Temperature regime was also a major factor influencing the production of 

biomass (F2,14 = 17.67, P <0.001). At the end of the experiment, biomass for populations 

that developed under the HF regime was twice as high as population biomass of the 

populations that developed under a constant temperature (Fig. 5.8). Ecotype had no 

effect on biomass (F1,14 = 0.04, P = 0.852), nor was there an interaction of ecotype with 

regime (F2,14 = 0.13, P = 0.884). 
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Figure  5.4 Mean  size  (mm2)  of 
springtails  (mean  ±  SE)  for  the 
three regimes after 8, 14 and 18 
weeks  since  the  start  of  the 
experiment.  The  ecotypes  are 
pooled per regime. 
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Figure  5.6  Biomass  (mg)  per 
population (mean ± SE) after 18 
weeks  since  the  start  of  the 
experiment  given  for  both 
ecotypes  at  each  temperature 
regime for the three intervals. 
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Figure  5.5 Mean  size  (mm2)  of  springtails  for  the 
two ecotypes for each temperature regime (mean ± 
SE)  for  each  of  the  three  intervals  (8,  14  and  18 
weeks). 
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Tolerance of daily temperature fluctuations is a key trait for successful survival and 

reproduction in thermally variable environments. Our results show that fluctuating 

temperatures had a strong and positive effect on overall population growth rate of the 

springtail Orchesella cincta, compared to its performance under constant temperatures. 

Fluctuating temperatures have been found to increase performance in a wide range of 

species (Beck 1983; Behrens et al. 1983; Brakefield & Kesbeke 1997; Ragland & 

Kingsolver 2008), but usually the beneficial effects are limited to moderate temperature 

fluctuations (Uvarov 2003; Dong et al. 2008) or depend on the mean temperature of the 

fluctuating regime. In O. cincta, population growth rate increased nearly proportional with 

the increase in the amplitude of the temperature fluctuations, and was even enhanced 

under large temperature fluctuations spanning 16°C per day.  

Population growth rate was consistently high over the entire period, which 

indicates that growth was not limited e.g. by competition over resources or crowding. 

Also, population growth rate showed no long-term negative effects of fluctuating 

temperatures. Population growth is higher during the first 8 weeks of the experiment 

than over the following 10 weeks. However, this is an artifact of the population 

composition at the start of the experiment. The springtails have to be in a reproductive 

phase to be able to determine the sex in the initial phase of the experiment, which means 

that the total starting population consisted entirely of reproducing animals. 

Temperature regime also had a strong effect on mean springtail size. Under the 

HF regime, mean size was smaller than under the low fluctuating regime and the 

constant regime (Fig. 5.4). Mean springtail size was measured digitally as an estimation of 

the surface area per individual. There are two possible explanations for the small mean 

size, (i) the relative abundance of juveniles and (ii) a change in reproductive strategy 

(reproduction at a smaller size). Body size of adult Drosophila melanogaster was found to be 

smaller in fluctuating regimes than in constant temperature treatments (Pétavy et al. 

2001). The two explanations are not mutually exclusive and we cannot distinguish 

between these two possibilities with the current data. After visually inspecting a random 

selection of pictures taken of the populations from the HF regime after 14 and 18 weeks, 

the high abundance of juveniles is prominent in comparison to samples of LF and 

constant regimes at 14 and 18 weeks. 

Differences in various performance measures between constant and fluctuating 

regimes have mostly been attributed to the non-linear relationship between trait values 

and temperature (Kaufmann effect) (Bryant et al. 1999; Ragland & Kingsolver 2008). The 
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relative importance of the Kauffmann effect depends on the shape of the thermal 

response curve and the relative position of the thermal regime along this response curve. 

If the range of temperature fluctuations is within the linear section of the thermal 

response curve, the Kaufmann effect is expected to be small and insignificant. Juveniles 

of O. cincta show exponential growth (Janssen & Joosse 1987) and a linear response to 

temperature (unpublished data). Also, although spermatophore production decreases 

under fluctuating temperatures, egg production increases linearly and the total female 

production is about equal to constant temperatures (Joosse et al. 1973) Therefore, 

although fluctuating temperatures possibly have an effect on e.g. egg development rate, 

the results found in this experiment cannot be wholly attributed to the Kaufmann effect.  

