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Abstract 
 
Many prey species are able to develop different morphological structures as defence against 
for example predators. Some of these structures are induced only by individuals exposed to a 
predator. This phenomenon is called phenotypic plasticity. In this paper we examine whether 
cuticle thickness in Leucorrhinia dubia (Odonata) larvae differed between specimens caught 
in fish containing lakes and fish-free lakes respectively. We measured the thickness of the 
cuticle from four different parts of the larvae; profemur, pronotum, ninth segment sternite and 
ninth segment tergite. Our results showed a significantly thicker exocuticle on profemur in 
larvae with a head width bigger than 4.5 mm caught in lakes with fish. The smaller larvae 
showed a tendency to have thinner exocuticle on profemur in presence of fish. We discuss the 
probability that the differences in exocuticle thickness on profemur could be some kind of 
trade-off situation. The results also showed a tendency among the large larvae; the large 
individuals from lakes containing fish had a slightly thicker exocuticle on pronotum than the 
bigger individuals from fish-free lakes. 
 
 
Introduction 
 
Many prey species are able to evolve different morphological structures, such as armour or 
spines, as defence against predators (Mikolajewski & Rolff, 2004). Some of these structures 
are induced only when required by individuals living in a habitat that contains predators like 
fish (Mikolajewski & Rolff, 2004). Dragonfly larvae are the top predators in many aquatic 
systems without fish, and are also an important food source for many fish species in other 
habitats (Butler, 1989; Rask, 1986 in Mikolajewski & Johansson, 2004). To avoid predation 
from fish they both show behavioural defences and the morphological ones discussed in this 
study, such as longer abdominal spines (Corbet, 1999; Nilsson, 1981; Pierce, 1988 in 
Mikolajewski & Johansson, 2004). Inducible defences are often examples of adaptive 
phenotypic plasticity (Kopp & Gabriel, in press). This mechanism can be defined as the 
production of multiple phenotypes from a single genotype, depending on environmental 
conditions (Miner et al., 2005). The changes occur during an individual’s life span, in odonate 
larvae during the time of a few moultings (Göran Sahlén, personal communication). Inducible 
defences are often evolved in environments that are heterogeneous over time or space (Lively 
et al., 2000 in Mikolajewski & Rolff, 2004) and permanent defences are in contrast predicted 
in more constant environments (Mikolajewski & Rolff, 2004).  
 
Larvae of Leucorrhinia dubia (Vander Linden, 1825; Odonata) from lakes with fish evolve 
significantly longer abdominal spines than larvae from lakes without fish (Johansson & 
Samuelsson, 1994 in Johansson, 2002). Maybe it seems unlikely that these, in comparison 
with the mouth of a fish, small spines would protect the larva from predation. Mikolajewski & 
Rolff (2004) however, found that the abdominal spines were very effective as protection. 
They found that when fish attacks larvae with intact spines from behind, the larvae were 
rejected in about 80% of the attacks. For larvae with no lateral or dorsal spines, only about 
20% were rejected. This indicates that even small morphological adaptations can affect prey 
vulnerability to a predator (Mikolajewski & Rolff, 2004). When attacked by a fish, larval 
dragonflies use jet propulsion (Henriksson, 1998 in Mikolajewski & Rolff, 2004) and swim 
away from the predator; therefore they are most likely to be attacked from behind 
(Mikolajewski & Rolff, 2004). Fish swim faster than dragonfly larvae (Henriksson, 1998; 
McPeek, 1990 in Mikolajewski & Rolff, 2004) so backwards pointing spines provides good 
protection (Mikolajewski & Rolff, 2004). Spines in larval dragonflies are evaginations of the 
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integument (Richards and Richards, 1979 in Mikolajewski & Rolff, 2004) and are mostly 
made of cuticle (Mikolajewski & Rolff, 2004). Inducible defences can have important 
consequences not only for the fitness of individual prey and predators, but also for the 
dynamics of populations and communities since they alter the equilibrium of them (Kopp & 
Gabriel, 2005). 
 
