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Abstract 

Morphometric geometric analyses are a useful tool in developmental evolutionary biology 

and studying shape can help us to better understand evolutionary processes. In Iceland four 

morphs of arctic charr (Salvelinus alpinus) can be found and extensive research has been done 

on their biology, habitats and evolutionary processes. In this study I wanted to examine the 

effects of morph and sex on shape in charr from Lake Þingvallavatn. I applied landmarks on 

photos of 256 charr of three morphs. My main focus was on the small benthic and small 

pelagic morphs. For analysis I used ANOVA tests evaluating the effect of several variables, 

morph, sex and weight as a covariate, Pearson’s correlation tests and polynomial linear 

regression done in R. The data suggests that there is a significant shape difference between 

morph and sex in at least two warps. I also checked the effects of bending of specimens and 

how unbending procedures affect the data. My conclusion was that unbending the data set is 

not crucial but makes data analysis easier. I also checked the correlation between of size and 

weight between morphs and sex. A strong correlation was seen between size and weight and 

the large benthic morph had the largest weight distribution and contained the biggest and 

heaviest individuals. An interesting result was seen for the weight distribution of small 

benthic females. It was by far greater than for the small benthic males suggesting that some 

individuals might have been wrongly classified. 

Útdráttur 

Svipformsgreiningar eru gagnlegt tæki þegar kemur að rannsóknum í þroskunar-, 

þróunarfræði en rannsóknir á formbreytum geta hjálpað okkur við að skilja þróunarfræðilega 

ferla betur. Í Þingvallavatni finnast fjögur afbrigði bleikju (Salvelinus alpinus) og hefur 

líffræði hennar, lifnaðarhættir og þróunarsaga verið rannsökuð ítarlega. Þessi rannsókn beinist 

að áhrifum afbrigða og kyns á svipform bleikjunnar í Þingvallavatni. Þrjú afbrigðu voru notuð 

í rannsókninni en aðal áherslan var lögð á murtu og dvergbleikju. Hnit voru staðsett á 256 

myndum af bleikjum og voru gögn greind með fervikagreiningu, Pearson’s prófi og annars 

stigs jöfnum í tölfræðiforritinu R. Niðurstöðurnar benda til þess að mun sé að finna á milli 

afbrigða bleikju og kyns. Ég athugaði einnig áhrif sveigju á sýnin og hvaða áhrif það hefði að 

fjarlægja sveiguna með hjálp forrita. Niðurstaða mín var sú að það væri ekki nauðsynlegt að 

fjarlægja sveigjuna en það gerði hins vegar gagnavinslu auðveldari. Samband stærðar og 

þyngdar voru einnig skoðuð en sterk samband reyndist þar á milli. Kuðungableikjan var stærst 

og þyngst og var auk þess með mestu þyngdardreifinguna. Það vakti athygli mína að dverg 

hryggnur höfðu mun meiri þyngdardreifingu heldur en dverg hængar, en hugsanlegt að 

einhverjar hryggnur hafi verið verið flokkaðar vitlaust. 
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1 Introduction 

All around us we observe different shapes both natural and man-made. The shape of an 

object whether it's a building or flower is often what we first identify and use to recognize 

it from other objects. The mathematical definition of shape is that it is encompassed of all 

its geometric properties except size, positions and orientation. In evolutionary 

developmental biology the study of shape of morphological traits has been growing in the 

recent decades. So far studies in evolutionary developmental biology have mainly focused 

on large-scale phenomena such as the origin of body plans in animals or the conservation 

of developmental genes (Sidlauskas, 2008). Morphometric studies have focused mainly on 

evolution on smaller size scale and by integrating methods from evolutionary-, 

developmental biology and genetics. Investigators now have powerful and flexible tools to 

study the effects of shape and morphological traits on evolution (Klingenberg, 2010). 

Organisms come in a variety of shapes and size, from the smallest semi-living viruses to 

the biggest plants on earth. The morphology and shape of small organisms such as bacteria 

and viruses is often limited by the number of molecules they are made up of allowing 

limited number of structural forms. Plants however are not very limited in structure and 

show extreme variation in morphology between species and individuals. The reason behind 

that are the structural units plants are made up of that can grow independently of each other 

but are affected by positional effects, environmental effects and juvenility (Taiz and Zeiger, 

2006). This freedom of growth and shape does usually not apply to multicellular animals 

excluding sponges and a few invertebrates (Ruppert et al. 2003). Multicellular animals 

usually follow a predetermined plan of development that is imprinted in their genes and 

variations from this plan most of the time results in dysmorphism, deformities or death. 

This developmental plan is governed by gene expression in the developing young. Gene 

expression is control both in time, quantity and space. In the fruit fly Drosophila 

melanogaster gradients of gene expression have been observed in embryos were different 

genes are expressed in different amounts over time in the embryo resulting in the formation 

of the major anatomical features and tissues. Similar gradients are also observed when the 

grub undergoes metamorphosis and turns into and adult fruit fly (Gilbert, 2010). Both the 

expression of developmental genes and environmental factors contribute to animals shape 

and size and these differences can be measured and quantified. 

1.1 Genetic and epigenetic effects on shape 

In biology it is debated to what extent genetic and environmental factors affect the 

development of morphological traits and how development translates genomic variations 

into shape variation that might be available for evolution by selection or drift. Genetic 

effects can be quantified using a range of approaches from quantitative genetics. Those can 

summarize whole genome effects, and lately using a combination of molecular tools the 

impact of specific loci and even variations in the genome. If information on genetic 

variances and covariance among shape variables are available for two or more generations 

they can be assembled into a matrix called G matrix. It characterizes the genetic 

component of shape variation in the population integrating effects of loci throughout the 

genome. Selection for specific shape features can be estimated using G matrices and result 
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from these studies have shown that genetic constrains on evolution might be widespread 

(Walsh and Blows, 2009). The effects of individual genes or genomic regions can also be 

estimated using different approaches like using genetic marker information for mapping 

quantitative trait loci (QTL) that effect shape (Falconer and Mackay, 1996). These studies 

have revealed a lot of genes throughout the genome that affect shape suggesting that shape 

is influenced by many genes. QTL studies have also shown that in some cases heterozygote 

genotype are more fit then the homozygote genotypes resulting in a balanced 

polymorphism and maintaining genetic variations in the population (Klingenberg, 2010). 