Alternative explanations for the enhanced performance under cycling 

temperatures suggest physiological changes to play a role. Gene expression data support 

this conclusion; different transcriptional responses were found between constant 

temperatures, a single high temperature exposure, and continuously fluctuating 

environments (Podrabsky & Somero 2004). A commonly suggested mechanism is 

thermoperiodic stimulation due to matching of temperature fluctuations to the light-dark 

phases. Entrainment of the circadian rhythm to the light-dark cycle automatically also 

predicts the fluctuations in temperature, allowing organism to anticipate the change in 

conditions behaviorally and physiologically. For example, Bicyclus larvae feed almost 

exclusively during the dark phase but may assimilate much of their food intake by day 

(Brakefield & Mazzotta 1995), and cyanobacteria and higher plants gain an advantage 

when the endogenous period is matched to the light-dark cycle (Woelfle et al. 2004; 

Dodd et al. 2005). As O. cincta is a soil arthropod that is found in the litter layer, we do 

not expect this species to be sensitive to light-dark cycles. However, to exclude any 

possible confounding effects, the light-dark cycle in the experimental set-up was matched 

with the natural cycle to prevent that internal clocks of springtails became dissonant.  

There was also an effect of fluctuating temperatures on the total biomass 

produced after 18 weeks (Fig. 5.6). Biomass at the end of the end the experiment had 

also increased with increasing amplitude of temperature fluctuations. Total biomass 

produced under the LF regime was twice as high (approx. 100 mg) than total biomass 

produced under constant temperature (approx. 50 mg). Compared to biomass produced 

at constant temperature, total biomass production was more than twice as high for the 

HF regime (approx. 120 mg). Total biomass did not differ between the two ecotypes.  
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We expected that populations from highly variable environments would perform 

better under fluctuating temperatures than populations from stable environments, similar 

to e.g. chill coma resistance increasing with latitude between geographic populations of 

Drosophila serrata (Hallas et al. 2002). There were notable differences between the three 

temperature regimes on total number of springtails (population growth), mean size and 

total biomass production, but ecotype did not have an effect on any of these traits (see 

Figs. 5.3, 5.5 and 5.6). We found therefore no support for any ecotype-specific 

adaptations of populations to fluctuating temperature in this study (see also Bryant et al. 

1999 for similar results). 

Ecotype specific reaction norms were found in O. cincta from heath and forest 

habitats in an earlier study. Reaction norms for juvenile growth in O. cincta were more 

canalized against environmental variation when compared to the reaction norms of forest 

populations (Liefting & Ellers 2008). If these patterns represent an adaptation to local 

selection pressures, we expected a fitness advantage for heath populations under variable 

conditions, reflected in enhanced population growth. Forest and heath populations 

however, grow equally fast so there are no ecotype-specific trends (if any, forest 

populations even seem to grow faster). This is also reflected in similar biomass for the 

two ecotypes per regime at the end of the experiment.  

 Temperature fluctuations are not the only variable conditions in natural 

environments. Although the amplitude of temperature fluctuations is one of the main 

differences between the two ecotypes, more environmental factors are directly and 

indirectly involved with these oscillations. Temperature and relative air humidity are 

directly related, and effects of temperature and humidity will also translate in fluctuations 

in availability in food sources. Under warm, dry conditions, food sources in the upper 

litter layer may become unavailable, resulting in a indirect negative effect of high 

temperature on performance of O. cincta. Respiration in O. cincta was found to be lowered 

during periods of frost and summer drought (van der Woude & Joosse 1988). We 

excluded these indirect effects of high temperature on O. cincta by keeping the pots at 

99% relative humidity and providing food ad libitum. However drought and food 

shortage may be important selection pressures that have shaped the reaction norms of 

the heath and forest ecotypes, rather than amplitude of temperature variation alone. 

Furthermore, response curves at intermediate temperatures may be driven by selection 

on performance at temperature extremes. A negative correlation may exist between the 

thermal tolerance range and the slope of reaction norms for development (van Straalen 
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1994; Liu et al. 1995). Hence, the flatter slope of the reaction norm in heath populations 

may be an evolutionary constraint of adaptations to a higher frequency of temperature 

peaks, and not have direct adaptive value at the mild temperatures we used in our 

experiments.  

In conclusion; temperature fluctuations are important for population growth and 

may have important implications for the dynamics of natural populations. A novel aspect 

of our study is that it did not consider the thermal response of single traits, but assessed 

the cumulative effect across the entire life cycle of organisms. A study on mite 

populations with a similar experimental design did find the highest population growth 

under moderate fluctuations compared to the high fluctuating regime that was 

unfavorable (Uvarov 2003). The same study reported very different dynamics for a worm 

species and suggests that the interaction between species can cause different patterns in 

response to temperature fluctuations. The fact that ecology and species interaction 

influences the responses to thermal variation promotes the field relevance of looking at 

the integrated phenotype rather than single traits. However, the current study also 

demonstrates that temperature fluctuations alone do not create conditions in which 

populations of either ecotype have an advantage based on their reaction norms. These 

results once more emphasize that results from reaction norm studies may not always be 

an appropriate predictor of population performance under fluctuating regimes. 

Temperature directly affects relative air humidity and food availability. Future research 

should focus on the other factors that underlay the complexity of these natural 

ecosystems. 
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