The insect cuticle has to perform all the functions of skin and skeleton; it not only supports 
the insect, it gives it its shape, means of locomotion and waterproofing (Vincent, 2002). The 
cuticle is secreted by a single layer of cells, the epidermis, and gains its stiffness and 
structural complexity mainly by being folded and curved in complex ways (Vincent, 2002). It 
consists of three main layers; epicuticle, exocuticle and endocuticle (fig. 1; Noble-Nesbitt, 
1991). The epicuticle is a thin superficial layer which always is coated with wax (Noble-
Nesbitt, 1970c in Noble-Nesbitt, 1991). The epicuticle is only about 15 nm thick and the lipid 
wax layer is the principle barrier to water (Noble-Nesbitt, 1991). It contributes little to the 
mechanical property of the cuticle (Chen et al., 2005). The exocuticle consist of chitin, which 
is a fairly completely acetylated polysaccharide akin to cellulose (Vincent, 2002), and tanned 
proteins forming a homogeneous matrix which imparts rigidity to the exoskeleton (Noble-
Nesbitt, 1991). The endocuticle is soft and lamellate and its major components are chitin and 
protein, together forming a microfibrillar matrix (Noble-Nesbitt, 1991). The protein is 
probably synthesised within, and is certainly secreted from, the epidermis and has to produce 
a matrix of varying mechanical properties, which will also interact with and stabilise the 
chitin (Vincent, 2002). Endocuticle and exocuticle together are called procuticle (Chen et al., 
2005), which is the main part of the cuticle that enables it to keep its shape and stability under 
external loading (Hepburn et al. 1973 in Chen et al., 2005). The thickness of an insect 
procuticle in general varies between 10-100 µm (Chen et al., 2005).  
 

Fig 1. A schematic cross section of an insect cuticle   
 
Several articles have been written concerning predator induced morphological adaptations in 
epidermal structure. Mori et al., (2005) noticed morphological changes of the skin in an 
anuran tadpole, Rana pirica, when exposed to their main predator: larval salamanders. The 
tadpoles develop a bulgy body and a higher tail, using epithelial tissue (Mori et al., 2005). 
This bulgy morphology prevents R. pirica tadpoles from being swallowed by the larval 
salamanders (Kishida & Nishimura, 2004 in Mori et al., 2005). Davis et al., (2004) deal with 
problems when releasing hatchery-raised blue crabs (Callinectes sapidus). They found that 
crabs raised in hatcheries had lower survivorship than crabs born in the wild and that they 
differed in carapace colour and lateral spine length. Crabs with lengthened spines had 
significantly higher survivorship in both laboratory and field experiments (Davis et al., 2004). 
It turned out that these traits were plastic and it was quite simple to enhance the survivorship 
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just by exposing the crabs to a fish predator for one to four weeks before releasing those 
(Davis et al., 2004).  
 
Most models of the evolution of inducible defences assume some form of cost, because 
otherwise it is predicted that all individuals of a species will produce the same defensive 
character (De Witt et al., 1998 in Johansson, 2002). However, Johansson (2002) found no 
differences in costs, measured as body size and development time, when comparing odonate 
larval L. dubia raised in tanks with and without fish respectively. Their explanation is either 
that the costs are very low and hard to detect, or that the costs are of some other character 
such as increased predation success for other types of predators like invertebrates. Evidence 
from sticklebacks suggests that large invertebrate predators such as water beetle larvae have 
higher predation success on individuals with the longest spines (Reimchen, 1980; Reist, 
1980b in Johansson, 2002) but the longer spines gave the sticklebacks good protection against 
fish attacks (Hoogland et al., 1957; Reist, 1980b in Johansson, 2002). Lakes with and without 
fish has a different invertebrate composition where the fishless lakes have a higher abundance 
of large predatory invertebrates (e.g. Eriksson et al., 1980; Mallory et al., 1994 in Johansson, 
2002). Johansson (2002) concludes further that if fish and invertebrate predators differ in their 
success in preying on individuals with different morphological defences you could expect the 
selection pressure to differ between lakes with or without fish.  
 