This is shown in figure 1.1. 

 

 
Figure 1.1: Direction of selection favoring heterozygote genotype (Klingenberg, 2010). 

Estimating and quantifying epigenetic effects on shape can be harder than quantifying 

direct genetic effects. Epigenetic effects are the interaction among cells and their 

environment and can include temperature, diet, chromatin modification and many other 

factors. These effects transmit genetic effects and can cause developmental changes and 

morphological variations and this has been shown in both mice and humans. Epigenetic 

effects also provide flexibility in development creating phenotypic plasticity (Klingenberg, 

2010). Renaud et al. (2010) showed how diet and mutations causing muscular dystrophy 

can cause morphological shape change in mice mandible. They found that in both cases 

treatment reduced epigenetic effects one by environmental factor and the other by genetic 

means (Renaud et al, 2010). 

1.2 Extracting and quantifying shape variations 

Some morphological traits can be quantified easily and effectively with single 

measurements like lengths of certain body parts. Other traits are more complex and cannot 

be defined by their, quantity (weight of organ), count (like bristles), length (of fingers) or 

size (volume of an organ) alone. Shape concerns the relative positions and proportions of 

parts. As stated earlier the mathematical definition of shape is that it is encompassed of all 

its geometric properties except size, positions and orientation. The most common way to 

extract data that applies to this definition is by the use of landmarks that represent 

biological forms as length measurements (Klingenberg, 2010). Landmarks are points that 
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can be digitized on image files or videos. Landmarks are usually placed on anatomical 

features that can be found an all specimen like fins or eyes and they establish a clear one-

to-one correspondence between all specimen used in the study. These landmarks are called 

fixed landmarks but where anatomical features are scarce over extensive regions 

investigators must sometimes use sliding landmarks (also called semi-landmarks). Sliding 

landmark are landmarks on an outline or surface that are allowed to slide between other 

landmarks (preferably fixed ones) to minimize localized deformations. It is also important 

to place the landmarks in the same order in all specimens to be able to extract shape 

information (Klingenberg, 2010, Kristjánsson et al., 2011a). 

A procedure called Procrustes superimposition is used to extract shape information from 

landmarks and remove the extraneous variation of size position and orientation (Bookstein, 

1997). It starts by scaling configurations to a standard size and moving them to a standard 

position. After that size is quantified as centroid size (computed as the square root of the 

sum of squared distances of the landmarks from the center of gravity of a configuration). In 

order to remove variation in positions in the configurations they are translated so that their 

centers of gravity are at the origin of the coordinate system. At last configurations are 

rotated about this common center of gravity to bring all configurations into an optimal 

orientation were the sum of squared deviations between corresponding landmarks is 

minimal. After the Procrustes superimposition the only variations that still remain are the 

variations in shape (Klingenberg, 2010). This procedure is shown in figure 1.2. 

 

 

Figure 1.2: The Procrustes superimposition (adapted from Klingenberg, 2010). 

All possible shapes for a given number of landmarks (shape variations) are defined a shape 

space. Shape space is a multidimensional nonlinear space in which each point represents a 

different shape and of which the Procrustes-aligned shapes in a sample provide a local 

approximation. Multivariate statistical analysis can be used study the variations in this 

shape spaces and the results can be visualized and interpreted anatomically (Klingenberg, 

2010). 
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1.3 Connecting geometric morphometrics and 

evolution 

The different body plans and shapes observed in nature are often the result of evolution 

and adaptation. Some features are artifacts that are no longer under any selection and 

sometimes serve no purpose. Many studies have focused on finding developmental genetic 

effect in evolution but few have focused on the intra specific shape variation under natural 

conditions. Gómez et al (2006) published a pioneering paper on estimation of natural 

selection on shape by using geometric morphometrics. They studied a wild population of 

Erysimum mediohispanicum which is a flowering plant found in Spain that shows great 

variations in flower shape from actinomorphic to zygomorphic flowers. They 

photographed flowers and applied landmarks with tpsDig 1.4 on the midrib, primary veins, 

secondary veins of each pedal and the connection between pedals to extract the shape 

information (Figure 1.3). They demonstrated that plants that had zygomorphic flowers 

received more pollinators and had the highest fitness. Fitness was estimated by number of 

seeds and number of juveniles produced per plant providing a strong evidence for the 

existence of significant fitness difference associated with shape (Gómez et al, 2006). 

 

 

Figure 1.3:  Erysimum mediohispanicum showing were landmarks were placed (Adapted 

from Gómez et al, 2006). 
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1.4 The search for model organisms in 

evolutionary developmental biology 

Finding a good model organism for evolutionary developmental biology studies can be 

complicated. So far most focus has been on drastic morphological changes between 

species, with clear-cut phenotypes that can be easily measured. Using classical model 

organisms for developmental and genetics studies were all conditions and breeds can be 

manipulated has its advantages but in natural populations actual evolutionary processes can 

be studied directly (Klingenberg, 2010).  Now the search is ongoing for new model 

organisms that have something to contribute to developmental evolutionary biology 

studies, for example species showing parallel evolution or adaptive radiation. 

Adaptive radiation is the rise of ecologic and phenotypic diversity within species or a 

species group (Schluter, 2000). It is thought to be a major contributor to evolution and may 

quickly generate large number of varieties and species. When species are introduced to 

new environments an existing variation in a given population might be favored and would 

therefore lead to speciation through natural selection. Speciation can also happen through 

genetic drift which ultimately leads to reproductive barriers within specie (Schluter 2001). 

