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Abstract 

The assessment of contemporary differences in morphology can provide important insight 
into the development of adaptation as it occurs. Fifteen populations of threespine 
stickleback were examined, that populate a trail of ponds in Breiðamerkursandur, Southeast 
Iceland. The ponds have been revealed in time by the retreating glacier Breiðamerkurjökull. 
Applying geometric morphometrics showed that all populations differed in body shape and 
that stickleback populations from ponds close in age were also more similar in morphology. 
In general this was more clear for populations in the old and in the young ponds. 
Populations in middle-aged ponds were more difficult to classify and to set into context. 
Within the pattern there were some relations that stood out, e.g. morphological similarities 
between populations in distant ponds (as BMS 01 and 10) or very different morphology in 
populations of ponds that are very close in time and space (as BMS 01 and 02). These 
observations emphasise the impact of the various forces that affect polymorphism and call 
for further investigation of the stickleback populations in this area. Deeper morphological 
investigations, coupled with the estimation of several factors that influence adaptive 
radiation (prey assembly, predator pressure, genetic constraints of the stickleback, parasite 
infections etc.) will provide careful insight of how threespine stickleback evolve in the novel 
freshwater habitats of Iceland. 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1 Introduction 

1.1 Emergence and Divergence - Freshwater 
systems in Iceland 

Since the end of the last glacial period, 10,000 to 15,000 years ago, numerous freshwater 
systems have formed in the Arctic and Subarctic as glaciers started retreating. In Iceland, a 
geologically young and active island, the landscape has not only been shaped by glacial 
erosion but also by the volcanic nature of the country. This creates great diversity in 
freshwater systems (KRISTJÁNSSON et al. 2002, WOODS et al. 2013). Lava flows, that 
frequently enter water bodies, shape heterogeneous benthic structures, which offer diverse 
three-dimensional ecological niches such as fissures and caves (SMITH & SKÚLASON 1996, 
KRISTJÁNSSON et al. 2002). These habitats are often inhabited by high densities of 
invertebrates presenting a rich food source for predators (SMITH & SKÚLASON 1996, 
KRISTJÁNSSON et al. 2002). Furthermore, the origin, age and physical properties of the 
volcanic bedrock have great influence on abiotic features of freshwater systems, as high 
amounts of dissolving minerals, which often increase productivity of the diverse aquatic 
habitats (MALMQUIST et al. 1999, SKÚLASON et al. 1999).  

Freshwater systems in Iceland have been colonised by six species of fish, brown trout (Salmo 
trutta), Arctic charr (Salvelinus alpinus), Atlantic salmon (Salmo salar), American eel (Anguilla 
rostrata), European eel (Anguilla anguilla) and threespine stickleback (Gasterosteus aculeatus). 
Current populations of these species have most likely been formed by multiple postglacial 
invasions and dispersal, sometimes perhaps repeatedly from the same source population 
(BELL & FOSTER 1994, ÓLAFSDÓTTIR et al. 2007). It is considered that this colonisation is 
still in progress (SKÚLASON et al. 1999). This basis has so far provided room for populations 
to extensively exploit the rich variety within unoccupied habitats where they have shown to 
rapidly specialise and segregate (BELL & FOSTER 1994, SKÚLASON & SMITH 1995, SMITH & 
SKÚLASON 1996, SKÚLASON et al. 1999, ÓLAFSDÓTTIR et al. 2007). 
In Iceland there are populations within threespine stickleback, brown trout and Arctic charr 
that spend their entire life cycle in freshwater, rather than following an anadromous lifestyle 
(SKÚLASON et al. 1999). This does not exclusively arise by choice as permanent settlement 
has repeatedly resulted from isolation (BELL & FOSTER 1994). Marine and anadromous 
individuals have often been cut off from the ocean by newly formed migration barriers, 
created by changing sea levels for instance (BELL & FOSTER 1994, SKÚLASON et al. 1999, 
ROBINSON & SCHLUTER 2000). 
Within populations of freshwater stickleback and salmonids dietary specialisation frequently 
evolves, where individuals adapt to forage in different habitats, commonly either benthic or 
limnethic (MALMQUIST et al. 1992, SKÚLASON & SMITH 1995, SKÚLASON et al. 1999, 
KRISTJÁNSSON et al. 2002, KRISTJÁNSSON 2005). This process has not only caused the 
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evolution of numerous sympatric morph pairs but frequently even of new species 
(MALMQUIST et al. 1992, SCHLUTER 1996, SKÚLASON et al. 1999). The benthic morph 
preferably feeds on macro-invertebrates that are found on rocks, vegetation and sediment, 
while the limnetic morph mainly lives on zooplankton in the water column (MALMQUIST et 
al. 1992, SCHLUTER & MCPHAIL 1993, SKÚLASON et al. 1999). The morphs differ not only in 
behaviour but also in physical appearance with the benthic usually being larger and bolder 
than the limnetic, whilst possessing a wider mouth and fewer, shorter gill rakers (SCHLUTER 
& MCPHAIL 1993).  