The lack of costs in the study by Johansson (2002) described above could possibly also be 
explained by a trade-off. If, for example, the cuticle is thicker in absence of a fish predator 
than in the presence of one, maybe the net costs are near zero. Trade-off situations are found 
in other contexts as in Stoks & Johansson’s (2000) study concerning mortality risk against 
foraging effort in damselflies that differ in life cycle length. An animal’s foraging effort has 
important consequences for its growth rate and mortality rate (Stoks & Johansson, 2000). 
Species with obligate one-year life cycles must emerge, mature and mate before the 
reproductive season ends, and it is expected that they will have a strong selection for a high 
foraging effort (Stoks & Johansson, 2000). For species with more flexible life cycles that can 
survive winter in larval stage, selection for a risky high foraging effort should be weaker as 
they can afford to decrease development rate (Stoks & Johansson, 2000). They used two 
species of Lestes larvae, which are univoltine and two species of Coenagrion which has a 
flexible life cycle of one or two years. As they predicted the foraging effort were higher in the 
lestid species than in the coenagrionid ones both in presence and absence of fish predators, 
Perca fluviatilis (Stoks & Johansson, 2000). The mortality rate was also, as they predicted, 
higher in the lestid larvae than in the coenagrionid ones, but it was increased with foraging 
effort in both genera. The lestid larvae showed a low sensitivity to perch predation and the 
coenagrionid larvae showed a high sensitivity to the predation with regard to changes in 
foraging effort, lestid larvae foraging more actively than coenagrionids and pay for this with a 
higher mortality (Stoks & Johansson, 2000). Another example is a trade-off between egg 
quality and egg number in manipulated clutch sizes in gulls (Larus argentatus & L. fuscus) in 
a study by Nager et al. (2000).  
 
In this study we examine whether the cuticle thickness in Leucorrhinia dubia larvae differs 
between larvae exposed to fish predators and larvae from non-fish environments. We also 
examine the length of the abdominal spines to make sure that there is a difference between the 
different types of lakes. Possibly the longer spines, developed by larvae exposed to fish, 
demands a thicker more steady cuticle not to break and to work properly. Another possibility 
is that the cuticle is thinner in larvae with the longer spines to compensate the cost of building 
them – a trade-off. 
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Study species 
 
L. dubia (fig. 2) is the smallest dragonfly in the genus Leucorrhinia, and belongs to the family 
Libellulidae (Sandhall, 2000). The species is common in most parts of Sweden and 
characteristic of habitats with high humic content and low pH values (Johansson & 
Wahlström, 2002).  
 

  
 
Fig. 2. L.dubia larva, dorsal view (length approximately 2 cm) 
 
The species has a life cycle of 2-3 years, and the larvae are overwintering in their final instars 
(Johansson & Wahlström, 2002). L. dubia is a predator that sits and waits for its prey, mainly 
consisting of zooplankton and aquatic macroinvertebrates (Pritchard, 1964 in Johansson 
&Wahlström, 2002). L. dubia larvae show lower abundances in lakes with fish compared with 
lakes without fish (Mikolajewski & Johansson, 2004). 
 
 
Materials and methods 
 
Experiments 
 
The larvae were originally obtained from 18 lakes, nine with fish and nine without fish. They 
were caught at different occasions, from 1993 to 2005. The larvae were kept in 80 - 95% 
ethanol. The lakes are situated in Northern Sweden, Västerbotten, and in the middle part of 
Sweden, Bergslagen. Both types of lakes are represented in both parts of the country, six with 
and six without fish from Västerbotten, and three with and three without fish from 
Bergslagen. This made it possible to test whether exocuticle thickness depends on localization 
or not. 
 
The larval size differed between lakes and the biggest ones from each locality were chosen. 
Between six and twelve larvae from each lake were chosen in the first step which gave a total 
number of 154 individuals, half of them from fish-lakes and the other half from fish-free 
waters. To get comparable data larvae were measured by head width since this is the most 
reliable measure of overall size in dragonfly larvae (Benke, 1970 in Mikolajewski & 
Johansson, 2004). The spine length was measured from the tip of the spine to the inner base 
of the spine according to Johansson & Samuelsson (1994) in Mikolajewski & Johansson 
(2004). The two lateral abdominal spines on segment nine were measured, and a mean value 
was used when analysed. A few larvae lacked one of the spines and in those cases the length 
of the one present was used. These measurements were done to ensure a difference in spine 
length between larvae from the two types of lakes was present in these samples. Also the sex 
of the specimens was noted to be able to eliminate any sex dependent differences in cuticle 
thickness. The head width, spine length and cuticle thickness measurements were made with a 
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dissecting microscope (Nikon Labophot-2) connected to a camera (Sony exwave HAD, colour 
video camera digital SSC-DC58AP). We used the magnification 400X. The software used for 
the measurements and photographing was Easy Image 2000, by Bergström Instruments AB, 
Lund. 
 
