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Abstract

Induced morphometrical defenses have been reported in crucian carp (Carassius carassius),
and these defenses are presumed to be induced by predators. Crucian carp was sampled
during 2018 and 2019 in 12 lakes in southeast Norway. In three of these lakes there were no
piscivorous predators, while in the remaining nine lakes there were top predators such as trout
(Salmo trutta), perch (Perca flavescens) and pike (Esox lucius). | observed how crucian carp
develop a greater body height in the presence of predators and other abiotic variables. Results
confirm what other studies have found, that crucian carp grow a higher body with the
presence of predators, but that also the abiotic factor lake size have a major impact on the
growth. The size of the lake has been poorly reported in the literature as a factor that can drive
changes in body height. A larger lake can compromise of a much more complex biological
system than a small lake, which maybe can explain the growth in body height.

Key words: Carassius carassius, morphology, predation, inducible defenses, phenotypic

plasticity, Esox lucius.



Introduction
In ecological systems, predation is an important mortality factor (Nilsson, Bronnmark &

Petterson, 1995; Bronmark, Paszkowsiki, Tonn & Hargeby, 1995), which may drive
evolutionary change. In 1973 Leigh Van Valen presented the red queen hypothesis, that
species must adapt and evolve to survive the battle against competitors and predators in an
evolutionary arms race; but also that evolution would continue even in the absence of abiotic
disturbances (Nordbotten & Stenseth, 2016). Prey adapt in order to reduce predation risk in
different ways, where for example marine and freshwater invertebrates can develop spines,
keels and helmets as a response to cues from their predator (Gilbert, 1966; Harvell, 1984;
Harvell, 1990, Hulthén, Chapman, Nilsson, Hollander & Brénmark, 2014). Such adaptations
are either constitutive or inducible, this depends on whether or not prey need environmental
stimuli for activation (Harvell, 1990; Bronmark & Miner, 1992). Morphological defenses can
be inducible through phenotypic modification activated by cues from predators (Harvell.
1990; Bronmark & Miner, 1992). Phenotypic plasticity is the ability of an organism to express
different phenotypes in response to distinct biotic or abiotic environments (Trussell & Smith,
2000; Andersson, Johansson & Soderlund, 2006; Weber, Roundst & Brown, 2011). This
allows prey organisms to express defenses and reduce vulnerability to predators when needed
but may also save energy when predators are present by e.g. reduce swimming activity
(Harvell, 1990; Hulthén, et.al, 2014).

Studying the relationship between the morphology of an organism and its environment is a
central concepts in biology (Gaston & Lauer, 2015), and are divided into biotic (Agrawal,
2001) and abiotic factors (Fulton, Binning, Wainwright & Bellwood, 2013). As such,
morphological studies have a long history also in ichthyology (Sidlauskas et. al., 2010), with
regard to illuminating putative adaptation of different species as well as in setting taxonomic
names. For instance, several studies have revealed that predation risk is linked to the
predator’s mouth gape (Bronnmark & Miner 1992; Nilsson et. al., 1995; Magnhagen &
Heibo, 2001). Further, Webb (1984) proposed the theory of the “morphological triangle”
revealing that differences in fish body form influence how specialized a fish is at i.e. cruising,
accelerating and maneuvering. Fish species needs to cope with both intra- and interspecific

competition as well as intra- and interspecific predation in their living environments. This



suggest that an optimal trade-off exist between anti-predator defence strategies and optimal

foraging so it will survive until it can reproduce.

Crucian carp (Carassius carassius) is a widespread fish species in Eurasia which are
commonly found in lakes and ponds (Vellestad, Varreng & Poléo, 2004). Crucian carp is
adapted to both of these environments as it can live in well-oxygenated lakes as well as in
anoxic and solid frozen lakes (Fagernes et. al. 2017). Crucian carp is described as two
different forms: an abundant shallow-bodied “dwarf” form and a considerably larger “deep-
bodied form” (Poléo et. al., 1995; Holopainen, Tonn & Paszkowski, 1997). This difference in
shape is linked to the system where it lives, if it is an allopatric system (i.e. only Crucian carp)
or a sympatric system with piscivore predators (e.g. Poléo et. al., 1995). Crucian carp living in
allopatry often achieve high numbers and are shallow bodied, whereas in sympatry with
piscivorous fish crucian carp is usually less abundant and are deep-bodied (Bronmark &
Miner, 1992; Poléo et.al., 1995; Nilsson et.al., 1995; Vgllestad et. al., 2004). Diet differences
exist among the different sized fish, where shallow bodied crucian carp tend to feed on
zooplankton whereas the deep bodied crucian carp feed on bentos (Tonn, Holopainen &
Paszkowski, 1994).

