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Sammanfattning 
Abstract 

When an animal’s pigmentation matches the background across various types of environments, it is potentially 
an example of cryptic pigmentation, most likely as a response to natural selection by visually oriented predators. 
One example of cryptic pigmentation is phenotypic plasticity, meaning that an organism can exhibit different 
phenotypes in different environments. The freshwater isopod Asellus aquaticus living in stands of reeds tends to 
have darker pigmentation than individuals living amongst lighter-coloured stoneworts, which has been suggested 
to result from visual predation. A recent study showed, however, that pigmentation in A. aquaticus is partly 
plastic, influenced by the nutritional composition in their diet. Here, I performed a laboratory experiment on A. 
aquaticus to see if the nutritional composition in stoneworts decreases pigmentation. Isopods were provided with 
a diet of either decaying leaves or stoneworts. The experiment took place over four weeks and pigmentation and 
growth were analysed at 0, 15 and 31 days. I found that pigmentation in A. aquaticus increased significantly on 
both diets. And, there was no difference between both diets in amount of change in pigmentation. The fact that 
isopods that were feeding on stoneworts did not become lighter to match their background colour preferably 
depend on a high nutritional composition in the provided food, considering they also more than doubled their 
weight. In other words, phenotypic plasticity due to different diets between habitats is not the explanation to 
lighter coloured isopods living amongst stoneworts. However, these results do not exclude that differences can 
arise over a longer time or differs between different species of stoneworts.  
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1 Abstract 
When an animal’s pigmentation matches the background across various types of 
environments, it is potentially an example of cryptic pigmentation, most likely as a 
response to natural selection by visually oriented predators. One example of cryptic 
pigmentation is phenotypic plasticity, meaning that an organism can exhibit different 
phenotypes in different environments. The freshwater isopod Asellus aquaticus living 
in stands of reeds tends to have darker pigmentation than individuals living amongst 
lighter-coloured stoneworts, which has been suggested to result from visual predation. 
A recent study showed, however, that pigmentation in A. aquaticus is partly plastic, 
influenced by the nutritional composition in their diet. Here, I performed a laboratory 
experiment on A. aquaticus to see if the nutritional composition in stoneworts 
decreases pigmentation. Isopods were provided with a diet of either decaying leaves 
or stoneworts. The experiment took place over four weeks and pigmentation and 
growth were analysed at 0, 15 and 31 days. I found that pigmentation in A. aquaticus 
increased significantly on both diets. And, there was no difference between both diets 
in amount of change in pigmentation. The fact that isopods that were feeding on 
stoneworts did not become lighter to match their background colour preferably 
depend on a high nutritional composition in the provided food, considering they also 
more than doubled their weight. In other words, phenotypic plasticity due to different 
diets between habitats is not the explanation to lighter coloured isopods living 
amongst stoneworts. However, these results do not exclude that differences can arise 
over a longer time or differs between different species of stoneworts.  
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2 Introduction 

Evolution is a well-known and on-going process that can lead populations and species 
into different directions. One particular process that can make a population change their 
allele frequency is natural selection through predation, which can lead to changes in a 
prey population’s genotype and phenotype. For example, natural selection through 
predation can select for background matching colour in a prey population. Furthermore, 
this type of change can lead to significantly reduced visual predation.  

One mechanism that influences the phenotypic variation that natural selection is acting 
on is phenotypic plasticity, meaning that an organism can exhibit different phenotypes 
in different environments. This because a phenotypic trait, such as pigmentation, is not 
only determined by the genotype, but can also be affected by their environment. 
Populations with a genetic variation for environmentally sensitivity can evolve greater 
(or lesser) plasticity. This ability of phenotypic plasticity can allow one individual to 
adapt rapidly into a new environment (e.g. change pigmentation), and sometimes 
variation in phenotypes within an population arise only due to this (Crispo, 2008).  

Pigmentation may be cryptic, which is often indicated by that a species show a repeated 
pattern of background matching colour (Endler 1978). One animal that has been 
suggested to have cryptic pigmentation is the benthic freshwater isopod Asellus 
aquaticus (Hargeby et al., 2005). Pigmentation in A. aquaticus has a genetic basis and 
has been suggested to be an adaptive trait (Hargeby et al. 2004), meaning that it can 
affect an individual’s fitness in different types of environments. It is reasonable to 
assume that this trait evolved as an adaptive response to visual predation, based on that 
A. aquaticus has a habitat specific variation in pigmentation (Hargeby et al. 2004) that 
is correlated with the colour of substrate they are living on (Hargeby et al. 2005). One 
study that covered 29 lakes in Sweden showed that isopods living in stands of 
stoneworts (Chara spp) had lighter pigmentation compared to isopods living in reeds, 
where the substrate is darker (Hargeby et al. 2005). It was also clear that these 
differences occurred after stands of stoneworts had been colonized. 