The most famous example of adaptive radiation are Darwin’s finches. On the Galápagos 

Islands there are 14 or 15 species of passerine birds that are all dull colored and differ 

somewhat in size but what really distinguishes them are their beaks (Grant and Grant, 

2008). These birds appear to have evolved specialized beaks for feeding in different niches 

and that may have contributed to speciation. The classical model of speciation in Darwin’s 

finches is the allopatric model, however sympatric speciation may be the case for some of 

the finch-species (Grant and Grant, 1979). When it comes to speciation in fish the African 

cichlids have become a model system for the studies on adaptive radiation (Kocher, 2004). 

In Lake Victoria, which is the largest of the great African lakes, the youngest of the large 

cichlid radiations is found. The lake is believed to have dried up at the end of Pleistocene 

and refilled only 15.000 years ago. Even so phenotypic diversity with in Lake Victoria is 

almost the same as in several million years old Malawi Lake. This suggests a fast selection 

driven speciation as Terai et al. showed on genetic level in 2006 (Terai et al., 2006). 

Another good example is northern freshwater fish were the role of natural selection in 

parallel evolution can by studied. After the last glaciation about 10.000 years a wide 

arrange of fresh water habitats became available to fresh water fish (Snorrason and 

Skulason, 2004). A relatively few species, the high intraspecific competition and the 

diverse habitats and niches available to the fish are believed to resulted in a resources 

polymorphism. Arctic charr (Salvelinus alpinus) and three spine stickleback (Gasterosteus 

aculeatus L) are among these fish and they are a good model to study speciation and 

parallel evolution. Morphometric analyses have been done on both arctic charr and 

threespine stickleback in Iceland (Kristjánsson et al, 2011a, Kristjánsson et al. 2011b, 

Kristjánsson et al, 2002). 

1.5 Arctic charr (Salvelinus alpinus) 

In Iceland the morphology, speciation and evolution of sticklebacks and arctic charr has 

been extensively studied in Lake Þingvallavatn (Snorrason and Skulason, 2004). Lake 

Þingvallavatn is a relatively young lake and believed to have been formed after the last 

glaciation about 10.000 years ago (Snorrason and Skulason, 2004). It is located in the 
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neovolcanic zone in southern Iceland and four different morphs of arctic charr have been 

described there. There are two limnetic morphs the small pelagic (SP) and piscivorous (PI) 

and two benthic morphs small benthivorous (SB) and large benthivorous (LB). The morphs 

differ in ecology, shape and size, the limnetic morphs are slim, with pointed snout and light 

colored. The benthic morphs have stocky bodies, blunt snouts and are dark colored 

(Snorrason et al. 1989). The morphs differ greatly in maturity rate and final length. The 

large benthic matures in 3-11 years reaching the minimum fork length of 20.5cm while the 

small benthic matures in 2-4 years with the minimum fork length of 7.2cm, the piscivorous 

matures in in 5-10 years and reaches the minimum fork length of 25.6cm and the small 

pelagic matures in 3-5 years reaching the minimum fork length of 15.2cm (Jonsson et al, 

1988). 

 

Figure 1.4: The four morphs in Lake Þingvallavatn (Johnston et al, 2004). I refer to DB as 

small benthic (SB) and PL as small pelagic (SP). 

The morphs differ greatly in foraging behavior and diet and this is believed to have 

influenced the shape difference through adaptive radiation. Parallel evolution has also been 

suggested for the small benthic morph and population genetic data support this hypothesis 

(Kapralova et al, 2011). In Lake Þingvallavatn the small benthic and pelagic charr overlap 

both in time and space during spawning. Both morphs spawn in the stony literal zone, 

August to October for small benthic charr and September to October for pelagic charr 

(Skúlason et al, 1989a). Genetically there is a low but significant differentiation between 

the morphs in the lake (Kapralova et al, 2011). Laboratory rearing experiments have shown 

that there is a genetic component and strong maternal effect to the morph formation in 

Lake Þingvallavatn (Skúlason et al, 1989b). Morphometric analysis have also been done on 

the arctic charr and the small benthic has been the focus of these studies. 
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1.6 Morphometric analysis of Arctic charr 

Extensive morphometric analysis of the small benthic morph has been done by Bjarni B. 

Kristjánsson and his colleagues (Kristjánsson et al. 2011a, Kristjánsson et al. 2011b). They 

studied the relationship between ecological factors and the phenotypic diversity of small 

benthic charr from 31 populations across the country using morphometric geometric 

analysis. Their populations consisted of both charr from stream and pond habitats 

emphasizing on the different habitat and diet they are presented with. They collected the 

minimum of 30 individuals (usually more than 60) from each location and identified the 

stomach content from 18 randomly selected populations. Other ecological factors that were 

measured were water temperature, conductivity, pH and current velocity at each location. 

The bottom surface was identified at each location and invertebrate fauna estimated by 

collecting samples. Digital photographs were taken of each individual and the photos 

digitized using tpsDIG. They used the total of 22 landmarks with 6 sliding and the rest 

fixed (Figure 2.3). The morphometric data was corrected using the unbent function in 

tpsUtil and tpsRewl was used to calculate the consensus partial warps and relative warps. 

They analyzed the data using discriminant function analysis (DSA), MANCOVA and 

nonmetric multidimensional scaling. Their discriminant model classified the fish correctly 

to their population based on morphology with up to 94% success. They also found that 

there was a significant difference between stream and pond small benthics (P < 0.01) were 

fish from stream areas would have thicker bodies, caudal peduncle, shorter heads with the 

curve of the operculum being higher, and less subterminal mouth in comparison to the fish 

from pond habitats (Figure 1.5). Other environmental factors like temperature, 

conductivity and surface roughness were correlated with morphological diversity.  The diet 

analysis in this study showed that it differed between populations and that they mostly fed 

on small water dwelling invertebrates and was chironomid larvae the most observed. 