Predator induced morphological defense is an evolutionary paradigm where the existence of a
predator induces an adaptive change in prey morphology that reduces predation risk (Bordeau
& Johansson, 2012). The presence of predator fish can change prey fish behavior, leading to a
decrease in activity, resulting in increase or decrease in prey growth (Bordeau & Johansson,
2012). In 1992, Brénmark & Miner experimentally tested in a laboratory how high and low
food availability and presence of pike affected the body shape of crucian carp. They found
that the presence of pike (Esox Lucius) was a contributor to a deeper body in the crucian carp.
They further hypothesized that the change in body morphology could be explained by 1.
selective predation, 2. an increase in resource availability, or 3. a predator-induced phenotypic
modification of body shape (Bronmark & Miner, 1992). They concluded, and with later
support, that a deeper body shape directly reduces predation risk, because a deeper bodied
prey is less preferred and thus provide a refugium against a gape-limited piscivore (Brénmark
& Miner, 1992; Tonn et.al., 1994; Nilsson et.al., 1995). In young walleye (Sander vitreus), a
fusiform prey was more often preferred over deep-bodied prey (Einfalt & Wahl, 1997), as
handling time in general is often less with a fusiform body shape (Nilsson et. al., 1995; Einfalt
& Wahl, 1997; Weber, Dettmers, Wahl & Czesny, 2010).



The main aim of my study was to test if the body height and body shape of crucian carp differ
in the presence of piscivorous fish (sympatry) compared to systems only harboring crucian
carp (allopatry). This was accomplished by comparing a set of three different predation
assemblages (i.e. comprising three types of top predators) against allopatry of crucian carps.
Further, a set of three lake replicates within each of the four categories was used to reach a

more general evaluation.
General hypothesis:

1. Body height in crucian carp living with the presence of predators will have higher
bodies than crucian carp living without predators.

2. The differences in body height is only associated with predators

3. Predators with the biggest mouth area will have the biggest effect on growth in body
height.



Material and methods

Sampling design and study areas
In this study a set of 12 lakes were chosen: three without predators and nine with predators

(Table 1). The nine lakes with predators present were divided into groups according to the

top predator species present in the lake: three with brown trout (Salmo trutta), three with

perch (Perca fluviatilis) and three with pike as the top predator.

Lake sampling localities were selected and situated in southeast Norway in forest, urban and

farmland areas. Vegetation surrounding the forest and urban lakes primarily consisted of birch

(Betula spp.) and pine (Pinus sylvestris). Urban lakes primarily were situated close to parks,

roads, and birch and pine forests. Farmland lakes was situated in cultivated areas. In most of

the lakes, peat, grass and water plants were also present.

Table 1. The twelve study lakes, arranged according to top predators

Lake Top Surroundings | TotN | TotP TOC Surface | Max | Secchi | Vegeta-
predator (Mo/L) | (ng/L) | (na/L) | (ha) depth | depth | tion (%)
(m) | (m)
Forkerudtjennet No Urban/Farml 1985 82 234 1.24 2.2 |0.2-0.7| 30-50
predator | and
Langmyrtjern No Forest 702 20 14.2 0.3 5 1 20
predator
Motjennet No Forest 688 23 11.2 0.94 11.3 3 30-50
predator
Karussputten Trout Forest 361 9 5.4 0.25 4.6 1.9 30
Posttjernet Trout Forest 312 8 9.7 1.7 11 25 15
Smavanna Trout Urban/Forest | 616 14 10.1 0.5 3 1.8 25
Svartkulp Perch Forest 550 13 9.9 6 10 1.2 20
Bjgrnmyrdammen | Perch Urban/Forest 672 26 6.5 2 3.1 0.4 50-80
@vresetertjern Perch Urban/Forest 446 13 6.6 35 35 1.7 10
Bugardsdammen | Pike Urban 980 54 9.5 3.8 2 1.5 40
Nusttjennet Pike Farmland 1090 164 16.4 13 1 0.4 50-60
Stomperudtjernet | Pike Farmland 1660 146 18.4 3.7 1 0.4 50-80
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Figure 1. The geographic location of the study lakes in south east Norway (Map gotten from

Ilaria de Meo).