Pigmentation in A. aquaticus is ommochrome based and composed of melanins 
(Needham 1957, 1970). The precursor molecule is tryptophan, an amino acid the animal 
must acquire through feeding. Tryptophan is found in most macrophytes, e.g. 
stoneworts (Muztar et al. 1977).  

Previous studies have tested phenotypic plasticity with respect to pigmentation in A. 
aquaticus. A two-week laboratory experiment in 2004 tested if A. aquaticus could 
rapidly adapt their pigmentation to a background matching colour based on substrate. 
This experiment tested this by using common substrate in two different habitats, 
stoneworts and decaying sedge leaves, which showed no change in pigmentation 
(Hargeby et al. 2004). By contrast a recent and longer study, over 100 days, showed 
that food with different  amounts of nutrient had strong effects when it came to rate of 
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pigmentation in A. aquaticus  (Lürig et al.  2019). The experiment showed that food 
with a high amount of nutrient yielded both higher pigmentation and increasing growth 
rate compared to food with low nutrient. The authors concluded that pigmentation in A. 
aquaticus in fact is a developmentally plastic trait influenced by diet differences (Lürig 
et al. 2019). 

However, previous work has not tested if these known differences in pigmentation in 
A. aquaticus between stoneworts and decaying leaves in fact depends on a different 
nutritional composition. Due to that these differences occur after a new habitat of 
stoneworts is colonized and the fact that A. aquaticus pigmentation now is known to be 
a plastic trait, this would be relevant to test. It would be interesting to see if it is 
something in the nutritional composition in stoneworts with its natural cover of 
periphytic microorganisms that cannot yield darker pigmentation in A. aquaticus.  

Therefore, in this study, a four-week laboratory experiment, I tested if A. aquaticus 
decreases its pigmentation when switching diet to stoneworts instead of decaying 
leaves. The length of each individual was measured in order to estimate growth and 
thus evaluate if the food provides them equal nutrition. My hypothesis was I) that A. 
aquaticus fed with stoneworts will change their pigmentation to a lighter colour and II) 
that stoneworts will contain low nutrient and therefore A. aquaticus fed with stoneworts 
will have a lower growth rate.  

3  Materials and methods  

3.1 Study organism 
The study species, the freshwater isopod; Asellus aquaticus (Crustacea:Isopoda), is a 
benthic macroinvertebrate common in lakes, ponds and slow flowing freshwater all 
over Europe (Sworobowicz et al. 2015; Verovnik et al. 2005). A. aquaticus has shown 
the ability to live in different types of microhabitat, including aquatic macrophytes such 
as Elodea Canadensis (Marcus et al. 1978) and different types of stoneworts (Chara 
spp) (Hargeby et al. 2004). Other common habitats are stands of reed and sandy 
environments (Hargeby et al, 2005).  

As a detrivore, A. Aquaticus mainly feeds on decomposing organic material (Bergfur 
et al, 2007), but periphyton growing on macrophytes (e.g stoneworts) is also an 
important food source (Arakelova et al. 2001). A. aquaticus have because of its fast 
way of fragmenting and decomposing organic material an important role in aquatics 
ecosystem (Bergfur et al. 2007). Aquatic isopods also function as an important prey for 
both invertebrate predators and fish, e.g perch (Perca fluviatilis) (Rask & Hiisivuori. 
1985). 

Isopods used in this study were laboratory reared offspring of individuals caught in 
Lake Tåkern in March 2018 (X: 6466063, Y: 489255) where the bottom vegetation 
consisted of Chara spp. During the last year they have lived in a tank (7 cm x 35 cm x 
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45 cm) filled with filtered water from Lake Tåkern in 12 hours of light and 12 hours of 
darkness in a temperature around 15 degrees. At start, the isopods ranged from 0.2-0.62 
in pigmentation and 3.8-9.5 millimetre in body length.  

Lake Tåkern is a shallow eutrophic lake consisting of both reed belts (e.g Phragmites 
australis) and different types of stoneworts, mostly dominated of Chara. tomentosa and 
Nitellopsis obtusa. C. tomentosa stays winter-green throughout the year while N. obtusa 
die off during autumn until spring when its start growing again. Hence, the population 
of A. aquaticus in the lake may have been subject to selection in various habitats.   