Cannibalism was observed in one case and the groundwater amphipods were found in 13 

fish suggesting that the small benthic might be living partly underground. The discriminant 

model for population based on diet was not as strong for morphology but correctly 

classification ranged from 13% - 80% with more variation in the pond population. The 

DFA analysis showed a significance difference in diet based on habitat and the 

discriminant model correctly classified 82% of the individuals to the correct habitat 

(Kristjánsson et al, 2011a). Together the morphometric and diet analysis strongly suggest 

that ecological factors contribute to the origin of biological diversity. 

Another morphometric study done by Kristjánsson and his colleagues showed that 

diversity in the shape of small arctic charr was related to large-scale diversity in lake 

ecology. In this study they used small benthic charr from 35 lakes around Iceland. They 

used the same landmarks as in the study described above and same programs. Their 

discriminant function analysis classified 79% of the charr correctly based on morphology, 

63% based on water origin, 58% based on the bedrock, 67% based on salmonid diversity 

and 82% based on sticklebacks presence or absence (Kristjánsson et al, 2011b). These data 

suggest that water origin, whether it was spring fed or run-off along with bedrock age, and 

fish community affected the charr morphology. 
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Figure 1.5: The observed difference in morphology based on habitat (Adapted from 

Krisjánsson et al, 2011a). 

1.7 Aims of this study 

In this study I focused on the morphology of three different morphs from Lake 

Þingvallavatn. My main focus was on the small benthic and small pelagic morphs but few 

large benthics were also included in the study. I wanted to know the difference in 

morphology both between morphs and sexes as well as within morphs. I used 

morphometric geometric approaches similar to Kristjánsson describe here above.  I was 

also curios to what extend bending of the samples might affect the results of this analysis 

so I ran my analysis on both raw (bent) samples as well as samples that had been unbent 

using the unbending function in tpsUtil. 
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2 Materials and methods 

2.1 Sampling 

In this project Arctic charr from lake Þingvallavatn was used for morphometric geometric 

analysis. Sampling had already been done in 2010 and a total of 264 samples were 

available including small pelagic (SP), small benthivorous (SB) and large benthivorous 

(LB). The sampling was done in Ólafsdráttur in September 2010 and by Mjóanes in 

October 2010. The SB was more abundant in Ólafsdráttur and the SP in Mjóanes. LB came 

mainly from Ólafsdráttur. Figure 2.1 shows Lake Þingvallavatn and three other places 

frequently used for sampling. Samples were named from 1-264 and an M (Mjóanes) or an 

O (Ólafsdráttur) was assigned in front to indicate sampling location. The samples were 

weighted, aged, sexed, checked for maturity and whether they had mated or not, by Sigrún 

Reynisdóttir, Kalina Kapralova and Vanessa Calvo Baltanas (2011). DNA was extracted 

from all samples and each individual thoroughly checked for parasites by Cristina Bajo 

Santos (2011). 

 

 

Figure 2.1: Lake Þingvallavatn, sampling was done in Ólafsdráttur and Mjóanes 

(Kapralova et al, 2011). 

2.2 Photography and photo processing 

In order to place landmarks on the samples digital photos were taken of each individual. 

Each individual had his tag on the photo with his number and location of capture. The 

samples were placed on a millimeter paper with their left side facing up and the dorsal and 

anal fin pinned down if needed. This was done to make it easier to assign the landmarks 
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and the millimeter paper also had a box of 30x20cm drawn on it to make it easier to 

estimate the fish size. Few individuals were photographed with their right side facing up 

because the pectoral fin on their left side had been cut off for DNA extraction. The photos 

were taken by Kalina H. Kapralova and Cristina Bajo Santos (2011) using Canon EOS 30D 

DSLR camera with Canon 10-22mm lens. 3-5 photos were shot of each individual and 

saved on a raw image format with the file extension CR2. The best picture for each 

individual was selected and processed in RawShooter Essentials 2006 changing contrast 

and white balance and finally exporting the photos in the Tagged Image File Format (.tiff). 

Pictures showing the right side of the fish were flipped horizontally to match the rest.  

Figure 2.2 shows an example of the photos used for this study. 

 

 

Figure 2.2: Photo of the left side of a SP on the millimeter paper with the tag M2081. The 

dorsal and anal fins have been pinned down. 

2.3 Digitizing landmarks and preparing data set 

Landmarks were digitized on the total of 256 photos, 131 SP, 106 LB and 19 LB with 

tpsDIG2 (version 2.16 developed by F. James Rohlf; http://life.bio.sunysb.edu/morph). 

Landmarks were placed according to Kristjánsson in his previous studies, with the 

exception that one sliding landmark was fixed in my data set using the total of 22 

landmarks with 17 fixed and 5 sliding (Kristjánsson et al, 2011a). They were placed in the 

following order: 1. Tip of the lower jaw, 2. Lower end of the gill slit, 3. Lowest part of the 

ventral side (sliding), 4. Base of the pelvic fin, 5-6. Base of the anal fin, 7-10. Around the 

caudal fin, 11-12. Base of the adipose fin (landmark 11 sliding), 13-14. Base of the dorsal 

fin, 15-17. On the top of the head (sliding), 18. Tip of the upper jaw/snout, 19. Middle of 

the eye, 20. End of the maxillary, 21. On the middle of the gill slit, 22. Base of the pectoral 

fin. Figure 2.3 shows were landmarks were placed on the photos, fixed landmarks are 

shown in dark gray and sliding landmarks in light gray color. 

 

http://life.bio.sunysb.edu/morph
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Figure 2.3: Landmarks used in this study (Adapted from Kristjánsson et al, 2011a). 