Sampling procedures

Fieldwork was conducted from May to August 2018 and 2019. For representative sampling of
the fish community, we used Nordic multimesh gillnets, i.e. each net with 12 panels of mesh
sizes 5-55 mm according to EU/Norwegian standard (Appelberg et. al., 1995). The number of
Nordic multimesh gillnets put in the lakes differed, but each lake was sampled with minimum



on five nets. This permits calculation of catch per unit effort (CPUE) for each species in each
lake. In addition, in each lake standard floating nets (mesh size 25mm and 50mm, knot to
knot) was used to increase the catch. Drum net fish traps was also used to capture as much
fish as possible. Nordic multimesh was set 90 degrees from shore as described in the
Norwegian standard protocol (Appelberg, et. al., 1995). Floating gillnets were set in both the
littoral and the pelagic zone, covering most parts of the lake and both habitats. Traps were
baited with white bread and put in the littoral zone and close to the shoreline in vegetated
areas. Sampling were conducted for 2 to 8 nights at different time periods for every lake,
depending on how fast we reached the minimum aim of 30 crucian carps for every lake. All
fish species were identified in the field and stored separately in a freezer at the university.

A clean bottle was used to collect water samples from the upper layer of the water body

approximately in the middle of the lake.
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Figure 2: lllustration of nordic multimesh gillnet (Eira, Olofsson, Ville & Sundstrom, 2008).
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Table 2: Visualization of number of nights fished in every lake with nets and traps.

Lake Fishing Lake # # other Mean Mean Mean
effort type crucian | species crucian crucian predator
(#nights) carp caught carp carp CPUE
caught CPUE CPUE (ind/N/h)
(ind/N/h) (9/N/h)
Forkerudtjennet 3 No 263 0 10.270 212.848 0
predator
Langmyrtjern 3 No 198 1 1.383 13.054 0
predator
Motjennet 2 No 229 0 6.243 115.971 0
predator
Karussputten 3 Predator 112 1 0.793 43.039 0.127
Posttjernet 7 Predator 47 2 0.129 26.865 36.022
Smavanna 2 Predator 96 2 0.770 44,517 0.228
Svartkulp 4 Predator 125 3 0.296 39.530 1.075
Bjernmyrdammen 3 Predator 229 2 2.11 103.953 0.409
@vresetertjern 3 Predator 55 2 0.276 143.957 1.639
Bugardsdammen 3 Predator 32 2 0.103 83.028 0.781
Nusttjennet 8 Predator 100 4 0.337 279.222 0.116
Stomperudtjernet 9 Predator 127 6 0.290 150.183 0.139

Laboratory work

In the laboratory, each captured crucian carp specimen was measured with respect to: weight
(9), total length (mm), and body height (mm), measured with a caliper from the front of the
pelvic fin and to the front of the dorsal fin). All captured predator specimens were measured
with respect to weight (g) and total length (cm). In addition, mouth height (mm) and mouth
width (mm) were measured by placing the caliper into the fish mouth and stretching it until
the mouth does not open anymore. Afterwards, all fish were dissected, and gonads were used
to determine the fish sex. Water samples were sent to Lammi station in Finland for analyses,
where water chemistry with respect to total nitrates, total phosphates and total organic carbon

was analysed.

Environmental measurements

Max depth (m) of the lakes was measured using the handheld depth-finder (see sampling
procedures). Altitude (m.a.s.l.) and the surface for each lake was obtained from public
information (norgeskart.no). Secchi depth (m) was measured using a secchi disk, when the

secchi disk is no longer visible in the water, the depth is measured. For each lake, a map with
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a line drawn around the areas where there were plants was used to calculate the percentage of
emergent macrophytes in each lake. Littoral area (%) was estimated from measurements done
in field for each lake, using the handheld depth-finder. The area was estimated from 0% to
100 %, and the limit of littoral area was set to maximum 3 meters depth. Specific conductivity
was measured using a handheld conductivimeter (see sampling procedures). Mean air
temperature was obtained from yr.no and was calculated from 2010-2019 for June to
September, this period was used to have a more accurate mean air temperature. Land use was
scored in categories from one to three, forest lakes have value one, urban lakes value two and
farmland lakes value three. Number of species is the number of fish species caught in each
lake.