3.2 Experimental set-up 
A total of 100 individuals of A. aquaticus were sorted out and divided into matching 
pairs, based on pigmentation and size, estimated through observation. Each of the 50 
pairs got their own dish (4 cm x 7.5 cm x 14cm: H x W x L) filled with 250 ml filtered 
water from Lake Tåkern (X: 6467846, Y: 488875). The water had been stored in room 
temperature at least four days before use, in order to get rid of eventual chemical signals 
from predators (Peacor, 2006; Turner & Montgomery. 2003; ). The water temperature 
was around 18 ° degrees during the experiment. 

As long as they were in these pairs, A. aquaticus was fed with decaying elm (Ulmus 
glabra) and alder (Alnus glutinosa) leaves in excess. All leaves were collected from 
trees close to Lake Tåkern in the autumn, dried and stored until use. They were then 
soaked in filtered natural water and colonized with microbial organisms until their 
surface was covered with a microbial film, but, for at least three weeks.  

Stonewort shoots used in the experiment were collected by boat in March & April 2019 
(first time 29th of March and thereafter with 14 days interval) from the same place as 
A. aquaticus was in March 2018 (X: 6466063, Y: 489255). The stonewort shoots were 
stored for a maximum time period of 14 days in filtered water from Lake Tåkern, 
oxygenated with an air pump and illuminated to keep the cover of epiphyton intact.  

The experiment started on the 1:st of April 2019 when all isopods were photographed 
for the first time. Each individual was randomly selected when it came to order of 
photographing. After the first photograph session one individual, randomly selected, in 
each pair switched food to stonewort. The other one continued to eat decaying leaves. 
Each individual was moved into a bigger dish (4.5 cm x 8.5 cm x 17 cm: H x W x L) 
and reared isolated for the rest of the experiment. After photographing, A. aquaticus 
was moved into a room with natural day light around 14 hours a day (06-20).  

All dishes were oxygenated with an air pump throughout the whole experiment, and 
the water in each dish was changed twice a week together with the stonewort food 
supply. The isopods and dishes were checked every 1-2 days in order to see if more 
water or food was needed.  
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3.3 Photographing 
A. aquaticus was photographed alive every two weeks, three times in total; 1) at start 
of the experiment 2) after 15 days and 3) after 31 days (end of the experiment). The 
photograph was taken using a Nikon D3100 (settings; 1/80 and F16). In every picture, 
a reference was used to calculate the relation between every individual and the colour 
white, to get an estimate of the pigmentation. As a reference I used a white square from 
a colour checker (X-rite, Color checker Passport photo). As background I used a graph 
paper (1mm x 1 mm) which in the data analysis functioned as a scale when measuring 
length.  

A. aquaticus was moved directly from their dish to a smaller transparent plastic dish 
using a plastic spoon. I filled the plastic bowl with just as much filtered lake water that 
it covered the individual.  

3.4 Pigmentation and growth 
In order to measure body length and pigmentation I used the image analysis software 
ImageJ-NIH. I converted all pictures into grey-scale, type 8-bit.  

Pigmentation was measured within a rectangular area over six integuments aside the 
intestine, to exclude that eventual ingested food influenced the results (Figure 1). To 
exclude eventual individual variation the same side was measured through all three 
occasions of photograph analyses.  

 
Figure 1. The yellow rectangular shows the area that was measured in every individual to 

estimate pigmentation. 
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I measured pigmentation on the white reference area with an equally large square in 
each picture. 

ImageJ gives a mean value on the measured area in a scale between 0 (black) and 255 
(white). The white reference area did not yield the same number in every picture, which 
was solved by adding the differences between every value of each white box up to that 
box with highest number. Same difference was added on A. aquaticus pigmentation 
value so that the relation still was given. Pigmentation of A. aquaticus was then 
expressed by the formula: 

𝑅𝑎𝑡𝑖𝑜 = '()*+	-.		/.12345637
89:;+	<+.+<+=>+	?-@

  (1) 

Pigmentation = 1- ratio (2) 

Where the new scale goes from 0 (lightest pigmentation) to 1 (darkest pigmentation).  

Precision of the method was measured by placing the rectangular square in ten different 
ways in three different pictures of the same individual, from the same photograph 
session. Then I compared the ratio between the isopod and white square given from 
each picture and calculated the standard deviation (±0.0167), which showed that the 
precision was good. 