When all specimens had been digitized and tps output files from tpsDig2 joined they were 

unbent using the unbend function of tpsUtil (developed by F. James Rohlf; 

http://life.bio.sunysb.edu/morph). Data that that had not been unbent in tpsUtil is referred 

to as raw (bent) and data that has been unbent is referred to as unbent. Another function in 

tpsUtil was used to remove landmark 1 and landmark 18 defined as landmark 1 instead, 

this was done to be able to compare my data to data sent by Kristjánsson which had 21 

landmarks assigned to them. Data sets containing all individuals were prepared as well as 

SP and SB together, SP only, SB only and LB only. This was done for both raw data (5 

sets) and data that had been unbent in tpsUtil (5 sets) totaling 10 data sets. 

2.4 Computing Consensus, Partial warps and 

Relative warps 

After all data sets had been prepared they were ran through tpsRewl (developed by F. 

James Rohlf; http://life.bio.sunysb.edu/morph) which computes Consensus, Partial warps 

and Relative warps. Log files containing consensus configuration before and after sliding, 

eigenvalues, singular values and more were saved along with centroid size and relative 

warps score matrix for each data set. 

2.5 Data analysis 

Data processing and analyses were done with Microsoft Excel 2010 and R (www.r-

project.org, version 2.15.0). Consensus after sliding was plotted in for visualization, this 

was done specifically for all morphs both on raw and unbent. A comparison between 

consensus on both raw and unbent data was also done using all individuals included in this 

study. Proportion of variance for each morph both raw and unbent was graphed for the first 

six warps. A correlation test between raw and unbent data for SP and SB was done in R 

using the corrgram package (Version 1.2, Kevin Wright), for the first six warps of both 

runs plotted. After that my focus was on the unbent joined data (including all individuals in 

this study) and the effects of morph, sex, weight. This was done by running ANOVAs 

(analysis on variance) with the glm function in R. The model evaluated the effect of 

several variables, morph, sex and weight as a covariate, on the joined unbent data set. 

Since there was only one female LB in this study she was not included for statistical 

analysis of the data and the effects of sex on LB was not estimated. 

http://life.bio.sunysb.edu/morph
http://life.bio.sunysb.edu/morph
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I also tested for the relation between Weight and Centroid size using polynomial linear 

regression using the lm() function in R. I tested correlation between warps in bent and 

unbent data with the cor() function in R, using the Pearson’s correlation coefficient.
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3 Results 

3.1 Consensus shapes of different morphs 

I compared the outline shape of three different morphs of arctic charr, from Lake 

Þingvallavatn. This was done with the tpsRelw program, which calculates consensus shape 

for the 106 small benthic, 131 small pelagic and 19 large benthic specimens studied. The 

consensus was calculated for each morph, both for raw and unbent data, and plotted for 

visualization in morphological difference (Figure 3.1). The consensus shape for the whole 

data set was also plotted for both raw and unbent data to check how the bending correction 

affects the recorded morphology. Note the axes are close to 1:1 in proportion (but not 

exactly) and do not intercept at (0). 

 

 

Figure 3.1: Consensus of each morph both raw and unbent and comparison in over-all 

consensus for raw and unbent data. SB: small benthic, LB: large benthic and SP: small 

pelagic. 
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3.2 Contribution to variance for singular values 

The relative warp analyses perform a principle component analysis of the variation in 

landmark placement. A key feature of the procedure is to find out how large a fraction of 

the shape variation, each of the new components (warps or relative warps) captures. From 

the tpsRelw runs I obtained the proportion of variance for the six first warps (Figure 3.2). 

The contribution for warp 1 ranged from 29.58% in SB unbent data (43.07% in the raw 

data) to 64.78% in LB raw (53.00% in the raw data). The first six warps captured from 

77.75% of the total variance in SB unbent data (80.25% in the raw data) up to 91.06% in 

LB raw data (88.96% in unbent) with the first three warps counting for more than 60% in 

most cases.  

 

Figure 3.2: The proportion of variance contributed by each warp, and for each of the three 

morphs. 
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3.3 Comparing raw and unbent warps 

The unbending is done to correct for the curvature of the fish, when it was placed on the 

photography table. Fishes are flexible creatures and can easily bend. To check the 

differences between the raw and unbent wraps, I calculated the correlations between warps 

for the bent and raw data, for each morphs (SB and SP). The results are shown in table 3.1, 

for morph SB and SP respectively. For the small benthic 11 values were significant (above 

0.5) and 10 for the small pelagic, shown in green table 3.1. 

After correcting for number of tests using Bonferroni correction, P values below 0.00034 

were taken as significant. For instance W3x/W4y in small pelagic (-0.78) were the P value 

was < 0.000001. 
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For visualization I plotted the data with the corrgram function (correlation gram) in R. 

Warps from the raw (bent) data are marked as W1.x – W6.x and warps from the unbent 

data are marked as W1y – W6y (Figures 3.3 and 3.4). For the SB data, a strong correlation 

(for instance r=0.85, r=0.77, R=0.73) was recorded between warps W1x/W3y, W3x/W3y, 

W3x/W4y and W6x/W5y (Table 3.1). The sign of those correlations is not meaningful, due 

to the nature of principle component analyses. 

 

Figure 3.3: A corrgram for SB showing the relationships between raw and unbent warps. 
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For SP a strong correlation (for instance r=0.78, r=0.68) was recorded between warps 

W1x/W3y, W2x/W2y, W4x/W2y, W3x/W4y and W6x/W5y, (Table 3.1). 

 

Figure 3.4: A corrgram for SP showing the correlation between raw and unbent warps. 
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3.4 Morph, sex and weight effects on morphology 

For testing for the effects of sex and morph on warps I ran ANOVAS with the glm 

function in R, with Weight as a covariate (Tables 3.2 and 3.3).  

Table 3.2: ANOVA tables for the contribution of morph, sex and weight on shape, unbent 

data set. 