Morphological analyzes

In the lab, pictures of all crucian carp specimens for morphometrical analyzes was taken with
a Nikon D5300 camera, on a tripod. The camera lens was set to a specific level of zoom, so
every picture was captured at the same distance every time the camera was set up. Crucian
carp was placed in a box painted black on the inside and layered with a 2 cm thick styrofoam
plate covered with black plastic at the bottom. On top of the Styrofoam there was a wooden
frame with a mesh. The mesh was not stapled to tight to the frame, in order to ensure that
each fish would lay as flat as possible. A ruler was also included in the photographs to
facilitate the calibration of size in the landmark program tpsUtil32 (Rohlf, 2019) during
analyzes of the images (Vinterstare, Hegeman, Nilsson, Hulthén & Brénmark, 2018). Each
crucian carp was placed in the box laying on its right side, in order to take a lateral photo of
the left side of each fish. The dorsal, tail, anal and pelvic fins were spread and fixed in
position to the styrofoam with needles. This was important for setting the landmarks around
the fins. A set of 23 landmarks were then digitalized, and their x and y coordinates were

captured. These 23 landmarks were selected to cover most of the fish body.

The data collected were from 30 individual crucian carps from each of the 12 lakes (Fig.1,
Table, 1), i.e. 360 individuals in total. Individuals were selected based on the length
distribution in catches trying to cover the whole size distribution in the lake. Landmark-based
geometric morphometrics were used analyzing the body shape. Landmark-based geometric
morphometrics summarizes the shape in terms of how the landmarks are configurated
(Webster & Sheets, 2010). Here, tpsUtil32 (Rohlf, 2019) was used to add 23 landmarks on the
left side of the fish (Fig. 3). A transversal line was drawn from the mouth to the middle of the
tail fin using tpsUtil32 (Rohlf, 2019). On 90-degree angles of this line, two lines were drawn,
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one through the center of the eye and one along the anterior edge of the operculum

respectively (Fig. 3). This was done to standardize where to put landmark 2, 4, 13 and 15
(Fig. 3)

Figure 3: The 23 landmarks that were the basis for morphological measurements. Landmark
1 at the mouth, then going over the back and around the tail fin and stop at the maxillary.

Then the eye is landmarked, then from the operculum and down to the pectoral fin.

Statistical analyzes

The software MorphoJ version 1.07a. (Klingenberg, 2011) was used to analyze the
morphological variables derived from the digitized landmarks (Fig. 3) and used to
characterize the shape of the fish. Landmark configurations were standardized using a
generalized Procrustes superimposition, which scales and rotates all the individuals, so they
line up as close as possible (Andersson et. al., 2006). This gives a unison body shape for all
the individuals. Principal component analyses (PCA) was run with MorphoJ, which are
widely used on morphometrical data. These analyses are not only visualizing but also reduce
the dimensionality of landmarks to match statistical degrees of freedom after variation in size,
position, and orientation are removed by Procrustes superimposition (Du, 2019). Principal
component one (PC1), was captured for every fish, explaining the body shape primarily the
body height of each crucian carp.

13



All statistical analyses were conducted in the statistical computing package Rstudio version
1.2.5033 (R Core Team, 2019). Packages used was: ggplot2 (Wickham, 2016), GGally
(Schloerke et. al., 2020), Ime4 (Bates, Maechler, Bolker & Walker. 2015), ImerTest
(Kuznetsova, Brockhoff & Christensen, 2017), sjPlot (Ludecke, 2020a), ggsignif (Eltze,
2019), sjstats (Ludecke, 2020b). The use of these statistical packages is described in more
detail below for each of the analyses.

In order to describe the relation between body shape and environmental variables, | used a
linear mixed effect regression model with the packages Ime4 and ImerTest, where lake was
used as random variable. Linear mixed effect regression models were performed on relative
body height and PC1 which represent body height as response variables. The starting model
for both relative body height and PC1 was sex + CPUE for crucian carp + CPUE for predators
+ predator mouth area + total nitrates + lake surface + lake code as a random effect. By using
ggcorr from GGally package a correlation matrix was created, and | checked correlation
between all the variables. Variables that had a Pearson’s correlation coefficient >0.7 was
dropped from the model (Fig, 4). Models were developed using backwards stepwise modeling
method using the function step function (Perazzo et.al., 2018). This function uses Akaike’s
information criterion (AIC) as a predictor for selecting the best model (Table, 3). The function
r2 from the sjstats package was used to find the conditional R? values for the different models
(Table, 3).

