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Abstract

Parallel phenotypic evolution occurs when independent populations evolve

similar traits in response to similar selective regimes. However, populations

inhabiting similar environments also frequently show some phenotypic differ-

ences that result from non-parallel evolution. In this study, we quantified the

relative importance of parallel evolution to similar foraging regimes and non-

parallel lake-specific effects on morphological variation in European whitefish

(Coregonus lavaretus). We found evidence for both lake-specific morphological

characteristics and parallel morphological divergence between whitefish special-

izing in feeding on profundal and littoral resources in three separate lakes. For-

aging specialists expressed similar phenotypes in different lakes in both overall

body shape and selected measured morphological traits. The morphology of the

two whitefish specialists resembled that predicted from other fish species, sup-

porting the conclusion of an adaptive significance of the observed morphologi-

cal characteristics. Our results indicate that divergent natural selection resulting

from foraging specialization is driving and/or maintaining the observed parallel

morphological divergence. Whitefish in this study may represent an early stage

of divergence towards the evolution of specialized morphs.

Introduction

Populations that experience different selective environ-

ments often diverge in morphological, physiological,

behavioral, and life-history traits (Sk�ulason and Smith

1995; Schluter 2000; Bernatchez 2004). This adaptive pop-

ulation divergence often produces parallel patterns of

divergence in independent lineages (e.g., species) inhabit-

ing similar environments. Although parallel evolution has

been reported for a wide range of taxa (e.g., Jones et al.

1992; Eroukhmanoff et al. 2009; Losos 2009; Langerhans

2010), these independent populations inhabiting similar

environments also frequently show some phenotypic

differences, resulting from non-parallel evolution (e.g.,

Berner et al. 2010; Rosenblum and Harmon 2011; Kaeuf-

fer et al. 2012). One form of population divergence that

often shows strong evidence of parallel phenotypic diver-

gence is resource polymorphisms.

Resource polymorphisms, that is when multiple

discrete phenotypes within a population utilize different

resources, have been described from several vertebrate

taxa, including fish, birds, amphibians, and mammals

(Wimberger 1994; Sk�ulason and Smith 1995; Smith and

Sk�ulason 1996). The occurrence of discrete morphologi-

cal variation with differential resource use implies a gen-

eral close association between ecological and

morphological traits. Expressed morphology is known to

directly affect resource use performance (e.g., Arnold

1983; Wainwright 1994, 1996) and thus ultimately fit-

ness. Thus, morphology associated with resource use is

likely to be under strong natural selection (e.g., Wain-

wright 1994). In this study we quantified the relative

importance of parallel and non-parallel morphological

divergence in populations where we previously have

identified an incipient polymorphism based on resource

use (Siwertsson et al. 2013).
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Whitefish (Coregonus sp.) has a circumpolar distribution

in lakes in the northern hemisphere, and is known to

express resource polymorphism, especially along the pela-

gic (open water) and benthic axis (Sk�ulason and Smith

1995; Smith and Sk�ulason 1996). In northern Fennoscandia

the European whitefish (Coregonus lavaretus) is a highly

polymorphic fish species with up to five sympatric morphs

(Sv€ardson 1979; Bergstrand 1982; Østbye et al. 2005b). The

most commonly occurring morph pair in northern Fenno-

scandia shows a close association between resource use and

morphological traits (Kahilainen and Østbye 2006; Harrod

et al. 2010; Kahilainen et al. 2011). Morphs from a typical

pair comprise a specialist zooplanktivore, which forages in

the pelagic (open water) zone and is typified by many and

densely packed gill rakers (called the densely rakered

morph), and a morph displaying shorter and fewer gill rak-

ers and larger body size (the large sparsely rakered (LSR)

morph), specializing on benthic living macro-invertebrates

(Amundsen 1988; Amundsen et al. 2004a,b; Kahilainen

et al. 2004; Siwertsson et al. 2010).

This study is based on the recently recorded more sub-

tle differentiation in foraging specialization within the

whitefish exhibiting large body size and sparse gill rakers

(LSR morph) in three different lakes in northern Fenno-

scandia (Siwertsson et al. 2013). Individuals specializing

either on profundal (deep water benthic) or littoral (shal-

low water benthic) habitat and prey resources were

detected from clear differences both in recent (stomach

contents) and long-term resource use (based on stable

isotope ratios of carbon and nitrogen). Clear ecological

behavioral divergence was accompanied by small but sig-

nificant differences in gill raker number, an adaptive mor-

phological trait with foraging efficiency consequences

(Sanderson et al. 2001; Kahilainen et al. 2011). Genetic

analysis also showed that the two foraging specialists

comprised two partially separate gene pools within each

lake (FST: 0.014–0.024) (Siwertsson et al. 2013). There is

evidence that the profundal specialization in whitefish has

arisen independently in different lakes within a nearby

watercourse (Præbel et al. in review).