Warp 1      

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 10.53 5.27 257.53 2.00E-16 

Sex 1 0.11 0.11 5.29 2.23E-02 

Weight 1 0.13 0.13 6.50 1.14E-02 

Morph by Sex 2 0.00 0.00 0.09 9.15E-01 

Residuals 247 5.05 0.02   

      Warp 2  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.55 0.28 18.79 2.53E-08 

Sex 1 1.43 1.43 97.68 2.20E-16 

Weight 1 0.12 0.12 8.49 3.90E-03 

Morph by Sex 2 0.05 0.03 1.72 1.81E-01 

Residuals 247 3.62 0.01   

            Warp 3  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.04 0.02 1.52 2.20E-01 

Sex 1 0.10 0.10 6.79 9.70E-03 

Weight 1 0.04 0.04 2.66 1.04E-01 

Morph by Sex 2 0.13 0.07 4.54 1.16E-02 

Residuals 247 3.54 0.01   

            Warp 4  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.09 0.05 6.14 2.50E-03 

Sex 1 0.13 0.13 17.56 3.87E-05 

Weight 1 0.03 0.03 4.52 3.44E-02 

Morph by Sex 2 0.09 0.04 5.84 3.33E-03 

Residuals 247 1.90 0.01   

            Warp 5  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.08 0.04 6.77 1.37E-03 

Sex 1 0.04 0.04 6.64 1.05E-02 

Weight 1 0.09 0.09 16.10 7.98E-05 

Morph by Sex 2 0.04 0.02 3.75 2.49E-02 

Residuals 247 1.39 0.01   

            Warp 6  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.03 0.01 3.70 2.62E-02 

Sex 1 0.01 0.01 2.94 8.79E-02 

Weight 1 0.01 0.01 2.71 1.01E-01 

Morph by Sex 2 0.00 0.00 0.58 5.61E-01 

Residuals 247 0.96 0.00   

*Summary of squares and mean of squares multiplied by 100 
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In the raw data set a significance was seen in warp 2 that was affected by morph and sex 

and in warp 4 was affected by sex. 

Table 3.3: ANOVA tables for the contribution of morph, sex and weight on shape, raw data 

set. 

Warp 1      

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 1.16 0.58 9.38 1.19E-04 

Sex 1 0.02 0.02 0.26 6.11E-01 

Weight 1 0.76 0.76 12.30 5.38E-04 

Morph by Sex 2 0.14 0.07 1.11 3.30E-01 

Residuals 247 15.22 0.06   

  
  

  
Warp 2  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 6.94 3.47 319.26 2.20E-16 

Sex 1 0.33 0.33 30.32 9.19E-08 

Weight 1 0.02 0.02 1.43 2.32E-01 

Morph by Sex 2 0.02 0.01 0.71 4.94E-01 

Residuals 247 2.68 0.01   

  
  

  
Warp 3  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.09 0.04 5.00 7.44E-03 

Sex 1 0.01 0.01 0.81 3.68E-01 

Weight 1 0.03 0.03 3.27 7.18E-02 

Morph by Sex 2 0.17 0.08 9.58 9.80E-05 

Residuals 247 2.13 0.01   

  
  

  
Warp 4  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.02 0.01 2.02 1.35E-01 

Sex 1 0.92 0.92 172.21 2.00E-16 

Weight 1 0.00 0.00 0.12 7.25E-01 

Morph by Sex 2 0.00 0.00 0.00 9.99E-01 

Residuals 247 1.32 0.01   

  
  

  
Warp 5  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.04 0.02 2.69 6.97E-02 

Sex 1 0.02 0.02 2.46 1.18E-01 

Weight 1 0.01 0.01 1.34 2.48E-01 

Morph by Sex 2 0.00 0.00 0.21 8.08E-01 

Residuals 247 1.85 0.01   

  
  

  
Warp 6  

  

  

 Df Sum Sq* Mean Sq* F value P value 

Morph 2 0.05 0.03 5.38 5.16E-03 

Sex 1 0.04 0.04 8.58 3.72E-03 

Weight 1 0.08 0.08 15.45 1.10E-04 

Morph by Sex 2 0.03 0.02 3.44 3.36E-02 

Residuals 247 1.22 0.00   

*Summary of squares and mean of squares multiplied by 100 
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The data are represented by boxplots for each combination of gender and morph (Figure 

3.5). The data did only contain one LB female, excluded from the statistical and visual 

analyses. Note the differences between morphs in warp 1 and morphs and sex in warp 2. 

 

 

Figure 3.5: The effects of morph and sex on unbent warps. 
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3.5 Weight correlation with centroid size and 

weight distribution 

A clear correlation between centroid size and weight was observed as seen on figure 3.6. 

Centroid size was obtained from the raw data since banding normalizes the centroid size. 

 

Figure 3.6: The correlation between centroid size (logarithmic scale) and weight (g). 

The weight distribution of the sample can be seen in figure 3.7. As expected LB were the 

heaviest with the largest weight distribution. Note the weight distribution for SB females. 

There is a significant difference in weight (ANOVA, data not show). 



23 

 

Figure 3.7: Weight distribution between morphs and sex. 
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4 Discussion 

The four arctic charr morphs in Lake Þingvallavatn are usually distinguishable on their 

phenotype. I wanted to study their shape on a finer scale using morphometric geometrics. 

The results I present here show that there is a difference in shape between morphs and 

sexes. Most of the shape variance was picked up by the first six warps for each data set 

(Figure 3.2). They described from 77.75% to up to 91.06% of the total shape variance 

present. Figure 3.5 shows that there is a clear difference between morphs in warp 1 and 

between morph and sex in warp 2 and this was also supported in ANOVA´s. These two 

warps also contribute the most to the observed shape variance so it is safe to conclude from 

these results that there is an existing difference in shape between morphs and sexes. For the 

unbent joined data other warps did not show any clear cut differences between morphs, sex 

or weight.  