The function ggplot from the package ggplot2 was used to visualize the regressions and
boxplots. For the boxplot the package ggsignif was used to visualize the significance between

the two variables.

Catch per unit effort (CPUE) is a statistical method to calculate the number of fish caught per
unit of effort (Harley, Myers & Dunn, 2001). This was done to provide information of how
much fish there is in each lake. The formula by Appelman (2015) was used here:
CPUE=idn/N/h. ind is the number of fish caught for each species, N is number of Nordic nets
(minimum five in each lake) and h are the hours the nets were in the water. This was

calculated for crucian carp and predators.

Relative body height (RBH) of the crucian carp was calculated by dividing body height by
total length. Total length was not used in the models as this is already body size corrected for
in both RBH and the PCA analyses.

14



Predator mouth area was calculated using the highest mouth gape and multiplying it with the

mouth width, this was done for each lake.

11 fish were dropped from the statistical analyses as for these fish it was not possible to
identify the sex. These fish were distributed throughout the different lakes, and thus do not
affect one particular lake more than other lakes with regard to the reduction in numbers finally

analysed.
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Results
Correlation matrix showing correlation between the variables (Fig, 4). There are several

variables that are highly correlated, therefore these were dropped from the model.

Lakeare:
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Figure 4: Correlation matrix with weight, total length, predation category, CPUE for crucian

carp, CPUE for predators, predator mouth area, PC1, total nitrates, total phosphates, total

organic carbon and lake surface.

AIC selection results for both models

In the AIC model selection results show that for relative body height the final model of the
AIC score decreased by 67.431 (Table, 3), and for PC1 the final model the AIC score
decreased by 36.376 (Table, 3) compared to the first model. Since the step function in R start
with the whole model, the output is the best model, and in between models are not shown.
This gives that the best model for PC1 was sex + predator mouth area + lake surface + lake
code as a random effect. Whereas for relative body height the best model was predator mouth

area + lake surface + lake code as a random effect.

Table 3: Show AIC values and the conditional R2 values for the two different models before

and after backwards selection using the step function

Response variable | AIC first model AIC final model Conditional R? Conditional R?
first model final model

Relative body -1673.142 -1740.573 0.889 0.882

height

PC1 -2198.995 -2235.371 0.943 0.943
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Model for PC1

Crucian carp living with predators had a lower PC1 score than fish living without predators.
For the PC1 values the lower the number is, the larger the crucian carp is. Therefore, it looks
like e.g. the predator mouth area is negatively correlated with PC1, when they indeed are
positively correlated. The results also show that males were significantly (Fig, 7) larger than
females, and that the bigger lakes have bigger crucian carp. The model for PC1 body height

had a conditional R? value of 0.941.

Table 4: Results of a linear mixed effect regression on PC1 body height with the variables sex
(male and female) , predator mouth area and lake surface (ha). Confidence intervals 2.5%
and 97.5%.

Predictors Estimates  Cl (2.5%-97.5%) p-values t-values df
Intercept 0.03 0.019-0.045 0.001 4675 8.869
Sex (male) 0 -0.004 - -0.000 0.010 -2.582 336.2
Predator mouth area 0 -0.000 - -0.000 0.004 -3.759 8.781
Lake surface -0.52 -0.765--0.243 0.005 -3.594 9.166
Observations 349

Marginal R2 / Conditional R2 0.715/0.941

The mouth area of the predator significantly increased the PC1 body height for crucian carp,
so the bigger the mouth area of the predator the higher body the crucian carp showed

17



(p=0.004, ci= -0.000 - -0.000, Table 4).

0.04 4

(I] 25IOO 50|00 75IOO
Predator Mouth Area
Figure 5:The relationship between PC1 body height and predator mouth area for all 12 lakes.
The three predator free lakes are at 0 on the x-axis, and the three pike lakes to the right, the
two trout lakes Posttjernet and Karussputten have the same predator mouth area and are

therefore together.