The deep profundal habitat in lakes is a very different

environment compared to the shallow littoral areas. The

littoral offers a complex physical environment, with a

range of different substratum types and submerged vege-

tation. Temperature and light conditions vary daily and

seasonally, and both food resources and predators are

typically diverse. In contrast, the profundal habitat is con-

siderably more uniform, consisting of fine sediments with

no vegetation, consistently low light conditions, and min-

imal variation in temperature. Food resources are scarce

and typically consist of small invertebrates partly buried

in soft sediments. Fish species specializing in profundal

resources often exhibit small body size with deep body

form, large head compared to body size, long snout,

ventrally positioned large mouth, dorsally positioned large

eyes, large pectoral and dorsal fins and sometimes a

reduced or malfunctioning swimbladder (Turgeon et al.

1999; Klemetsen et al. 2002; Kahilainen and Østbye 2006;

Zimmerman et al. 2006; Harrod et al. 2010; Genner and

Turner 2012; Gowell et al. 2012).

The general objective of this study was to test if the

presumed common selection pressure imposed by the

physical environment and resource use, operating on

these previously identified profundal and littoral resource

specialists, has resulted in parallel morphological evolu-

tion. Specifically, we predicted that the morphology of

foraging specialists would be similar in each of the three

lakes, indicating that similar selection pressures are having

a similar effect on morphological traits.

Materials and Methods

Study area and sampling

Large sparsely rakered whitefish were sampled from three

lakes situated in the Alta-Kautokeino watercourse in the

sub-arctic region of northern Norway. The lakes are oli-

gotrophic with some humic impact from the surrounding

tundra (Table 1). They are of varying size, but all have

well-developed littoral (with >1% of surface light levels)

and profundal (<1% of surface light levels) zones

(Table 1). The lakes are in vicinity of each other and it is

highly likely that they were all subject to the same post-

glacial and colonization processes (Østbye et al. 2005a).

Lake Lahpojavri (LP) (69.25°N, 23.78°E) is situated in a

different tributary isolated from the other two by water-

falls. Migration from Lake Suopatjavri (SU) (68.93°N,
23.09°E) to the downstream Lake Vuolgamasjavri (VG)

(69.14°N, 23.36°E) is probable, while upstream migration

is theoretically possible but less likely due to the presence

Table 1. Characteristics of the three study lakes.

Lahpojavri Suopatjavri Vuolgamasjavri

Surface area (km2) 8.1 2 1.2

Perimeter (km) 46.3 10.5 19.7

Maximum depth (m) 36 25 30

Mean depth (m) 8.7 8.2 14.9

Littoral1 (%) 58 61 27

Profundal1 (%) 42 39 73

Total phosphorus (mg l�1) 5 9 –2

Total nitrogen (mg l�1) 202 243 –2

Secchi depth (m) 4 4 4.5

1Availability of littoral and profundal habitats are measured in percent

of lake surface area.
2Measures of total phosphorus and total nitrogen are not available for

Vuolgamasjavri.
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of rapids. Fish were sampled during late August – early

September in 2007 or 2008 from littoral (1–8 m) and

profundal (18–35 m) habitats using multi-mesh survey

gillnets (length 40 m, height 1.5 m) with mesh sizes of

10, 12.5, 15, 18.5, 22, 26, 35, and 45 mm (5 m of each)

set overnight. The 265 fish caught in littoral and profun-

dal habitats were measured (fork length) to the nearest

millimeter. More details about the sampling procedures

can be found in Siwertsson et al. (2013).

Following Siwertsson et al. (2013), we used the capture

habitat where the individual was caught as a conservative

proxy for resource specialization. For these lakes, habitat

was shown to be a good indicator of long-term resource

use (measured by analyses of stable isotope ratios of car-

bon and nitrogen), and 79–100% of the individuals were

correctly classified to a diet specialist group based on hab-

itat alone. Differences between fish from littoral and pro-

fundal habitats in resource utilization, gill raker number,

and neutral genetic markers based on data from Siwerts-

son et al. (2013) are summarized in Table 2.

Morphological analyses

The left side of the fish was photographed with a digital

camera (Nikon Coolpix 5400), and 19 landmarks were

digitized on 193 good quality pictures of fish using TPS-

Dig2 v2.16 (Fig. 1) (Rohlf 2010). Ten morphological traits

of possible functional importance were measured as the

distance between specific landmark pairs (Table 3). These

traits were selected based on significance of differences

between littoral and profundal morphs of Arctic charr

(Salvelinus alpinus), whitefish, and lake trout (Salvelinus

namaycush) (Klemetsen et al. 2002; Kahilainen and Østbye

2006; Zimmerman et al. 2006). The predicted direction of

the divergence for each trait based on previous studies of

littoral and profundal foraging specialists in fish is shown

in Table 3. Four of these traits (eye diameter, snout

length, maxilla length, and dorsal fin length) have been

shown to have a genetic basis in Arctic charr morphs

(Klemetsen et al. 2002).