I concluded that the effects of bending do not affect the shape analysis to great extent. In 

the raw data warp 1 seemed to pick up most of the bending present in the sample and warp 

1 did not show any significance difference between variables tested for (Table 3.2). A 

significant difference was seen between warps 2 (affected by morph) and warp 4 (affected 

by morph and sex) but the observed correlations between unbent and raw warps indicates 

they picked up the same variance as warp 1 and 2 in the unbent data. Since warp 1 in the 

raw data seemed to respond most strongly to the bending and also being the warp that 

contributes most to the total shape variance, I decided to focus on the unbent data. The 

unbent data set also gave a nicer and more even consensus and I think the outline of the 

unbent consensus resembles a living fish better than the raw consensus. My conclusion is 

that the unbend function in tpsUtil is a feature that makes analysis more efficient but is not 

necessary for morphometric analysis in fish. 

As expected centroid size was directly linked with weight but size is quantified as centroid 

size in the Procrustes superimposition (Figure 1.2) (Klingenberg, 2010). The large benthic 

morph was by far the largest with individuals close to 400g in weight and the small benthic 

were the smallest with individuals rarely reaching over 50g for the males (Figure 3.7). The 

size distribution for the small benthic females was interesting. It had individuals above 

100g and a big size distribution suggesting that they might have been wrongly categorized 

to begin with. 

External factors that I believe can influence morhpometic analysis are camera settings used 

for the collection of data. In our case we used a Canon EOS 30D with a 10-22mm lens to 

capture all the photos. The angle of the camera along with zooming (measured in mm) can 

affect the photograph composition and it is important to keep this in mind when comparing 

data that was collected using different settings. Figure 4.1 shows how different settings and 

lenses can affect the composition of the photo. The photos are all taken in the same “size” 

changing only focal length and the cameras distance from the objects. At less focal length 

more scene is included but the shape of the pink bottle is distorted (Figure 4.1). 
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Figure 4.1: The effects of different camera settings on photos (Wikimedia commons, 

Jcbrooks). 

The results presented here give a good idea of the next steps in studying the morphology of 

arctic charr. It will be interesting to see the effects of the landmark that was removed in 

this study but the lower jaw in the small benthic is more subterminal than in the small 

pelagic. Landmark 1 might therefore contribute to the shape variances observed between 

morphs. Comparing my data with data sent by Kristjánsson is planed but Kristjánsson 

collected samples from various places in Lake Þingvallavatn and digitized with 21 

landmarks the same as used in this study. Running discriminant function analysis might 

reveal differences with in morphs and between locations in the same lake but Kristjánsson 

has previously shown that there is an existing difference for the small benthic between 

Lakes in Iceland (Kristjánsson et al, 2011b). It would also be a good idea to compare the 

morphology data with genetic markers like microsatellites so see whether any correlation 

between genotype and shape can be found. 
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Appendix A 

Consensus configuration of the raw data for each morph after sliding, used for Figure 3.1. 

 

 

SB 

   

  1   -0.28805   -0.00852 

  2   -0.19425   -0.05142 

  3   -0.03207   -0.08920 

  4    0.04144   -0.07020 

  5    0.15128   -0.04731 

  6    0.19824   -0.02463 

  7    0.27174   -0.02019 

  8    0.29622    0.01382 

  9    0.34322    0.01385 

 10    0.26829    0.04575 

 11    0.21336    0.04078 

 12    0.18365    0.04458 

 13    0.06283    0.05232 

 14   -0.00837    0.06236 

 15   -0.17131    0.05591 

 16   -0.24422    0.03758 

 17   -0.28012    0.01967 

 18   -0.25197    0.00879 

 19   -0.24370   -0.02780 

 20   -0.15659   -0.01338 

 21   -0.15964   -0.04275 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SP 

 

  1   -0.28150   -0.00898 

  2   -0.19318   -0.05212 

  3   -0.02381   -0.08201 

  4    0.02713   -0.06961 

  5    0.14898   -0.04641 

  6    0.19663   -0.02339 

  7    0.27816   -0.01192 

  8    0.30327    0.02047 

  9    0.34022    0.02233 

 10    0.27371    0.04878 

 11    0.21327    0.04438 

 12    0.18940    0.04786 

 13    0.05157    0.05571 

 14   -0.01328    0.06416 

 15   -0.17652    0.04877 

 16   -0.24346    0.02653 

 17   -0.27434    0.00979 

 18   -0.24968   -0.00010 

 19   -0.23807   -0.03121 

 20   -0.16266   -0.01991 

 21   -0.16584   -0.04314 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LB 

 

  1   -0.27738   -0.02332 

  2   -0.18633   -0.05855 

  3   -0.02433   -0.07774 

  4    0.03080   -0.06408 

  5    0.15015   -0.04311 

  6    0.19707   -0.01797 

  7    0.27534   -0.00804 

  8    0.30159    0.02662 

  9    0.34037    0.02788 

 10    0.27061    0.05834 

 11    0.21272    0.04961 

 12    0.18709    0.05382 

 13    0.05749    0.06334 

 14   -0.01577    0.07331 

 15   -0.18578    0.04589 

 16   -0.24781    0.01873 

 17   -0.27551   -0.00322 

 18   -0.25063   -0.00839 

 19   -0.23552   -0.04002 

 20   -0.16219   -0.02431 

 21   -0.16197   -0.04878 
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Consensus configuration of the unbent data for each morph after sliding, used for Figure 

3.1. 