We dissected all of the 154 specimens. The parts that were dissected were right profemur, 
pronotum, ninth segment sternite and ninth segment tergite with spines (pictures in appendix 
1). These parts were chosen to get measurements spread over the larva because a possible 
difference may not be present all over the body. Since the spines grow from the tergite this 
part would be important when measuring the cuticle thickness because the larger spines could 
affect the thickness here. Also the other parts should be important in the protection of the 
larvae. Two males and two females from each lake were then chosen to get a manageable 
number of larvae. In some cases, when two of each sex was not present or when one or more 
body parts were missing, dissected parts from other individuals were chosen instead. The 
dissected parts were dehydrated in a three-step system with 95 % ethanol, 99.5 % ethanol and 
xylene. The paraffin that was used for the embedding of the different parts was heated to 
70ºC. The dissected parts from the selected larvae were then embedded in the paraffin and 
cast in a metal tin. Tergite and sternite were put with anterior end down and pronotum with 
posterior end down when cast, which imply cutting starts in that end. The profemur was 
placed on end, but could not be placed in a specific direction because of difficulties to locate 
which was the proximal and distal end respectively. When cutting the dissected parts in the 
paraffin standard microtome (Leica wetslar) was used. The sections were between 6 and 9 µm 
thick. The section thickness varied because of small variations in paraffin consistency and to 
get as presentable sections as possible the thickness had to be adjusted.  
 
The slices were then placed on one slide per dissected part. To get the slices to adhere to the 
glass properly, a thin film of protein glycerine that glues the tissue to the glass surface was 
used. When the slides were controlled in a light microscope it was hard to detect the cuticle. 
The sections were therefore coloured with haematoxylin and the paraffin was then removed in 
a two-step xylene bath and a cover glass was fixed with Mountex.  
 
Three sections on each slide were chosen for the measurements. Each section was measured 
in four different places, spread over the length of the section. It was not possible to measure 
all the sections at exactly the same locations as many of them were partially broken. The 
brown exocuticle and the procuticle were measured separately (lines in fig. 3). This gave 
twelve values per measured part and slide. The mean values for each slide were used in the 
statistical analysis. Values for the endocuticle were also estimated by subtracting the mean 
value of procuticle from the mean value of the exocuticle. 
 

 
 
Fig. 3.  A sternite cuticle slide, 1: procuticle, 2: exocuticle (scale 400:1) 
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Statistical analysis 
 
All statistical analysis was run in SPSS 13.0 for Windows. All analyses were done using one-
way ANOVA. The spine length and the cuticle thickness were divided by the head width to 
get comparable data, since the larvae differed in size. We analysed if the spine length depends 
on presence of fish. An analysis was also done to test whether spine length depends on sex or 
not. In the analysis of the spine length all 154 dissected larvae were used. 
 
Then analyses of whether exocuticle thickness divided with head width depends on presence 
of fish were done. The four dissected parts were analysed separately. A means plot were used 
to decide whether any differences were positive or negative. As head width varied between 
2.12 and 5.36 mm, the larvae were split into two groups according to their head width size; 
larger than 4.5 mm, hereafter referred to as the large group and smaller than 4.5 mm, referred 
to as the small group.  
 
Analyses to examine differences in thickness depending on sex or lake localization were also 
done using one-way ANOVA. This analysis was done separately for the two groups and for 
each of the four parts individually.  
 
 
Results 
 
The ninth segment lateral abdominal spines were, as we supposed, significantly longer in 
presence of fish (P < 0.0005) in both the large and the small groups (fig. 4). Spine length were 
not depending on sex in neither of the groups (P = 0.226 and P = 0.558). 
 

0,000

0,020

0,040

0,060

0,080

0,100

0,120

0,140

0,160

.