As the morphological measures were correlated to indi-

vidual body length, all traits were allometrically scaled to

the average standard length (Fig. 1) of all whitefish

(21.34 cm) (Senar et al. 1994). First, all traits were

log10-transformed to reduce heterogeneity of variances.

Then, we calculated the common slope (b) for each trait

(log10-transformed) using an ANCOVA model with all

combinations of lakes and foraging specialists (six groups)

and standard length as explaining variables. The slope was

Table 2. Differences between LSR whitefish caught in littoral (Lit) and profundal (Prof) habitats based on Siwertsson et al. (2013), and sample

size (N) for the morphometric analyses in this study.

Lake Habitat N FST
1 SI2 Diet3

Stomach contents
Gill rakers4

Prof Lit Pel

Lahpojavri 0.024 5.2 0.13

Lit 44 12 84 4 26.7

Prof 15 99 1 0 24.9

Suopatjavri 0.019 4.6 0.29

Lit 40 6 39 55 27.8

Prof 15 72 5 23 25.3

Vuolgamasj 0.014 4.7 0.26

Lit 43 9 47 44 25.3

Prof 36 73 13 14 23.4

Genetic differentiation (FST), difference in centroid location of stable isotope ratios of carbon and nitrogen (SI), and diet similarity (Diet) between

fish from the two habitats. Stomach contents (%) were divided into profundal (Prof), littoral (Lit), and pelagic (Pel) prey items, and the most

important prey group is in boldface.
1Based on 16 neutral microsatellite loci. All comparisons were statistically significant (P < 0.05).
2All comparisons were statistically significant (P � 0.001).
3Schoeners index based on stomach contents. Values >0.6 are generally interpreted as biologically significant similarities.
4Mean number of gill rakers. All comparisons were statistically significant (P � 0.01).

Figure 1. Illustration of landmark positions used in geometric

morphometrics and measurements of morphological traits. The

interlandmark distance between 1 and 12 was used as a measure of

standard length for the size correction of trait measurements. Only

landmarks 1 – 13 (filled symbols) were included in the geometric

morphometric analyses of body shape.
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used to standardize morphological trait measurements to

the mean size using the allometric growth formula:

log10 Ystd ¼ log10 Yobs þ bðlog10 Lstd � log10 LobsÞ (1)

where Ystd is the size standardized trait value, Yobs is the

measured trait value, Lstd is the mean body length of

whitefish, and Lobs is the measured body length. The

performance of the size-correction method was checked

by linear regressions of each trait and body length, which

were all non-significant. For multivariate analyses of the

combination of all linear trait measurements, we used the

log10-transformed size standardized trait values (log10Ystd)

throughout.

Body shape was quantified using landmark based

geometric morphometrics, based on 13 landmarks (Fig. 1)

(Adams et al. 2004; Zelditch et al. 2004). To compare

shape differences only, effects of size, position, and orien-

tation were removed from landmark configurations by

Procrustes superimposition using MorphoJ v.1.03d (Klin-

genberg 2011). The standardized landmark coordinates,

Procrustes coordinates, were used as shape variables in

analyses of body shape.

Statistical analyses

General differences in each of the ten measured linear

traits between littoral and profundal foraging specialists

were statistically tested using t-tests with Bonferroni

corrections to adjust significance levels.

Two multivariate methods were used to identify pat-

terns of morphological variation between the predefined

foraging specialists. A Principal Component Analysis

(PCA) was performed on the shape variables and on the

linear measurements to explore the major axes of mor-

phological variation among individuals. Two-way analy-

sis of variance (ANOVA) was used to test for differences

between lakes, foraging specialist groups and their

interaction in the most important first three Principal

Components. Canonical Variate Analyses (CVA) comple-

mented the PCAs in using the predefined group infor-

mation to maximize between-group variation relative to

within-group variation. The CVAs were performed on

the shape variables and the linear traits separately, and

were used to quantify and visualize differences in

morphology between the two foraging specialist groups

and between lakes. The accuracy of the discrimination

functions was assessed by leave-one-out cross-validation.

Multivariate morphological differences (for shape vari-

ables and linear traits separately) were statistically

examined using Hotelling’s T2 tests between foraging

groups, and one-way multivariate analysis of variance

(MANOVA) between lakes. To illustrate body shape

features associated with the different PC and CV axes,

in the analyses using shape variables, we used thin-plate

splines (TPS) to produce transformation grids represent-

ing positive and negative deviations from the mean

shape. Transformation grids were generated using

MorphoJ v.1.03d (Klingenberg 2011). Sexual dimorphism

was not observed in either body shape (Hotelling’s

T2
22,170 = 14.73, P = 0.92) or the measured morphologi-

cal traits (Hotelling’s T2
10,182 = 1.23, P = 0.27), and

analyses were performed on both sexes combined.

Table 3. Ten morphological traits of possible adaptive value, measured as the distance between specific landmark pairs (Fig. 2).