Larger lakes have a significant effect on the PC1 body height of crucian carp, when the lake
increase in surface area the crucian carp grows a higher body height (p = 0.005, ci =-0.765 -
-0.243, Table 4).
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Figure 6: The relationship between PC1 body height and lake surface for all 12 lakes.
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Males (p = 0.010, ci =-0.004 - -0.000) have a higher PC1 body height than females (p =
0.001, ci = 0.019 — 0.045). (Table, 4. Fig, 7). But as the box plot show, there is not a big

difference between the two sexes.

0.04 1

PC1

0.00 1

-0.04 1

Sex

Figure 7: Comparison between sex, male and female with regard to PC1 body height for all
the 12 lakes.

Model for Relative body height
The model for relative body height was a simpler model than the one for PC1. But as with the

results for PC1, the presence of predators gives a larger relative body height. The surface of

the lake was also significant stating that bigger lakes have the highest bodied crucian carp.

For relative body height predator mouth area and lake surface are the two most important
factors both with a positive p value of p<0.001 (Table, 5). Predator mouth size had a
significance of (p<0.001, ci = 0.00 — 0.00), and lake surface had a significance of (p<0.001, ci
= 0.30 — 1.05). The model for relative body height had a conditional R? value of 0.882.

Table 5: Results of a linear mixed effect regression on relative body height with the variables

predator mouth area and lake surface (ha). Confidence intervals 2.5% and 97.5%.

Predictors Estimates Cl (2.5%-97.5%) p-values t-values df
Intercept 0.29 0.270 - 0.310 <0.001 30.409 9.063
Predator mouth area 0 0.000 — 0.000 <0.001 4.621 9.053
Lake surface 0.673 0.300 — 1.050 <0.001 3.496 9.200
Observations 349

Marginal R? / Conditional R> 0.701/0.882
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Figure 8: Relationship between predator mouth area and relative body height in the 12 lakes
The three predator free lakes are at 0 on the x-axis, and the three pike lakes to the right, the
two trout lakes Posttjernet and Karussputten have the same predator mouth
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Figure 9: Relationship between relative body height and lake surface, for all the 12 lakes.
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Discussion
In this study I found that the two most important factors considering the growth of crucian

carps body height is the predators mouth area and the size of the lake. The bigger the mouth
area of the predator the crucian carp grows a higher body height, compared to lakes where
piscivore predators have either smaller mouth sizes or lakes without predators. In lakes with a
larger surface area a higher body height is shown. Sex are also a factor that contribute to a

higher a body height for males.

My first hypothesis is valid as the results show that crucian carp living with predators have a
higher body shape than crucian carp living without predators. This is supported by studies
done by several authors (e.g. Poléo et. al., 1995; Johansson & Andersson, 2009). It is believed
that prey detect cues from predators, and that e.g. smell is one of the cues that drives this
change in body height (Nilsson, et.al., 1995). Higher bodied crucian carp also have the
advantage that even though the absolute size refugium have not been reached, a higher body
increase the probability of escape as they have more strike power in their caudal fin (Nilsson,
et.al., 1995). However relative body height and PCL1 is two different ways of calculating the
body height of crucian carp. | mean this gives additional support that predators induce this
change in crucian carp, since both methods showed that crucian carp got a deeper body when

living with predators.

In this study | demonstrated that there are not only biotic factors driving the increase in body
height in crucian carp but also an abiotic factor. The lake surface is an important factor
regarding the growth of crucian carp. When the surface of the lake increases the body height
of crucian carp follows and grows higher bodies than in the smaller lakes. Why this is the case
I can only speculate in, but one explanation is that when the lake surface increase the more
complex the lake system gets, as there is more space for e.g. other fish species, benthic macro
invertebrates etc. Larger lakes also consist of more space for shelter against predators, which
can lead to energy saving and increased growth (Bronmark et.al., 1995). In nature high
growth rates are shown when food availability is high (Holopainen, Vornanen & Huuskonen,
1996), and a larger lake may hold more food than a smaller lake. There is strong support that
lakes with a larger surface (e.g. it is a much more complex system, than smaller lakes) induce
higher bodies in crucian carp since both the results for PC1 and relative body height is

positively correlated to lake surface.