 
Fig. 4.  Spine length (mm) divided with head width (mm) with standard deviation. From the left: large group 
larvae from lakes without fish, large group larvae from lakes with fish, small group larvae from lakes without 
fish, small group larvae from lakes with fish. 

 
The endocuticle thickness differed a lot between the individuals, the dissected parts, and even 
within the slides. The difference in mean values of all profemur endocuticle measurements 
varied for example between 1.28 and 8.55 (85%), when the difference in profemur exocuticle 
thickness varied between 0.85 and 1.87 (55%). 
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Fig. 5. Profemur exocuticle thickness (µm) divided with head width (mm) with standard deviation. From the left: 
large group larvae from lakes without fish, large group larvae from lakes with fish, small group larvae from lakes 
without fish, small group larvae from lakes with fish. 
 
The profemur exocuticle thickness in the large group was significantly thicker in presence of 
fish (P = 0.004; fig. 5). This was the only significant difference in this group, however the 
pronotum shows a vague tendency to be thicker (P = 0.096) among the larvae exposed to fish 
(fig. 6). In the small group none of the parts showed any significant difference.  
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Fig. 6. Pronotum exocuticle thickness (µm) divided with head width (mm) with standard deviation. From the 
left: large group larvae from lakes without fish, large group larvae from lakes with fish, small group larvae from 
lakes without fish, small group larvae from lakes with fish. 
 
When the exocuticle thickness were tested against geographical location, the results showed 
that in the large group, the sternite thickness was significantly thicker (P = 0.005) in the lakes 
from northern Sweden and in the small group the tergite thickness showed the same result  
(P = 0.019). None of the groups and parts showed any significant difference according to sex. 
Number of analysed parts and a summary of all the results in table 1-5 (appendix 2).  
 
 
Discussion 
 
The variations in endocuticle thickness could depend on in which phase in the ecdysis cycle 
the larvae were when captured, since the characteristics of the endocuticle differ due to 
closeness to moulting (Riddiford, 1991). The exocuticle was distinctly marked off from the 
other layer, and it was therefore easy to measure. This layer did not differ in thickness as 
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much as the endocuticle did, and the exocuticle measurements should therefore be more 
reliable. Therefore the exocuticle measurements are the ones we focused on in the statistical 
analyses.  
 
The statistical analyses showed that in the large group, the profemur exocuticle were 
significantly thicker in larvae from waters with fish. Also the pronotum showed a vague 
tendency that the exocuticle was thicker in the presence of fish in the large group. The 
individuals in the small group did not differ significantly in this matter. The pronotum and 
profemur does not have any other type of protection and therefore the exocuticle in the large 
group is thicker here. The bigger larvae have already reached a size where the spines are 
effective as protection. They should therefore be able to spend more energy on building a 
thicker exocuticle and it seems that they do this on certain parts as the pronotum and the 
profemur. The larvae do not need to put energy in building thicker cuticle on the abdomen 
since they build longer spines here for protection. As we have seen in many studies (e.g. 
Mikolajewski & Rolff, 2004), the larvae has a good protection in their long spines, when they 
are attacked by fish from behind, which happens in most cases. The building of thicker 
exocuticle in for example the pronotum and profemur must therefore protect the larvae in the 
case of being attacked in another way than from behind or by another kind of predator like for 
example other predatory insects or newts. A thicker cuticle could also protect the larvae when 
attacked and rejected in a fish attack, which could enhance the survivorship. This could 
possibly be a trade-off, where the enhanced fitness is the payment of the extra energy invested 
in thicker cuticle.  
 
It is interesting to note, see fig. 5, that the relationship in profemur seems to be reversed in 
(but it is not significant, P = 0,224) in the small group. It seems like the smaller larvae from 
fish-lakes tend to develop thinner exocuticle on profemur than smaller larvae from fish-free 
lakes, and when this hypothesis was tested on larvae with a head width smaller than 4 mm the 
trend got more obvious (P = 0,092). This could also be a trade-off effect. Even the smaller 
larvae got significantly longer lateral abdominal spines in presence of fish, but one can 
suppose that the small larvae’s spines are not as effective as the bigger larvae’s. Since the 
development of the elongated spines takes a couple of moultings, the larvae have to start 
building them when the larvae are young, even if the spines do not protect them very well in 
the beginning. The spines on the larvae are simply too small to make a difference to the 
predator, in this case a fish. The elongated spines may give the larva some kind of protection 
and therefore it is useful to have them, but the spines are not worth spending a lot of energy 
on and the larvae might compensate the cost of building them with thinner exocuticle on the 
profemur, since it is obviously more important to protect the head with thicker exocuticle on 
pronotum than to protect the legs.  
 