Morphological trait Landmarks Expected direction Observed direction

Eye diameter 14–15 P > L1,2 P > L P < 0.001 ***

Snout length 1–14 P > L1,2 P = L P = 0.06 NS

Maxilla length 1–16 P > L1,2 P > L P < 0.001 **

Head length 1–4 P > L1,2 P > L P < 0.001 ***

Head depth 2–17 P > L2,3 P > L P < 0.001 ***

Body depth anterior 6–7 P > L2,3 P > L P < 0.001 **

Body depth posterior 8–9 L > P1 P = L P = 0.59 NS

Caudal peduncle depth 10–11 L > P1, P = L2, P > L3 P � L P < 0.05 NS

Dorsal fin length 6–18 P > L1, L > P3 P > L P < 0.001 ***

Pectoral fin length 5–19 P > L1,2,3 P > L P < 0.001 ***

These traits were selected based on significance of differences between littoral and profundal morphs of other salmonid fish species. The expected

and observed directions of differences are indicated for each trait (P: profundal, L: littoral). P-values for the observed differences between littoral

and profundal specialists are based on t-tests of each size-corrected trait and stars indicate significance levels after Bonferroni correction

(* P < 0.05, ** P < 0.01, *** P < 0.001, NS: P > 0.05).
1Klemetsen et al. (2002) Evidence for genetic differences in the offspring of two sympatric morphs of Arctic charr. J Fish Biol 60:933-950.
2Kahilainen and Østbye (2006) Morphological differentiation and resource polymorphism in three sympatric whitefish Coregonus lavaretus (L.)

forms in a subarctic lake. J Fish Biol 68:63–79.
3Zimmerman et al. (2006) Phenotypic diversity of lake trout in Great Slave Lake: differences in morphology, buoyancy, and habitat depth. Trans

Am Fish Soc 135:1056–1067.
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To evaluate the relative importance of parallel and

non-parallel (divergent) evolutionary effects on morphol-

ogy, we followed the logical framework of Langerhans and

DeWitt (2004). A parallel morphological response was

deemed to occur where there was a similar morphological

divergence across foraging specialists between different

lakes. A non-parallel response was defined as when there

were lake-specific differences (or lake-foraging specializa-

tion interactions). To test this we performed a two-way

MANOVA, separate for body shape and linear trait mea-

surements, with lake, foraging specialization, and their

interaction as factors predicting morphology. To evaluate

the relative importance of the three factors we estimated

effect sizes using Wilk’s partial g2 (partial variance; multi-

variate approximation of SSeffect/(SSeffect + SSerror), see

Appendix of Langerhans and DeWitt 2004). As Procrustes

coordinates are not free from allometric effects (Klingen-

berg 1996), a multivariate analysis of covariance (MAN-

COVA) was used for the analyses of body shape. The

response variables were all the Principal Components

(PCs; from the PCA using shape variables), and centroid

size served as the covariate controlling for multivariate

allometry. Canonical variate scores from these two-way

MAN(C)OVAs were extracted using the candisc package

v.05-21 by M. Friendly and J. Fox in R.

The CVA describing body shape differences between

the three lakes was performed in PAST v.2.15 (Hammer

et al. 2001) using all the PCs with non-zero eigenvalues

to ensure that the degrees of freedom were correctly

computed from the Procrustes coordinates. Other

analyses using shape variables were performed in

MorphoJ v.1.03d (Klingenberg 2011). All other statistical

analyses were performed in the R statistical environment

(R Development Core Team 2011).

Results

Overall body size and individual trait
measurements

Whitefish body size (fork length) was similar in littoral

and profundal habitats (two-way ANOVA: F1,259 = 0.460,

P = 0.50), but differed between lakes (F2,259 = 7.485,

P < 0.001). Whitefish from SU were larger (mean � SD:

25.4 � 6.7 cm) than in LP (22.2 � 4.2 cm) and VG

(22.7 � 5.7 cm) (Tukey’s pairwise HSD tests: SU-LP and

SU-VG P < 0.01, LP-VG P = 0.77).

Significant differences between littoral and profundal

foraging specialists were found in seven of the ten selected

linear traits (Table 3). In all these traits, profundal

specialists expressed larger values compared with littoral

specialists, which was also expected based on previous

studies (Table 3).

Major axes of morphological variation
(PCAs)

In the PCA of body shape, the first PC (28.5% of total

variation) was mainly associated with bending of the fish

body, which is an unwanted effect occurring during the

photographing (Fig. A1). The second and third PCs

described body shape variation independent of bending.

High values of the second PC (17.0%) were associated

with shorter head and caudal region, and deeper body

form (Fig. A1). A two-way ANOVA revealed significant

differences between both lakes and foraging specialists on

this PC axis (Table A1). Profundal specialists had signifi-

cantly higher values on the third PC (14.7%), which was

associated with more robust body and head, and down-

facing tip of the snout (Fig. A1 and Table A1).

Using size-corrected linear measurements, the first three

PCs explained 82% of the total morphological variation.