Sometimes adaptive radiation arises in species-rich surroundings where competition 
pressure drives individuals to specialise to particular resources (SMITH & SKÚLASON 1996). 
In Iceland however, where the number of colonising species is low because the island‘s 
freshwater systems are young and geographically isolated, the opposite may be the case 
(SKÚLASON et al. 1992). Low inter- and intraspecific competition, along with the availability 
of resources, appear to be essential factors promoting adaptive radiation and character 
displacement in invading species (SMITH & SKÚLASON 1996). 
Phenotypic and genotypic diversity observed in populations of Icelandic freshwater fish 
differs greatly among and within species (KRISTJÁNSSON et al. 2002, ÓLAFSDÓTTIR et al. 
2007). Arctic charr (Salvelinus alpinus), for instance, show an incredibly high degree of 
adaptive radiation in lake Þingvallavatn, where the species has segregated into four morphs 
that greatly differ in size, shape, colour and habitat use that take over most niches available 
for fish (MALMQUIST et al. 1992, SANDLUND et al. 1992, SNORRASON et al. 1994, SKÚLASON et 
al. 1999). The range of morphology and life history traits in arctic charr that occur in this 
lake covers the entire spectrum recorded for the species so far (MALMQUIST et al. 1992, 
SKÚLASON et al. 1999). The benthic morphs show a rare and local specialisation that is 
clearly related to the volcanic littoral zone (SMITH & SKÚLASON 1996, SKÚLASON et al. 1999).   

1.2 Threespine stickleback (Gasterosteus aculeatus) 

The threespine stickleback (order of Gasterosteiformes, family of Gasterosteidae) is an 
originally marine, planktivorous, teleost fish, widely distributed in coastal areas throughout 
the northern hemisphere (WOOTTON 1984). The species has broadly spread across 
European shorelines including those of Greenland (up to 70°N) and Iceland (WOOTTON 
1984). Marine and anadromous stickleback often reach deep into the continent, where 
populations preferably settle in slow flowing water bodies and frequently have become 
isolated (WOOTTON 1984, BELL & FOSTER 1994). In freshwater, the species can be found in a 
wide variety of aquatic habitats, ranging from small ponds and lowland streams up to large 
lakes and rivers (WOOTTON 1984). Sticklebacks have shown great phenotypic and ecological 
adaptations in these variable habitats (WOOTTON 1984, BELL & FOSTER 1994, MCPHAIL 
1994, SMITH & SKÚLASON 1996). 
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Widespread distribution across the northern hemisphere in a variety of habitats is likely 
facilitated by the migrating behaviour of threespine stickleback as anadromous populations 
breed in freshwater where they often become isolated (BELL & FOSTER 1994). Migration 
between shallower parts in spring for spawning and deeper waters to overwinter can be 
observed in different spatial dimensions in populations from ponds to the ocean (WOOTTON 
1984). In addition the species tolerates an extraordinarily wide range of salinities, allowing 
individuals to easily establish populations in brackish and freshwater environments 
(WOOTTON 1984). Sticklebacks maintain their salinity tolerance and plasticity in their 
capacity of osmoregulation, for there are no apparent changes in gene expression patterns, 
even if populations have been living in freshwater for generations (TAUGBØL et al. 2014). 
Adaptations of stickleback to freshwater can usually first be seen in a reduction of body 
armour plates, spine length and body size (BELL&FOSTER 1994). By transferring marine 
stickleback to two differing freshwater habitats, KRISTJÁNSSON (2005) has not only shown 
that this adaptation is influenced by environmental factors, but they have additionally 
demonstrated that morphological changes have the potential to arise in a very short time. 

Rapid divergence and speciation in sticklebacks have yielded a number of resident 
freshwater populations that show clear resource polymorphism (BELL&FOSTER 1994, 
MCPHAIL 1994). MCPHAIL (1994) studied threespine stickleback in six small landlocked 
lakes in British Columbia, Canada, where populations show clear ecological segregation into 
benthic and pelagic morphs. These morphs have diverged so distinctively that they are 
recognised as proper biological species (MCPHAIL 1994). In Iceland diversity reported in 
threespine stickleback is not as distinct (KRISTJÁNSSON et al. 2002). In young volcanic lakes 
two sympatric forms have been described, that are morphologically and genetically adapted 
to either foraging in complex lava or simpler mud environment (KRISTJÁNSSON et al. 2002, 
ÓLAFSDÓTTIR 2004). These fish show clear morphological distinctions as well as differing 
levels of parasite infection, that are closely related to the benthic habitat structure and other 
environmental factors, such as predation pressure and diet (KRISTJÁNSSON et al. 2002, 
NATSOPOULOU et al. 2012). The degree of adaptive radiation among populations in these 
lakes differs, ranging from slight divergence up to the development of distinct morphs 
(KRISTJÁNSSON et al. 2002). 
Observed differences may reflect geological properties of freshwater systems and the 
colonisation history of species inhabiting these, as early divergence seems to lead to 
persistent consequences in the development of a population, strongly affecting 
development, growth and behaviour of individuals (SKÚLASON et al. 1999). 