Length was measured using a straight line over the dorsal side of A. aquaticus, from 
head to the tip of their telson. The measurement was calibrated against a scale based on 
the known length of 10 millimetre (based on the millimetre paper). I made the scale 
“global”, meaning length was referred to same scale in every picture I measured.  

By measuring length I estimated body dry mass according to Mährlein et al. (2016). 
Growth was expressed as % from the formula:  

Growth % = Mti-Mt0/ Mt0 * 100 (3) 

Where Mt0 is body mass at start and Mti is body mass at time i.  

 

3.5 Statistics  

I used a paired t-test because my tests were to; i) compare data from the same individual 
over time and ii) compare two similar individuals that were matched regarding size and 
pigmentation at the start of the experiment but were separated to different 
diets/substrates. In that way I could see differences in pigmentation and growth in; i) 
the same food type (i.e stonewort and leaves) over time and ii) between the two food 
types. All tests were made in IBM SPSS Statistics 25. All calculations concerning 
pigmentation and dry mass were made in excel.  
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When the experiment was terminated, the number of individuals had decreased from 
100 to 77 due to natural causes of death. Three individuals that no longer had a matching 
individual was excluded from the experiment. This reduced the total number of 
individuals to 74 and the number of matched, similar individuals to 37 in each 
treatment.  

Results  

4.1 Pigmentation 
After 31 days there was a significant increase in pigmentation in both A. aquaticus fed 
on stoneworts and those fed on leaves (stoneworts; t= 9.29, p=0.000 and leaves t=9.56, 
p=0.000; Figure 2). This increase in pigmentation was in fact significant already after 
15 days (Stoneworts; t= 7.04, p= 0.000, and leaves t=9.77, p= 0.000; Figure 2).  

However, there was no significant effect between the two food types, neither after 15 
nor 31 days (Figure 2), although there was a tendency that A. aquaticus fed on leaves 
had darker pigmentation after 15 days (t=-1.97, p=0.057), which was later gone after 
31 days (t=0.11, p=0.914).  

 

 
Figure 2.  Pigmentation in A.aquaticus fed on stoneworts with intact periphyton cover or 
decaying leaves of alder (Alnus glutinosa) and elm (Ulmus glabra) after 0 (start), 15 and 31 
days. Higher pigmentation means darker pigmentation. The cross in each staple show mean 
value and all staple shows first and third quartile, median and lowest and highest value, n=37. 
Dots over a staple shows extreme values.  
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4.2 Growth  
A. aquaticus fed on stoneworts had grown more than those fed on decaying leaves after 
31 days (t = 2.7, p= 0.01; Figure 3), but not after 15 days (t=1.7, p= 0.1). There was a 
significant growth over time in both food types after both 15 and 31 days (stoneworts; 
t=0.45, p= 0.000; leaves; t=8.21, p=0.000 resp. stoneworts; t=9.05, p= 0.000; leaves 
t=9.17, p=0.000).  

In A. aquaticus fed stoneworts the percentage mass gain between start and 31 days was 
127 ± 111 % (mean ± s.d) compared to those fed leaves which had a percentage mass 
gain of 82 ± 85 % (mean±s.d).  

Figure 3. Body mass (mg) in A.aquaticus fed on stoneworts with intact periphyton cover or 
decaying leaves of alder (Alnus glutinosa) and elm (Ulmus glabra) after 0 (start), 15 and 31 
days. The cross in each staple show mean value and all staple shows first and third quartile, 
median and lowest and highest values, n=37. Dots over a staple shows extreme values.  
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4  Discussion 
The results showed that pigmentation in A. aquaticus increased over four weeks. This 
increase in pigmentation did occur on both diets (i.e decaying leaves and stoneworts 
covered with periphyton). Therefore, the result was not consisting with my hypotheses 
(I), that eating stoneworts covered with periphyton would make A. aquatcius lighter. 
On the contrary they did in fact show a tendency to increase more in pigmentation 
between measurement 2 and 3, compared to those fed leaves.  

Stoneworts or decaying leaves did not yield significantly more or less change in 
pigmentation, although there was a tendency that A. aquaticus fed on leaves had darker 
pigmentation after 15 days. Furthermore, that tendency was gone after 31 days. 

Nor the hypothesis (II), that A. aquaticus fed on stoneworts would have a lower growth 
rate, was supported by the given results. This because the significantly higher growth-
rate of A. aquaticus fed on stoneworts compared to those feeding on decaying leaves. 
A. aquaticus fed on stoneworts increased more than twice as much over 31 days (127 
%) compared to those fed on leaves, who only increased with 82 %. 