The first PC (59.2%) was affected by smaller head charac-

teristics (smaller eye, shorter snout, maxilla, and head)

(Table A2). The second PC (14.7%) was mainly affected by

longer fins (dorsal and pectoral), and the third PC (8.2%)

by larger eye and shorter maxilla length (Table A2). There

were significant differences both between lakes and forag-

ing specialists in all three PC axes (Table A1, Fig. A1).

However, based on the F-values differences between littoral

and profundal foraging specialists were best described by

the second PC, while between lake differences were

described by the first and second PC (Table A1, Fig. A1).

Morphological differences between littoral
and profundal specialists

The discrimination analyses revealed that across all lakes

90.7% of all fish were correctly assigned to their foraging

specialization based on body shape, and 83.4% based on

linear trait measurements (cross-validated values). This

indicates that fish specializing on similar resources had

similar morphology, irrespective of the lake of origin. The

body shape of littoral and profundal specializing fish

differed significantly (Hotelling’s T2 = 346.98, P < 0.001),

with a difference measured as Procrustes distance of

0.015. Littoral specialists had a more slender body shape

and smaller head compared with profundal specialists,

which were characterized by a deeper body and head,

with the eye more dorsally positioned (Figs. 2, 3).

The linear trait measurements were also significantly

different between the foraging specialist groups (Hotell-

ing’s T2 = 13.33, P < 0.001). Based on the loadings on

the discriminant axis (Table 4) and t-tests of individual

size-corrected trait measurements (Table 3) profundal

specialists had longer heads, larger eyes, and longer

pectoral fins compared with littoral specialists (Fig. 3).
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Profundal specializing fish also had larger anterior com-

pared to posterior body depth, that is, had an enlarged

anterior part of the body. Altogether seven of the ten

measured traits were significantly different between lit-

toral and profundal specialists in the expected direction

based on the literature (Table 3).

Littoral

(A)

(B)

(C)

Profundal

Figure 2. Illustration of body shape differences between whitefish specializing on littoral and profundal resources in (A) LP, (B) SU, and (C) VG.

Figures represent thin-plate spine transformations of the mean shape of each foraging specialist group from the consensus shape in each lake,

and are magnified 3 times for easier interpretation. Note that the size of fins and eye was not included in the analyses of body shape and should

not be interpreted from the illustrations.

(A)

(B)

Figure 3. Morphological differentiation between whitefish specializing on littoral and profundal resources. (A) Body shape variation is described

by the discriminant function (DF1) from the discrimination analysis of shape versus foraging specialization, and the shapes at the position of the

arrows are illustrated using thin-plate spline transformations relative to overall mean shape. The landmark vectors show the relative magnitude of

change in the location of each landmark, with the points representing the overall mean shape, and lines pointing in the direction of littoral and

profundal morphology, respectively. Solid lines between ends of vectors are drawn to aid interpretation. (B) Variation in linear morphological traits

is described by the discriminant function (DF1) from the discrimination analysis of all ten linear traits versus foraging specialization. Importance of

individual traits on DF1 is presented in Table 4.
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Morphological differences between lakes

Our classification of all fish to lake origin correctly

assigned 82.9% based on body shape, and 76.2% based

on measured morphological traits. Fish body shape was

significantly different between all three lakes (MANCOVA

(covariate: centroid size): Wilk’s lambda = 0.177, df = 44,

336, P < 0.001). The magnitude of shape differences

between lakes, as measured by Procrustes distances, was

larger between SU and the other two lakes (LP: 0.020,

VG: 0.018) than between LP and VG (0.012). Fish from

SU generally had a deeper body and markedly shorter

heads and caudal peduncles than in the other two lakes

(Figs. 2, 4). Fish from VG had the most robust overall

shape, with deep body forms and large heads.

Whitefish from the three lakes were also different in

the measured morphological traits (Fig. 4, MANOVA:

Wilk’s lambda = 0.248, df = 20, 362, P < 0.001). High

values on the most important first discriminant axis

(CV1) were associated with smaller eye, shorter snout,

longer head, and deeper body form (Table 4). Fish from

SU had high values of CV1 (mean � SD: 1.66 � 1.47),

VG intermediate (�0.14 � 0.72), and LP had low values

(�1.36 � 0.76) (Fig. 4).

Parallel and non-parallel morphological
divergence

The two-way MANCOVA used to estimate the relative

importance of foraging specialization, lake, and their

interaction on body shape variation revealed significant

effect of centroid size (F = 14.63, df = 22, 165,

P < 0.001), indicating multivariate allometry. We found

significant effects for all factors of primary interest on

both body shape and linear trait measurements, indicating

both parallel and non-parallel morphological evolution

(Table 5). Lake was always the most important term with

partial variances of 52% for body shape and 98% for lin-

ear trait measurements. The partial variance explained by

parallel evolution to similar foraging specializations was

38% using body shape and 63% using linear trait mea-

Table 4. Loadings (importance) of the different morphological traits

on the discriminant function axes for morphological differences

between whitefish specializing on littoral and profundal resources,

and from different lakes. The three most important traits on each

axis are indicated by boldface.