1.3 Objectives 

It appears that resource polymorphism is driven and influenced by related factors 
throughout the northern hemisphere, demonstrating an important step in adaptation and 
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diversification of species (VAN VALEN 1965, MCPHAIL 1994, SKÚLASON & SMITH 1995, 
SCHLUTER 1996, SKÚLASON et al. 1999).  
Therefore my aim was to study the ecology of threespine stickleback in Iceland by the root. 
Keeping in mind that polymorphism in stickleback is not only extremely variable but also 
strongly connected to the unique habitats the island has to offer, I will focus on a 
geologically young area in Southeast Iceland. Early differences in morphology in a number of 
populations from a chronosequence of ponds was to be examined to analyse adaptation as it 
occurs. The main question that shall be answered is if morphology of the stickleback reflects 
the time gradient of the glacier retreat. For this approach I will (1) assess morphology of 
threespine stickleback using geometric morphometrics and (2) compare the degree of shape 
change among the different pond populations. 
I predict to see morphological differences among the populations and suspect that these 
variations, to some extent, reflect pond age. Populations close in age are therefore expected 
to be similar in morphology. Old populations might be more distinct in morphology, as they 
have been adapting to the habitat for a longer time, whereas populations in younger ponds 
might be more variable. 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2 Material and Methods 

2.1 Study area 

Roughly 11 % of Iceland is covered by glaciers, with Vatnajökull in the Southeast being the 
largest ice cap in Europe (Figure 1) (BJÖRNSSON & PÁLSSON 2008). Glaciers shape the 
landscape and cover unknown geological structures as well as geothermal areas and 
volcanoes (BJÖRNSSON & PÁLSSON 2008). Icelandic glaciers are classified as temperate 
glaciers for they respond to climate fluctuations and affect their environment (BJÖRNSSON & 
PÁLSSON 2008). They furthermore supply some of the main rivers in Iceland with glacier 
melt water (BJÖRNSSON & PÁLSSON 2008). 
Throughout the last millennium, climate change has induced large glacier movement that 
drastically altered the landscape structure. Glacial erosion is very prominent around 
Vatnajökull, especially Breiðamerkurjökull, the fourth largest and one of the most active 
outlet glaciers of the ice cap (BJÖRNSSON 1996). During the settlement of Iceland (~ 870 
A.D.) climate was much milder and the outlets of Vatnajökull were up to 20 km further back 
than they are today (BJÖRNSSON 1996). At that time, Breiðamerkurjökull was surrounded by 
vegetated land called Breiðamörk (breiða=spread, mörk=forest) where farms were 
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Figure 1: Map of Iceland showing the icecaps, with Vatnajökull in the Southeast 
representing the island‘s largest glacier

http://atlas.lmi.is/kortasja/

http://www.atlas.lmi.is
http://www.atlas.lmi.is


established (BJÖRNSSON 1996, BJÖRNSSON & PÁLSSON 2008). From the 12th to the 19th 
century, during the Little Ice Age, climate changes lead to colder conditions inducing icecap 
expansion (BJÖRNSSON & PÁLSSON 2008). As Breiðamerkurjökull advanced seaward, 
destroying vegetation and farmland, the glacier ploughed away its sediment bed, moving the 
coastline about 1.100 m seawards (BJÖRNSSON 1996, BJÖRNSSON & PÁLSSON 2008). Pace of 
glacial movement accelerated in the 17th century and reached a maximum in the 1890s, 
when Breiðamerkurjökull almost stretched out to the sea (BJÖRNSSON 1996, BJÖRNSSON & 
PÁLSSON 2008). Since then the glacier has been retreating, frequently interrupted by short, 
rapid advances in surges (BJÖRNSSON 1996). This glacial motion has turned the vegetated 
area Breiðamörk into an alluvial outwash plain called Breiðamerkursandur (Figure 2) 
(BJÖRNSSON 1996), where this study was carried out. The sandur comprises a 
chronosequence of ponds (Figure 3), a trail that was uncovered in time with the recession of 
Breiðamerkurjökull (BJÖRNSSON 1996). Populations of threespine stickleback inhabiting 
these ponds will be the focus of this study (Figure 3). 
Ponds considerably differ in time of emergence (Table 1) and can be separated into three 
spatial groups that roughly break down the age gradient (Figure 3). The oldest ponds (06 to 
10) were formed 96 to 112 years ago, middle-aged ponds (01 to 05) arose 73 to 79 years ago 
and young ponds (11 to 16) are only 14 to 27 years old. The spatial distance between the 
three pond groups is roughly the same (Figure 3), but in age middle-aged ponds are much 
closer to old ponds. Ponds furthermore differ in size, with surface areas ranging from 200 
m2 to 16,632 m2 (Table 1). Depth of the ponds was not recorded due to difficulties with the 
assessment of an ideal measuring location. The benthic habitat is mostly muddy, partly 
covered with vegetation. Specimens that were collected from these ponds are threespine 
stickleback, Agabus bipustulatus (Coleoptera) and Trichoptera larvae. Salmonids were 
occasionally observed during sampling but have not yet been studied in this area. 
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Figure 2: Map illustrating the southeastern outlets of Vatnajökull glacier. The orange box marks the 
part of Breiðamerkursandur within which the sampling site of this study lies (Figure 3).
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2.2 Sampling 