Pike is the predator counting for the greatest increase in body height and is the predator which

is studied the most regarding crucian carp morphology (Bronmark & Miner, 1992; Bronmark
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& Pettersson, 1994; Magnhagen & Heibo, 2001). Pike being considered the top predator in
boreal water systems bordering to the subalpine region (Bystrém et.al., 2007), it impacts the
lake community more than trout and perch. In a study by Olund, et.al. (2019) they showed
that pike was the key driver of ecological speciation in European whitefish (Coregonus
lavaretus), inducing both small pelagic “dwarfs” and big benthic “giants” fish in the same
lake. While pike induce the highest body height for crucian carp, both trout and perch induce
a change in the body height of crucian carp. In this study the mouth area of both trout and
perch is quite similar, so it is hard to say which of them is inducing more change than the
other. However, pike is considered being an aggressive species from very small sizes
(Morrow & Miller, 1998), which maybe accelerates the growth of crucian carp as they need to
outgrow the predation window fast. Moreover Nilsson, et.al. (1995) experimentally tested
how crucian carp morphology effected pike behavior, showing that there was no effect on
behavior (e.g. activity, search, follow, observing and capture success), when crucian carp had
a deeper body. For crucian carp living in the absence of pike, but later introduced to pike,
showed a decrease in swimming speed compared to crucian carp that had coexisted with pike
(Pettersson et. al., 2000).

Why sex is a part of the PC1 model but not for the relative body height model could be that
the landmarks also capture more of the general body shape and not only the height and length
as for the relative body height. In one study female crucian carp lost their behavior response
towards predator during the final stages of maturation, i.e. to prevent interruption of spawning
(Lastein, Hoglund, Mayer, @verli & Dgving, 2008). Since crucian carps can spawn up to
three times from May to August (e.g. Holopainen & Pitkanen, 1985; Laurila, Piironen &
Holopainen, 1987), this can make females more prone to predation, and that all energy is used
on spawning and not growing. Taking this into consideration females can be more concerned
about spawning than avoid predation in the summer months. This is also in the period when
we caught crucian carp, which maybe can explain why famales have shallower body than

males in the summer months.

Since this study is done on fish caught in different habitats and not experimentally tested in a
laboratory. It is hard to say what the exact driving factors are. Others e.g. Bronmark &
Pettersson (1994), Andersson et. al., (2006), tested this experimentally. They experimentally

tested if predation would be a driving factor changing the morphology of crucian carp.
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I did not statistically analyze what the crucian carps have be feeding on. It has been
demonstrated in studies that crucian carp feeding on benthic prey have a deeper body than
crucian carp feeding on plankton prey (Tonn et.al, 1994). This can maybe be due to that lakes
with larger crucian carps, often live in more complex systems, with more competition. Pike
for most part tend to be living and hunting in the littoral zones of a lake (Vgllestad, Skurdal &
Qvenlid, 1986), which may can give the bigger benthic feeding crucian carp an advantage as
it may not tend to come across pike as often as the shallower bodied plankton eating crucian
carp. Moreover, the study done by Brénmark & Miner (1992) gut content showed that there

was no difference in diet for crucian carp in aquariums with pike and pike less sections.

Methods used for data collection are well known methods and have been used for a very long
time. One issue | can think of when analysing the data, is that | did not collect the whole
range of size classes. The use of multi mesh nets are size selective in the sense they have
many different mesh sizes, but some fish sizes will still not be captured.

My results can be used in management, as a study by Gu et. al. (2016) showed that small
crucian carp can negatively affect the growth of macrophytes. Managers can then in
restoration ecology, where a fishless pond is overgrown with macrophytes, introduce small

“dwarf” crucian carps to reduce the macrophytes.

I suggest further studies should be concentrated on the lake and its community as a whole.
Because body height and body shape have been well studied, but to my knowledge there is
not done much research on how the lake size and its community can induce changes in body
height of crucian carp. Since there also are contradictory studies on diet, | suggest to study
this so there will be stronger evidence if the diet between the shallow bodied and deep bodied
crucian carp are different or not. Generally, very little is known about the crucian carp,
especially the two morphs, is it genetic? Is it immigration? There are still many questions of

crucian carp yet to explore, especially on the genetics.
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Conclusion
In conclusion, this study supports previous studies done explicitly on crucian carp and

predator interaction. But also raises questions on how the lake size, where bigger lakes may
be more complex systems than smaller lakes can contribute to crucian carp’s ability to grow

higher bodies.
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