The results also partly indicate that pigmentation is a plastic trait in A. aquaticus. 
However, those who switched food to stoneworts did not adapt to the background 
colour of the ambient environment. On the contrary they became more visible in 
stoneworts over 31 days compared to the experiments start. This indicates that nothing 
was missing in the nutritional composition of stoneworts and its epiphyton and that the 
previously observed difference between habitat probably has another explanation. It 
may be due to natural selection through visual predation, which is known to be a strong 
contributing factor to prey populations adaptions in different environment. Selective 
predation by fish on different pigmented phenotypes has been shown in a laboratory 
environment (Hargeby et al. 2004), but it remains to be displayed in a natural 
environment.  

The fact that A.aquaticus did not adapt to the lighter environment in stoneworts but 
instead increased both pigmentation and growth rate significantly indicate high 
nutritional composition and quality of the food provided. In this study, however, I have 
not analysed the nutritional composition of any diet. If the provided stoneworts 
contained high amount of nutrient it would in fact explain the increasing pigmentation 
and growth rate. Food with high nutrient yields higher pigmentation and also increases 
growth rate significantly (Lürig et al. 2019). Furthermore, all decaying leaves were 
supposed to be colonized by microorganisms, but it may have differed in quantity of 
organisms and food quality. If so, that could be one explanation of faster growth rate 
of those fed stoneworts. It is known that growth rate of A. aquaticus significantly 
reduces when given leaves are not colonized with microorganism (Graça et al. 1993). 
At first, there seemed to be a correlation between increasing pigmentation and size. But, 
A. aquaticus fed on decaying leaves yielded the same pigmentation although they did 
not grow quite as large as those fed on stoneworts. Therefore, this increasing 
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pigmentation probably only depends on the nutritional composition. Previous studies 
have shown a correlation between body size and pigmentation in L. Tåkern in stands of 
reed, but not amongst stoneworts (Hargeby et al. 2004). A. aquatcius used in this study 
were offspring from isopods collected from a stonewort habitat, which makes it 
reasonable that there is no correlation.  

Pigmentation in A. aquaticus is ommochrome based, and the precursor is tryptophan. 
Tryptophan is an amino acid found in many macrophytes, including stoneworts (Muztar 
et al. 1978). Lürig and his collegues thought that the increase in pigmentation in their 
study may have been influenced by decomposing stoneworts towards the end of their 
experiment. They thought that it also may have released an additional amount of 
tryptophan which in that case could have increased the biosynthesis of pigmentation 
(Lürig et al. 2019). Stoneworts given in this study was changed twice a week and did 
not looked like they have started to decompose. Therefore, I think it is reasonable to 
exclude that as a contributing factor to the significantly increase in pigmentation in this 
experiment.  

A. aquaticus used in this study were offspring from animals collected from Lake 
Tåkern, were the vegetation dominates of the two species of stoneworts; Chara 
tomentosa and Nitellopsis obtusa. Their annual life cycle differs in that respect, one of 
them decomposes during winter (Nitellopsis obtusa) and the other stays winter-green 
(Chara tomentosa) (Hargeby et al. 2004). The first one forces A. aquaticus to return to 
another habitat (e.g stands of reeds). It is reasonable to think that these circumstances 
favour those with higher phenotypic plasticity compared to those living in C. tomentosa 
(i.e same habitat for the entire year). If the wild caught isopods collected from L. Tåkern 
last year lived in a C. tomentosa habitat it could be a natural reason to why their 
offspring did not adapt to the ambient environment in this study. Perhaps those who 
started with a light pigmentation is a result from visual natural selection of predators 
more than a rapid plastic ability to adaptation. Therefore, it would be interesting to test 
differences in phenotypic plasticity between isopods from the two habitats of 
stoneworts. It would also be interesting to see if presence of a predator (e.g chemical 
cues) affect isopods plasticity of pigmentation.  

5 Social and ethical considerations 
Asellus aquaticus is an emerging model organism for studies in evolutionary processes 
behind local adaptation and speciation, which are important for preservation of 
biodiversity. Considering this, it is important to understand how they can adapt to new 
environmental conditions. Switching food from decaying leaves to stoneworts should 
not affect the animals in a bad way, considering that both diets is included in their 
natural food preferences. Furthermore, there is no ethical considerations for 
invertebrates according to Swedish legislation (Jordbruksverkets författningssamling 
(2015:38), 2 cap 5§). Nevertheless, handling them can make them feel stressed. 
Therefore, they should be treated with respect and from an ethical perspective.   
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