Sampling took place on 8th and 10th August 2015 at Breiðamerkursandur (Figure 2), where 
samples were collected from sixteen ponds (Figure 3) (Table 1). One minnow trap was 
placed in each pond for roughly 22 hours. Exclusively specimens caught in the traps were 
stored in plastic containers and preserved in 2 to 4% formaldehyde solution. Specimens that 
were not caught in the traps but observed (e.g. on the outside of the trap or in the open 
water) were recorded as present (Table 1). 
Several days prior to measurements the samples were thoroughly washed with water and 
transferred to 70% ethanol solution. The invertebrates were counted, identified and stored 
separately in 70% ethanol solution for further study. One Trichoptera larva was sampled 
(BMS 01) and all collected Coleoptera were identified as Agabus bipustulatus (Table 1). 
Threespine stickleback were collected from fifteen ponds (all except BMS 12). The fish were 
counted (Table 1), fork length was measured (to the nearest 0.5 mm) and they were 
weighed (to the nearest 0.0001 g). For geometric morphometrics subsamples consisting of 
30 to 40 fish per pond were randomly selected.  
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Figure 3: Recession of Breiðamerkurjökull and landscape revelation at Breiðamerkursandur during the last 
century. Coloured lines illustrate the position of the glacier margin in different years since 1890. Red triangles 
mark recorded ponds, with white numbers visualising the approximate year of emergence. Yellow numbers 
show the pond IDs of the sixteen ponds examined in this study. Constructed by Snævarr Guðmundsson.



2.3 Geometric morphometrics 

Geometric morphometrics allow to study shape variation without facing problems of size or 
interrelation (ADAMS et al. 2004, KRISTJÁNSSON 2005). With this technique one can describe 
relations of morphology using a configuration of landmarks rather than measuring sizes of 
single structures while maintaining geometric shape. For geometric morphometric analysis 
the fish were positioned left side up on a blue wax tray. The fins and spines were put into an 
open position and the body was pinned down evenly if necessary (Figure 4). All specimens 
were photographed (Figure 4) using a tripod-mounted digital camera (Canon EOS 650D). 
After transferring the photographs into the tpsDig  programme (Version 2.26) 26 landmarks 1

were digitised on each fish (Figure 5), 23 Type I landmarks and three sliding landmarks. 
Type I landmarks are positioned on fixed points or a distinguishable structure whereas 
sliding landmarks are digitally slid along a curve to maximise their fit. 
Next, relative warp analysis was performed in tpsRelw2 (Version 1.62). This programme 
scales the landmarks of all fish to an average size, position and rotation and configures a set 

,2 Programmes used in geometric morphometrics are available for free at http://life.bio.sunysb.edu/morph/  1

!13

Species Background

Pond 
ID

emergence 
[year]

Gasterosteus 
aculeatus

Agabus 
bipustulatus

sal-
monids

Length 
[m]

Width 
[m]

Area 
[m2] 

Temperature 
[°C]

Conductivity 
[μS/cm]

pH 
value

BMS 01 1943 (±1) 152 3 44 20 880 14,2 138,3 10,22

BMS 02 1942 (±1) 82 - + 79 80 6320 13,9 131,8 9,59

BMS 03 1939 (±2) 90 + + 26 22 572 14,8 59 9,52

BMS 04 1938 (±2) 30 - 52 23 1196 14,8 55,5 9,26

BMS 05 1937 (±2) 51 1 45 21 945 15,1 98,6 10,25

BMS 06 1904 (±5) 519 15 100 61 6100 14,7 60,2 8,6

BMS 07 1904 (±5) 223 14 35 19 665 15,1 72,5 9,11

BMS 08 1912 (±5) 17 - 57 36 2052 15 70,3 9,83

BMS 09 1920 (±5) 100 3 28 28 784 15,1 70,3 9,38

BMS 10 1920 (±5) 170 12 20 10 200 15 98,4 9,59

BMS 11 1989 (±1) 192 1 61 48 2928 16,4 24,6 8,03

BMS 12 1991 (±1) - 7 31 21 651 16,3 46,8 8,23

BMS 13 1990 (±1) 232 + 41 35 1435 17,4 32,6 7,91

BMS 14 1994 156 - 23 14 322 20 39 7,89

BMS 15 1994 193 5 74 60 4440 18,4 38,3 7,83

BMS 16 2002 (±1) 111 - 168 99 16632 17 73 8,04

Table 1: List of catch composition at Breiðamerkursandur collected with one minnow trap per pond and 
environmental information on the ponds. (+) indicates observed presence.

http://life.bio.sunysb.edu/morph/


of  landmarks that describes the centroid shape. From this set of landmarks it then 
calculates partial warps, an auxiliary structure for the interpretation of shape change. They 
are used to describe the amount of bending energy necessary when comparing each 
individual to the centroid shape. Bending energy is a metaphoric term burrowed from 
mechanics. It is best to imagine the average configuration of landmarks on a large, thin 
metal plate. If comparing a fish to the centroid shape that shows morphological variation, 
meaning that landmarks will not match, bending energy describes the idealised force 
necessary to bend the metal plate and set this configuration into alignment with that of the 
individual fish. The partial warps are then transformed into a file that is used for further 
analysis. 
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Figure 5: All 26 landmarks that were digitised to assess shape of the sticklebacks at Breiðamerkursandur. 
Landmarks labelled ‘ SL ‘ represent sliding landmarks.