 

SB 

 

  1   -0.28797   -0.00639 

  2   -0.19306   -0.04575 

  3   -0.03342   -0.08251 

  4    0.03908   -0.06532 

  5    0.14833   -0.04768 

  6    0.19619   -0.02826 

  7    0.26916   -0.02985 

  8    0.29649    0.00161 

  9    0.34301   -0.00318 

 10    0.27170    0.03586 

 11    0.21620    0.03557 

 12    0.18661    0.04157 

 13    0.06491    0.05593 

 14   -0.00708    0.06809 

 15   -0.17250    0.06163 

 16   -0.24581    0.04139 

 17   -0.28112    0.02199 

 18   -0.25252    0.01248 

 19   -0.24287   -0.02378 

 20   -0.15637   -0.00705 

 21   -0.15896   -0.03636 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SP 

 

  1   -0.28132   -0.00922 

  2   -0.19031   -0.04377 

  3   -0.02558   -0.06862 

  4    0.02395   -0.05784 

  5    0.14370   -0.04392 

  6    0.19271   -0.02686 

  7    0.27360   -0.02791 

  8    0.30372   -0.00077 

  9    0.33997   -0.00609 

 10    0.27980    0.03205 

 11    0.21863    0.03733 

 12    0.19507    0.04406 

 13    0.05478    0.06504 

 14   -0.01211    0.07607 

 15   -0.18056    0.05718 

 16   -0.24696    0.02987 

 17   -0.27608    0.00998 

 18   -0.25054    0.00303 

 19   -0.23606   -0.02671 

 20   -0.16231   -0.00984 

 21   -0.16410   -0.03307 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LB 

 

  1   -0.27806   -0.00381 

  2   -0.18810   -0.04029 

  3   -0.03027   -0.06776 

  4    0.02463   -0.05894 

  5    0.14345   -0.05189 

  6    0.19278   -0.03376 

  7    0.27074   -0.03659 

  8    0.30245   -0.00734 

  9    0.34070   -0.01335 

 10    0.27762    0.02935 

 11    0.21865    0.03040 

 12    0.19368    0.03843 

 13    0.06411    0.06457 

 14   -0.00952    0.08143 

 15   -0.18451    0.06375 

 16   -0.24805    0.03784 

 17   -0.27595    0.01607 

 18   -0.25115    0.01093 

 19   -0.23645   -0.02083 

 20   -0.16303   -0.00691 

 21   -0.16371   -0.03130 
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Consensus configuration of the raw and unbent data for all morphs, used for Figure 3.1. 

 

 

 

 

 

 

All morphs, raw 

 

  1   -0.28407   -0.00577 

  2   -0.19388   -0.04952 

  3   -0.02844   -0.08431 

  4    0.03234   -0.06984 

  5    0.14935   -0.04871 

  6    0.19699   -0.02636 

  7    0.27512   -0.01909 

  8    0.30053    0.01377 

  9    0.34180    0.01427 

 10    0.27197    0.04426 

 11    0.21392    0.04017 

 12    0.18755    0.04419 

 13    0.05751    0.05409 

 14   -0.01046    0.06429 

 15   -0.17434    0.05411 

 16   -0.24373    0.03408 

 17   -0.27671    0.01691 

 18   -0.25072    0.00660 

 19   -0.24068   -0.02699 

 20   -0.16041   -0.01517 

 21   -0.16362   -0.04100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All morphs, unbent 

 

  1   -0.28393   -0.00632 

  2   -0.19153   -0.04344 

  3   -0.02951   -0.07420 

  4    0.03000   -0.06114 

  5    0.14542   -0.04675 

  6    0.19407   -0.02886 

  7    0.27148   -0.03066 

  8    0.30069   -0.00171 

  9    0.34132   -0.00703 

 10    0.27649    0.03211 

 11    0.21785    0.03506 

 12    0.19171    0.04170 

 13    0.05998    0.06099 

 14   -0.00949    0.07323 

 15   -0.17728    0.06037 

 16   -0.24647    0.03640 

 17   -0.27816    0.01671 

 18   -0.25144    0.00871 

 19   -0.23908   -0.02395 

 20   -0.15998   -0.00770 

 21   -0.16213   -0.03353 
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Appendix B 

Singular values and percent explained for the first six relative warps of the raw and unbent 

data, used in Figure 3.2. 

Raw data           Unbent data

SB 

   No.         SV            %    Cum % 

   1    0.24124    43.07%    43.07%  

   2    0.11961    10.59%    53.66%  

   3    0.11540     9.85%    63.51%  

   4    0.09865     7.20%    70.71%  

   5    0.08334     5.14%    75.85%  

   6    0.07710     4.40%    80.25% 

 

SP 

   No.          SV           %    Cum % 

   1    0.30889    55.08%    55.08%  

   2    0.14261    11.74%    66.82%  

   3    0.10619     6.51%    73.33%  

   4    0.09506     5.22%    78.54%  

   5    0.08701     4.37%    82.91%  

   6    0.07519     3.26%    86.18% 

 

LB 

   No.          SV            %    Cum % 

   1    0.12294    64.78%    64.78%  

   2    0.04651     9.27%    74.06%  

   3    0.04145     7.36%    81.42%  

   4    0.03110     4.14%    85.56%  

   5    0.02744     3.23%    88.79%  

   6    0.02301     2.27%    91.06% 

 

SB 

   No.         SV            %    Cum % 

   1    0.18083    29.58%    29.58%  

   2    0.13229    15.83%    45.41%  

   3    0.11790    12.57%    57.98%  

   4    0.09741     8.58%    66.56%  

   5    0.09089     7.47%    74.04%  

   6    0.06409     3.72%    77.75% 

 

SP 

   No.         SV            %    Cum % 

   1    0.19992    34.21%    34.21%  

   2    0.14069    16.94%    51.16%  

   3    0.13260    15.05%    66.21%  

   4    0.08911     6.80%    73.00%  

   5    0.08060     5.56%    78.56%  

   6    0.06625     3.76%    82.32% 

 

LB 

   No.         SV             %    Cum % 

   1    0.09531    53.00%    53.00%  

   2    0.04897    13.99%    66.99%  

   3    0.04174    10.17%    77.15%  

   4    0.03086     5.55%    82.71%  

   5    0.02343     3.20%    85.91%  

   6    0.02286     3.05%    88.96% 
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