Morphological trait

Foraging

specialization

Lake

(CV1)

Lake

(CV2)

Eye diameter 6.60 �13.32 �9.77

Snout length �10.01 �15.37 �1.43

Maxilla length 1.71 8.96 22.09

Head length 26.02 15.91 15.87

Head depth 3.82 �0.42 �14.31

Body depth anterior 15.00 16.31 8.35

Body depth posterior �12.20 17.81 2.11

Caudal peduncle depth 2.45 �6.77 �8.79

Dorsal fin length 2.75 8.83 10.51

Pectoral fin length 14.07 �8.20 4.42

(A) (B)

(C)

Figure 4. Differences in morphology between

whitefish from the three different lakes based

on Canonical Variate Analyses (CVA) of (A)

body shape versus lake, and (C) ten linear

traits versus lake (mean � SD for each lake).

Arrows in (A) indicate the positions of shapes

in (B). Body shape variation (B) is described by

the discriminant functions from the CVA,

illustrated using thin-plate spline

transformations relative to overall mean shape.

The landmark vectors show the relative

magnitude of change in the location of each

landmark, with the points representing the

overall mean shape, and lines pointing in the

direction of the lake-specific morphology. Solid

lines between ends of vectors are drawn to aid

interpretation. The importance of individual

linear traits on CV1 and CV2 in (C) is

presented in Table 4.
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surements (Table 5). However, the morphological diver-

gence between littoral and profundal specialists was not

of the same magnitude in all lakes, which resulted in

significant interaction terms (Fig. 5, Table 5).

Discussion

Parallel phenotypic evolution occurs when independent

evolutionary lineages evolve similar traits in response to

similar selective regimes, and has been documented for a

wide range of animals (e.g., Jones et al. 1992; Eroukhma-

noff et al. 2009; Losos 2009; Langerhans 2010). In this

study, we found evidence for parallel morphological

divergence between profundal and littoral resource spe-

cialists in three populations of European whitefish. This

parallelism was found in both overall body shape and

selected morphological traits. Evidence suggests that spe-

cialization on littoral and profundal resources developed

in sympatry within these lakes. First, migration between

lakes is likely to be low or absent based on geographic

features (see Materials and Methods). Second, whitefish

from VG and LP were morphologically more similar to

each other than to fish from SU, indicating that within-

lake processes are more important than geographical

proximity for explaining the variation in whitefish mor-

phology. Third, an independent origin of profundal spe-

cialists recently gained support from a study in a nearby

watercourse. Phylogenetic analyses including 17 micro-

satellite loci suggested that profundal specialist morphs of

whitefish have diverged in sympatry within different lakes

(Præbel et al. in review). Taken together, it is most likely

that the lakes in this study represent independent repli-

cates of a similar evolutionary process, although confir-

mation from phylogenetic studies within these lakes is

still lacking.

In addition to parallel evolutionary effects, independent

populations inhabiting similar environments also fre-

quently show some phenotypic differences, resulting from

non-parallel evolution (e.g., Berner et al. 2010; Rosenb-

lum and Harmon 2011; Kaeuffer et al. 2012). We quanti-

fied the relative importance of parallel (in response

foraging specialization) and non-parallel (lake-specific

responses) effects on morphological variation using the

framework presented by Langerhans and DeWitt (2004).

We found that in terms of magnitude non-parallel evolu-

tion between lakes explained a greater proportion (about

45% more) of the overall variation in morphology than

the parallel effects of resource specialization. This strongly

suggests that either lake-specific selection conditions are

shaping the morphological response of the LSR whitefish

in different ways in each lake or that whitefish are

responding differently and in a non-parallel fashion to

the same selection conditions in each lake. However, none

of the measured lake characteristics (Table 1) seem to be

directly related to these non-parallel differences in fish

morphology. Based on physical lake characteristics LP

(size) and VG (proportion of available littoral and pro-

fundal areas) are the most different lakes, while it was fish

(A) (B)

Figure 5. Canonical scores discriminating

between littoral (L) and profundal (P) specialist

groups, extracted from MAN(C)OVAs including

the effects of foraging specialization, lake and

their interaction on (A) body shape and (B)

linear trait measurements.

Table 5. Results from two-way MANCOVA of body shape and two-way MANOVA of linear trait measurements comparing the relative impor-

tance of parallel (foraging specialization; Spec.) and non-parallel (Lake, and Spec. 9 Lake interaction) effects on morphology.