Figure 4: Fixation of stickleback on a blue wax tray; photographs used in geometric morphometrics analysis



2.4 Statistical analysis 

First an Ordination PCA (Principal Component Analysis) was run on environmental factors 
of the ponds (Table 1) to investigate if they were related to the age of the ponds. Since there 
was a large number of dependant morphological variables, MANOVA (Multivariate Analysis 
of Variance) was chosen to uncover wether change in shape occurs among populations. 
PostHoc tests (Tukey‘s range test) using multiple pairwise comparisons and LDA (Linear 
Discriminant Analysis) showed how greatly populations of stickleback varied in shape. Thus 
a formula was put forward that decides which pond a fish originated from, based on its 
shape. Applying cross validation (Leave-one-out classification) shows how well the formula 
can classify the individuals to their original pond. Furthermore, the covariance of weight 
and length measurements was assessed (log10). Statistical analyses were performed using R 
(version R 3.2.4). 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3 Results 

3.1 Environmental factors of ponds 

Environmental factors differed among ponds (Ordination PCA) (Figure 6A). Furthermore, 
these could be grouped according to their age (Figure 6B) into young (BMS 11-16), middle-
aged (BMS 01-05) and old ponds (BMS 06-10) (Figure 3). This classification explained 
52.3% of variance in PC1 and 38.5% in PC2 (Figure 6B). A higher temperature was 
measured in young ponds (14 to 27 years) while middle-aged (73 to 79 years) and older 
ponds (96 to 112 years) showed higher values of pH and conductivity (Figure 6B). Ponds 
BMS 02, 06 and 16 were outliers regarding pond width, length and area (Figure 6A and B). 

Since size is not necessarily dependent on time of emergence, one PCA was run comparing 
temperature, conductivity and pH to pond age (Figure 7). This classification explained 
83.3% of variance in PC1 and 11.4% in PC2 (Figure 7). Young ponds still appear to be 
warmer. Additionally the middle-age class shows a greater variation in pH and conductivity 
than the old group (Figure 7). This plot may suggest a different grouping with ponds BMS 
03, 04, 06, 07, 08, 09 and ponds BMS 01, 02, 05, 10 being rather similar in terms of abiotic 
traits (Figure 7). Ponds BMS 01 and 02 stand out as very high in conductivity and pH but 
following tests show that stickleback populations in these two ponds are very different in 
morphology. 
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Figure 6: Ordination PCAs illustrating abiotic differences among ponds. Plot 6A shows pond IDs 
(1-16) along axis of water temperature (T), pH-value (PH), conductivity (C), pond width (W), length 
(L) and surface area (A). Plot 6B displays the same PCA with ponds grouped according to spatial age 
segregation: young (y), middle-aged (m) and old (o).

B



3.2 Morphology among stickleback populations 

Stickleback among the ponds considerably differed in morphology (MANOVA, Pillai=4.56, 
F=4.82, p<0.01). The LDA formula assigned 76% to 92% of the individuals to the right 
ponds (Table 2). Few connections and outlier populations can be observed in this matrix. 
Sticklebacks from pond BMS 11 seem to be morphologically similar to those in other young 
ponds. Individuals from pond BMS 06 seem closest to populations in other old ponds. Cross 
validation correctly classified 35% to 84% of the individuals to their original pond (Table 2). 
Most populations of sticklebacks in young ponds (14 to 27 years) and those in old ponds 
(96 to 112 years) were morphologically closest to those from ponds close in age. Exceptions 
are similarities between individuals from ponds BMS 01 and 10 and between those from 
ponds BMS 06, 08 and 14. Furthermore some populations in nearby ponds are very different 
in morphology, e.g. in ponds BMS 01 and 02. Low fits (35%) occur for the sticklebacks from 
pond 08. These are likely due to the low number of individuals samples from this pond 
(Table 1). Low correct classifications (51%) also occurs within pond BMS 06, the pond 
where most stickleback were collected (Table 1). Individuals from this population seem to 
resemble many other populations especially from older ponds, whereas they are most 
similar to those from ponds BMS 08, 07 and 14. More individuals from pond BMS 11 were 
confused with those from ponds BMS 15 and 16 and some seem morphologically close to 
sticklebacks from middle-aged ponds. Stickleback in ponds BMS 13 and 14 are 
morphologically not as close to other populations in the group of young ponds. Within 
middle-aged ponds (73 to 79 years) populations don‘t show a clear pattern in morphological 
relationships. Sticklebacks from pond BMS 01 resemble those from many ponds but are 
specially distinct to those from pond BMS 02. The population in pond BMS 02 is 
morphologically very different from most others. Few individuals resemble populations in 
ponds BMS 05 and 15. Some individuals in pond BMS 05 are furthermore similar to those in 
pond BMS 06. Populations in ponds BMS 03 and 04 are morphologically very close and 
some individuals resemble populations in rather younger ponds. 
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Figure 7: Ordination PCA showing abiotic differences among the three pond classes young (y), middle-
aged (m) and old (o) without the factor of pond size. Numbers indicate pond IDs.
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cross validation