We also found differences in exocuticle thickness due to geographical location. In the large 
group the ninth segment tergite was thicker in northern Sweden, and so was the ninth segment 
sternite in the small group. This could possible depend on differences in climate or other 
factors between the locations, such as variations in gene pools. The fact that different parts of 
the larvae had thicker exocuticle in northern Sweden due to size has to be examined further.  
 
In recent years several models for the specific structures of the chitin fibres in different insect 
cuticles have been put forward (Chen et al., 2005). A helical model describes the fibre 
structure as a series of thin unidirectional sheets stacked one by one with the orientation of 
each fibre layer rotating sequentially by a nearly constant angle (Bouligand, 1965 in Chen et 
al., 2005). A modification to this model were suggested by Neville (1970 in Chen et al., 
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2005) for the helicoidal structure of the beetle Passalus cornutus cuticle, where the fibres in 
each layer are curved. Another model is a dual helical model where two alternating helicoids 
rotate clockwise from outside to inside of the cuticle (Schiavone & Gunderson, 1989 in Chen 
et al., 2005). Chen et al. (2005) observed the microstructure of Scarabaei (a dung beetle) 
cuticle with SEM. They found a kind of helicoidal structure. The maximum pullout energy of 
the structure were analysed and compared with that of a 0º-structure (all layers parallel). Their 
results show that the maximum pullout energy of the helicoidal structure was markedly larger 
than that of the 0º-structure. This indicates that thickness is not the only factor affecting 
strength of insect cuticle and that the microstructure also plays an important part. Therefore it 
could be useful to examine and compare the microstructure of cuticle between larvae exposed 
to fish and larvae that are not. 
 
 
Conclusions 
 
Our results indicate that it is probably more reliable to use exocuticle measurements when 
working with cuticle thickness since the endocuticle varies more in thickness due to closeness 
to moulting. We found a possible trade-off situation in the case of thinner profemur exocuticle 
in small larvae from fish containing lakes, even if not significant. The research of the 
differences in exocuticle thickness as a respond to predatory threats, need more interest and 
attention. 
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Appendix 1 
 

              
Fig. A. Dissected profemur                                       Fig. B. Dissected pronotum 
 
 
 
 

     
Fig. C. Dissected sternit     Fig. D. Dissected tergit with lateral spines 
 
 
 
 

Fig. E. Location of the dissected parts on larvae 
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Appendix 2 
 
 
Number of:  Profemur Tergite Sternite Pronotum 
Large larvae Fish 22 21 21 19 
  No fish 16 21 20 21 
            
Small larvae Fish 13 10 12 12 
  No fish 7 14 10 11 

Table 1. Number of analysed parts in the different groups 
 
 
 
Thickness - presence of fish    
  Profemur Tergite Sternite Pronotum 
Large larvae P= 0,004 0,192 0,588 0,096 
Small larvae P= 0,256 0,719 0,630 0,666 

Table 2. P-values, analysis of whether exocuticle thickness (divided with head  
width) depends on presence of fish   
 
 
 

Thickness - part of Sweden    
  Profemur Tergite Sternite Pronotum 
Large larvae P= 0,440 0,257 0,005 0,989 
Small larvae P= 0,275 0,019 0,153 0,421 

Table 3. P-values, analysis of whether exocuticle thickness (divided with head  
width) depends on part of country 
 
 
 

Thickness - sex      
  Profemur Tergite Sternite Pronotum 
Large larvae P= 0,127 0,296 0,266 0,410 
Small larvae P= 0,316 0,711 0,721 0,060 

Table 4. P-values, analysis of whether exocuticle thickness (divided with head  
width) depends on sex 
 
 
 
 

Spine / head width - sex 
   
Large larvae P= 0,226 
Small larvae P= 0,558 

Table 5. P-values, analysis of whether  
spine length (divided with head width) depends  
on sex  
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