Effect Wilk’s Lambda df P-value Partial variance1 [%] Relative variance2 [%]

Body shape Spec. 0.624 22, 165 <0.001 37.6 72.7

Lake 0.233 44, 330 <0.001 51.7 100

Spec. 9 Lake 0.422 44, 330 <0.001 35.0 67.7

Trait values Spec. 0.567 10, 178 <0.001 63.2 64.4

Lake 0.299 20, 356 <0.001 98.0 100

Spec. 9 Lake 0.630 20, 356 <0.001 51.9 52.9

1Partial variance explained was estimated using Wilk’s partial g2.
2Relative variance represents partial variance for a given factor divided by the maximum partial variance in the model (i.e., for lake).
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from SU that was morphologically most different from

the other two lakes (Fig. 4). Despite evidence of a non-

parallel divergence effect it is clear that there is also

strong parallel morphological divergence. The parallelism

in morphology occurs in groups defined by similar eco-

logical traits in different lakes. This strongly supports the

hypothesis that divergent natural selection that results

from differential specialization on multiple ecological

resources is a key process in population divergence and

adaptive radiation (Endler 1986; Smith and Sk�ulason

1996; Schluter 2000).

The parallel morphological effect supports the previ-

ously reported ecological divergence of LSR whitefish into

distinct littoral and profundal foraging specialists (Siw-

ertsson et al. 2013). Profundal foraging specialists in this

study strongly resembled the phenotypes of profundal

specialist morphs of whitefish (Kahilainen and Østbye

2006; Harrod et al. 2010) and other fish species (Klemet-

sen et al. 2002; Zimmerman et al. 2006). This provides

strong support for the adaptive significance of the

observed morphological characteristics. Whitefish special-

izing on profundal resources in this study had a more

robust body shape, with deep body, a relatively large head

compared to body size, large eyes dorsally positioned, and

long pectoral fins. This study was based on the expecta-

tion that specialization on contrasting resources was the

driving factor behind the observed morphological diver-

gence. However, other biotic and abiotic differences

between the two habitats may also influence the studied

morphological traits. Morphological variation in fish has

been described for a wide range of environmental and

ecological factors, such as water depth (Zimmerman et al.

2006), water chemistry (Bourgeois et al. 1994; Crispo and

Chapman 2011), substrate type (Kristj�ansson et al. 2002;

Komiya et al. 2011), prey type (Mittelbach et al. 1999),

and predation risk (reviewed in Langerhans 2010).

Several of the observed morphological characteristics of

the profundal specializing fish have been shown to be of

adaptive value for other profundal species. Large eyes are

an adaptation to feeding under low light conditions in

fish (Pankhurst 1989; Schmitz and Wainwright 2011),

and other vertebrates (Hall and Ross 2007; Hall 2008;

Schmitz and Motani 2010). Deep body form and ventrally

positioned mouth have been suggested as adaptations to

feeding near or in the soft sediments in cichlids living in

deep water (Genner and Turner 2012). In cichlids, larger

head sizes are an indirect effect of increased gill size,

correlated to low levels of dissolved oxygen (Langerhans

et al. 2007; Crispo and Chapman 2011). It is possible that

a similar mechanism may be operating in the reported

foraging specialists. The larger caudal region and smaller

head and anterior body observed in littoral foraging

whitefish specialists are generally thought to be adapta-

tions to predation from piscivorous fish (Langerhans

2010), such as pike (Esox lucius) and perch (Perca fluvia-

tilis), which is more likely in the littoral compared to the

profundal zone. It is likely that the selective forces on

body morphology are complex and influenced by multiple

biotic and abiotic factors, and that current morphology

reflects both contemporary and historical selection pres-

sures (e.g., Langerhans et al. 2007; Spoljaric and Reim-

chen 2007; Kristj�ansson et al. 2011). More comprehensive

studies are thus needed to more clearly elaborate which

proximate factors actually drive the observed morphologi-

cal divergence between littoral and profundal specialists.

However, there are a number of ultimate effects.

The significant effect of lake on whitefish morphology

indicates that genetic differences between whitefish from

different lakes may at least partly influence the direction of

evolution of morphological traits. However, the observed

morphological diversity in whitefish is likely related to both

genetic divergence and environmental effects on the devel-

opmental processes, i.e., phenotypic plasticity. The relative

contribution of these two sources is unknown in the pres-

ent whitefish populations, but it is likely to vary between

different morphological characters and possibly between

different populations. In whitefish, gill raker number is a

trait considered to have high heritability, with little scope

for plastic changes (Sv€ardson 1952, 1979; Siwertsson et al.

2012). Thus, the documented differences in gill raker num-

ber between littoral and profundal specializing whitefish

within all three lakes (Table 2; Siwertsson et al. 2013) may

be the result of gene frequency change driven by selection.

Less is known about the genetic and plastic effects on

whitefish body shape and the morphological traits included

in this study, but Sv€ardson (1950) demonstrated an effect

of phenotypic plasticity on several measures of head and

body proportions related to changes in growth rate. Mor-

phological differences associated to trophic behavior are

known to have a genetic basis in several fish species (e.g.,

McPhail 1984; Sk�ulason et al. 1989). More specifically,

several morphological and behavioral adaptations to

profundal resource utilization in Arctic charr have been

shown to be genetically determined (Klemetsen et al. 2002,

2006). However, in fish many morphological characters

also show strong plastic responses to changes in environ-

ment or resource use during the life-time of an individual,

and in some cases polymorphism may result primarily from

phenotypic plasticity (e.g., Hindar and Jonsson 1993;

Mittelbach et al. 1999; Adams and Huntingford 2004). The

size and shape of bones and muscles may be greatly modi-

fied by the physical process of feeding (Wainwright et al.