16 15 14 13 11 2 1 3 4 5 10 9 8 7 6

16 66 0 6 6 14 0 6 6 0 3 0 0 0 0 0

15 5 68 0 3 16 5 3 5 3 5 0 0 0 3 0

14 6 0 74 3 3 0 0 0 3 0 0 6 6 0 11

13 0 0 0 67 0 0 0 0 3 0 3 3 0 0 0

11 10 18 5 8 56 3 3 8 3 3 0 0 0 0 0

2 0 7 2 0 2 84 0 2 0 7 0 0 0 0 0

1 9 3 0 6 6 0 62 3 0 0 6 0 3 3 3

3 0 0 3 5 3 3 0 54 19 0 3 0 0 0 5

4 0 3 0 3 0 0 0 17 60 3 3 0 0 0 3

5 0 0 0 0 0 7 3 0 0 70 0 0 0 0 7

10 0 0 0 3 0 0 11 3 3 3 63 8 5 8 0

9 0 0 0 0 3 0 3 3 0 0 6 76 3 0 9

8 0 0 12 0 0 0 0 0 0 0 12 0 35 0 24

7 3 0 0 0 0 0 0 3 0 0 11 3 0 75 11

6 0 0 2 0 2 2 7 0 0 0 2 2 12 9 51

Table 2: LDA tables of formula (top) and cross validation classifications (bottom) across single ponds, sorted by 
time of emergence from young (16) to old (6). Columns register the pond a fish originated from, rows show which 
pond the individual was assigned to. Correct classifications are on the diagonal. Amounts in the table are given in 
percentages. 

formula

16 15 14 13 11 2 1 3 4 5 10 9 8 7 6

16 80 0 3 3 0 0 3 3 0 0 0 0 0 0 0

15 3 86 0 0 8 5 3 0 0 3 0 0 0 3 0

14 3 0 91 3 0 0 0 0 0 0 0 3 0 0 6

13 0 0 0 85 0 0 0 0 3 0 3 0 0 0 0

11 5 8 3 3 92 0 3 0 3 0 0 0 0 0 0

2 0 4 0 0 0 89 0 0 0 4 0 0 0 0 0

1 6 0 0 3 0 0 76 0 0 0 3 3 0 0 0

3 0 0 0 3 0 3 0 86 8 0 3 0 0 0 3

4 0 0 0 0 0 0 0 7 80 3 3 0 0 0 3

5 0 0 0 0 0 3 0 0 0 87 0 0 0 0 7

10 0 0 0 3 0 0 8 3 3 0 76 5 0 3 0

9 0 0 0 0 0 0 3 0 0 0 3 82 3 0 6

8 0 0 0 0 0 0 0 0 0 0 12 0 82 0 6

7 3 0 0 0 0 0 0 3 0 0 3 3 0 83 3

6 0 0 2 0 0 2 2 0 0 0 2 2 5 9 77



3.3 Change in morphology along the age gradient 
of ponds 

In addition to the classification of sticklebacks by pond, individuals were assigned to an age 
class. This was first done by grouping ponds into young (14 to 27 years old), middle-aged 
(73 to 79 years old) and old (96 to 112 years old) (Table 3). Differences in morphology can 
still be observed (MANOVA, Pillai=1.03, F=10.64, p<0.01). Cross validation correctly 
classified 69% to 80% of the individuals (Table 3). However, in this case it seems that 
populations in old and middle-aged groups are more different from each other and 
morphologically closer to populations in young ponds (Table 3). 
As the age span within young (13 years) and old ponds (16 years) is much wider than it is 
within middle-aged ponds (6 years), these two groups were further divided (Table 4). Pond 
BMS 16 was classified as very young and ponds BMS 06 and 07 as very old. This results in 
the following classification: very young (14 years old), young (22 to 27 years old), middle-
aged (73 to 79 years old), old (96 to 104 years old) and very old (112 years old). Change in 
morphology is slightly clearer in this case (MANOVA, Pillai=1.62, F=6.82, p<0.01). Cross 
validation correctly classified 43% to 75% of the individuals (Table 4). The farther apart 
groups are in age, the less alike in morphology are the individuals. 
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Table 4: LDA tables of formula (left) and leave-one-out cross validation (right) across five age groups: 
very young (yy), young (y), middle-aged (m), old (o) and very old (oo). Columns register the age group 
the stickleback originated from, rows show which group the individual was assigned to. Correct 
classifications are on the diagonal. Amounts in the table are given in percentages. 

Table 3: LDA tables of formula (left) and leave-one-out cross validation (right). Columns register the 
age group a fish originated from (y=young, m=middle-aged, o=old), rows show which group the 
individual was assigned to. Correct classifications are on the diagonal. Amounts in the table are given 
in percentages. 