1991; Mittelbach et al. 1999), and plasticity may also be

particularly pronounced in fish as they show indeterminate

growth. In this study, temporal variation in competition

and prey availability in profundal and littoral habitats, and
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the proximity between the two habitats are factors that

would favor some levels of phenotypic plasticity. Regardless

of the mechanism of divergence, the replicated morpholog-

ical divergence between littoral and profundal specializing

whitefish reflect the importance of divergent natural selec-

tion and adaptive (plastic or genetic) differentiation

(Winemiller 1991; Johnson and Belk 2001). Probably both

genetic divergence and phenotypic plasticity are important

in the observed morphological differences between profun-

dal and littoral resource specialists.

The profundal specializing whitefish in this study is as

specialized on profundal food and habitat resources as the

discrete small body sized profundal whitefish small spar-

sely rakered (SSR) morph that has been described else-

where (Harrod et al. 2010; Siwertsson et al. 2010, 2013).

The morphological differences between littoral and pro-

fundal specializing whitefish reported in this study resem-

ble the morphologies of the clearly separated littoral (LSR)

and profundal (SSR) whitefish morphs (Kahilainen and

Østbye 2006; Harrod et al. 2010). Possible differences in

magnitude of morphological divergence have not been

evaluated in this study. However, for gill raker number,

the divergence is less pronounced here than between the

two discrete whitefish morphs (Kahilainen and Østbye

2006; Harrod et al. 2010; Siwertsson et al. 2010, 2013).

Genetic differences between both previously reported lit-

toral and profundal morphs and the specialists included in

this study are significant, albeit weak (Siwertsson et al.

2013; Præbel et al. in review). Altogether, our results sup-

port the suggestion by Siwertsson et al. (2013) that the

large body sized sparsely rakered (LSR) whitefish special-

ists reported in this study represent an early stage of diver-

gence of two morphs specializing in littoral and profundal

foraging resources.

In conclusion, we confirmed the expectations of paral-

lel morphological divergence based on contrasting

resource specializations in the studied whitefish popula-

tions. However, non-parallel lake-specific morphological

characteristics were also evident. The morphology of

profundal foraging specialists was similar to profundal

specialist morphs of whitefish and other fish species,

which suggest an adaptive significance of the recorded

morphological traits. Furthermore, this study, showing

similar phenotypic adaptations to similar environments,

supports the suggestion from Siwertsson et al. (2013) of

ecological and morphological divergence within the LSR

whitefish morph, possibly leading to the formation of two

discrete benthic specialist whitefish morphs.
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Appendix

Table A1. Effects of lake, foraging specialization (Spec.), and their interaction on the first three PC-axes from PCAs of body shape and linear trait

measurements, estimated using two-way ANOVA.

Variance
Spec. Lake Spec. 9 Lake

Explained (%) F P-value F P-value F P-value

Body shape PC 1 28.5 21.9 <0.001 5.8 <0.01 0.3 0.72

PC 2 17.0 17.4 <0.001 91.9 <0.001 0.3 0.76

PC 3 14.7 24.7 <0.001 1.6 0.20 2.1 0.12

Linear traits PC 1 59.2 11.6 <0.001 77.1 <0.001 0.1 0.87

PC 2 14.7 75.6 <0.001 14.2 <0.001 0.6 0.52

PC 3 8.2 16.4 <0.001 50.1 <0.001 9.7 <0.001

Table A2. Loadings (importance) of different linear traits on the first three PC-axes. The three most important morphological traits are in

boldface.

Morphological trait PC1 PC2 PC3

Eye diameter �0.31 0.21 0.50

Snout length �0.77 �0.34 0.01

Maxilla length �0.43 0.14 �0.63

Head length �0.30 0.11 0.09

Head depth �0.12 0.20 0.01

Body depth anterior 0.06 0.29 �0.21

Body depth posterior 0.05 0.18 �0.25

Caudal peduncle depth �0.01 0.18 �0.24

Dorsal fin length �0.02 0.48 �0.23

Pectoral fin length �0.15 0.63 0.37

(A)

(B)

Figure A1. Mean values for littoral and profundal resource specialists in each of the three lakes along the first three PC-axes from PCA of a)

shape variables and b) ten linear morphological traits. Shape changes along the PC-axes are illustrated (a) using thin-plate spline transformations

of the mean shape in the most extreme populations relative to the overall mean shape. Shape changes are magnified 3 times for easier

interpretation. The landmark vectors show the relative magnitude of change in the location of each landmark, with the points representing the

overall mean shape, and lines pointing in the direction of the lake-specific morphology. Solid lines between ends of vectors are drawn to aid

interpretation. The importance of individual linear traits on each PC-axes in b) is presented in Appendix Table A2.
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