formula cross validation

y m o y m o

y 76 7 11 y 69 10 15

m 10 89 3 m 13 83 7

o 14 3 86 o 18 5 80

formula cross validation

yy y m o oo yy y m o oo

yy 57 14 6 0 0 yy 43 23 11 0 3

y 5 83 21 3 1 y 6 75 18 3 3

m 4 10 81 6 4 m 5 12 73 5 6

o 1 2 10 72 10 o 1 7 14 69 16

oo 0 1 5 14 77 oo 1 3 6 16 63



3.4 Length-weight relationships of sticklebacks 

Covariance of weight and length measurements show further connections between 
stickleback populations in the ponds. Log10 was used as the relationship is exponential 
rather than linear with young fish largely increasing in size and older fish rather gaining 
weight (Figure 8). Intercepts (-5.5 to -4.5) and growth rates (x = 2.6 to 3.3) were similar 
and data delivered good fits (R2 = 0.85 to 0.99). Populations in ponds BMS 01, 02, 05 and 10 
grow a little more rapidly (x = 3.2 to 3.3) than the others. These are also the ponds for 
which the highest conductivity was measured (Table 1, Figure 7). Small fish (< 25 mm) 
were mainly sampled in ponds BMS 02, 05, 10 and 15. Furthermore populations in ponds 
BMS 02 (Figure 8) and 15 show a distinct separation in size, with individuals ranging from 
20 to 30 mm and others from 45 to 60 mm. From pond 05 mainly fish smaller than 30 mm, 
some around 40 mm and few around 50 mm were collected. In pond BMS 10 fish from all 
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Figure 10: Plots of covariance log 10  of weight and length data of sticklebacks from four ponds.



sizes (25 to 60 mm) were caught in even distribution. The population in pond BMS 08 
shows a similar size distribution as the one in pond BMS 10. Pond BMS 08 is the pond in 
which least stickleback were caught (Table 1). The majority of collected specimen from 
ponds BMS 09, 14 and 16 ranged from 30 to 50 mm. Within populations of ponds BMS 03 
and 04 the size variance is not as great which makes these ponds stand out together. In 
pond BMS 03 (Figure 8) fish were 35 to 45 mm, in pond BMS 04 they were mostly 40 to 50 
mm in size. This pair of populations is also very close in morphology and distinct from the 
others (Table 2). Sticklebacks in ponds BMS 01 (Figure 8), 11 and 13 show a wide range of 
sizes from 30 to 60 mm. Fish in ponds BMS 06 (Figure 8) and 07 show a similar 
distribution of sizes (20 to 60 mm) whereas most fish range from 30 to 40 mm. BMS 06 was 
the pond in which most sticklebacks were caught (Table 1). 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4 Discussion 

Former studies on the succession of newly created aquatic and terrestrial ecosystems 
following glacial retreat indicate that the landscape and water bodies are shaped according 
to time and suggest a general shift from physical control to increasing biotic control 
(ENGSTROM et al. 2000, MILNER et al. 2007). Young soils and waterbodies appear to be rather 
alkaline (pH~8) (MILNER et al. 2007, VILMUNDARDÓTTIR et al. 2015). With the establishment 
of a biological crust and increasing vegetation cover, sediments are stabilised and soil 
development is promoted, decreasing pH-values in water bodies and steadily increasing 
dissolved organic carbon (DOC) and nitrogen availability over time (ENGSTROM et al. 2000, 
MILNER et al. 2007). At Breiðamerkursandur this process appears to be going on rather 
slowly, where dwarf shrubs and shrubs occur scarcely and patchy as seed dispersal is limited 
by distance from adjacent populations (VILMUNDARDÓTTIR et al. 2015). Though the soil at 
Breiðamerkursandur seems to have become more acidic in time (VILMUNDARDÓTTIR et al. 
2015) this development can not be seen in the ponds of this study where pH rather seems 
to be increasing. Perhaps this slight increase is contemporary as the overall decrease in pH 
of water bodies may set in after more than 150 years (MILNER et al. 2007), a time span that 
has not yet passed since the deglaciation of Breiðamerkursandur area. 
An increase in major cations as suggested by ENGSTROM et al. (2000) can be observed in this 
study, whereas three middle-aged ponds (BMS 01, 02 and 05) and the youngest pond (BMS 
16) show the highest values of conductivity. 

Morphological variations could be seen among all populations of threespine stickleback in 
Breiðamerkursandur area (Table 2), which to some extent reflect the time the ponds 
emerged from under the retreating glacier (Table 2 and 4). An overall tendency can be 
observed that stickleback populations from ponds close in age are also more similar in 
morphology (Table 4). This supports the initial hypothesis, suggesting that pond age reflects 
stickleback morphology. Some populations, e.g. the one in pond BMS 11, clearly display 
differences in morphology along the time gradient of the retreating glacier.  
Within this trend there are further connections between populations. Sticklebacks in the 
oldest pond BMS 06 are not only similar to those in other old ponds and to some extent to 
those in middle-aged ponds, but also to the population in young pond BMS 14. Beside low 
conductivity and pH ponds BMS 06 and 14 have nothing in common. This alone should not 
account for morphological similarities among sticklebacks as comparison of BMS 14 and 15 
indicates. These two ponds display similar values of temperature, conductivity and pH, but 
stickleback populations inhabiting the ponds are morphologically very different. The same 
applies for adjacent ponds BMS 01 and 02, that are spatially close and the stickleback 
populations in the ponds. Perhaps these pond pairs were colonised by different source 
populations from surrounding lakes and water bodies (Figure 3). 
Another possibility is that the ponds were populated at different times. During glacier 
recession the revealed landscape and stream systems are highly variable and many water 
bodies show ephemeral character (MILNER et al. 2007). Succession might not follow the 
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retreating glacier evenly, whereas the colonisation time may greatly differ, meaning that 
pond age would not necessarily relate to the time of stickleback settlement in this pond. 
This would mean that some populations might have been adapting to their environment for 
a much shorter time than the age of the location suggests, compared to populations in 
adjacent ponds. Rapidly evolving landscape changes induced by glacier retreat yield barriers 
that might have cut off some ponds early, allowing independent evolution and adaptation of 
stickleback from an young point in succession. This could account for distinct morphology 
as seen in populations from e.g. ponds BMS 02, 05 and 07. Furthermore, connections 
between other ponds might have allowed populations of stickleback to merge, which is a 
possible explanation for morphological similarities between more distant ponds, e.g. BMS 
10 and 01. 
In all cases pond age might still be driving morphological development on a level that is not 
yet visible, as these morphologically distinct populations might become closer in time. A 
possible approach to investigate this development is to collect morphological information 
on the stickleback populations in the future. Visualisation of morphological characteristics 
using thin plate splines - a highly beneficial step, that could not be conducted in this study 
due to the limited time available - and comparison of present and future data might indicate 
a direction that morphology of stickleback is taking and wether this development is uniform 
among populations. This might enable predictions to be made about morphological 
adaptations to freshwater and divergence in stickleback in Iceland. 

The pattern of change in morphology of stickleback along the age gradient of ponds is most 
obvious in young and old ponds whereas populations in middle-aged ponds seem to be 
harder to classify and to set into context. This might appear as these populations are 
morphologically in between the other populations and therefore harder to distinguish, or 
perhaps adaptation is being largely influenced in this stage making populations more 
variable. Generally the middle-aged ponds show low temperatures, high pH and high 
conductivity. Two close ponds that stand out from this group as a pair are BMS 03 and 04. 
Compared to other middle-aged ponds these two possess low conductivity and pH. 
Populations of stickleback in the ponds are very much alike and very different from most 
other populations. Here additional local factors seem to be influencing morphological 
development of stickleback. Possibly constant differing microclimate is having an impact on 
abiotic features of the ponds that drive adaptation into a different direction. Maybe the 
ponds are affected by nearby bird hammocks that are boosting soil development in this area 
locally introducing marine nutrients (VILMUNDARDÓTTIR et al. 2015).  

Size and weight-length relationships of stickleback populations did not reveal any obvious 
connections to the gradient of pond age. Many populations exhibit widespread size 
distribution (e.g. in pond BMS 10) whereas others are more constricted (e.g. in pond BMS 
03). Most striking is the gap in size distribution, which can be observed in populations from 
ponds BMS 02 and BMS 15. Possibly, this gap arises due to predation pressure by salmonids 
that feed on stickleback of this size range. Predation pressure is known to have an influence 
on size distribution, morphology and behaviour of threespine stickleback, though the effect 
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of this factor alone has not been fully investigated yet (REIMCHEN 1994). The abundance of 
salmonids in ponds at Breiðamerkursandur and the consequences that their presence has on 
stickleback size and morphology should be more closely studied. Perhaps predation pressure 
has yielded intraspecific segregation among stickleback populations that could account for 
further irregularities along the gradient. To investigate this assumption the morphology 
within ponds should be further assessed. Segregation due to different benthic structure 
(KRISTJÁNSSON et al. 2002) should not affect the degree of morphological differences within 
ponds at Breiðamerkursandur as benthic habitat in the area is known to be exclusively 
muddy and plain with some vegetation.  
Another approach to study the morphology of stickleback more closely would be to extend 
the spatial scale and include more sticklebacks to the research. Studying specimens from 
more ponds or even the surrounding lakes and larger waterbodies in the area (Figure 3) 
might give indications on possible ancestor populations, that could explain further 
relationships between populations in distant ponds. Furthermore the analysis of stomach 
content and parasite infection should be included to assess further environmental influences 
and composition of other organisms involved in the ecosystem (e.g. prey composition, sea 
fowl abundance). 
One important factor that is unknown about the stickleback from this area and should be 
studied carefully in relation to the hypothesis of this study, is the genetic composition that 
the individuals bare. Examining the genetic aspect will likely reveal mechanism behind 
adaptive radiation that cannot be observed in morphology (VAN VALEN 1965). Perhaps there 
are genotypic similarities in populations from distant ponds that show clear connection in 
this study, e.g. between ponds BMS 01 and 10 or ponds BMS 06 and 14. This approach 
might therefore give further insight into origin of colonising populations. Related to this 
investigation the assessment of geographical interlinkages is suggested, that may have at 
some point allowed populations to merge and geographical barriers that could have isolated 
others.  

In conclusion this study supports the hypothesis that the gradient of pond age is reflected in 
the morphology of newly adapting sticklebacks. It furthermore highly demands for deeper 
investigation of the ponds at Breiðamerkursandur and the relationships between stickleback 
populations inhabiting these, to better understand the origin of adaptation in threespine 
stickleback in freshwater ponds in Iceland. There is definitely demand for numerous 
investigations to follow this one up, as this study raises several further questions: Are 
spatially close but morphologically distinct populations of stickleback becoming more 
similar over time? Does shape change generally follow a specific direction? And to which 
extent are morphological similarities in stickleback populations driven by the genetic 
constraints of the individuals? 
Investigating these questions may help to explain the relationship of morphological 
variations among stickleback populations more precisely and enable predictions about the 
adaptation of threespine stickleback to novel freshwater habitats in Iceland to be made. 
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