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Introduction

Polymorphism refers to the presence of individuals of 
two or more phenotypic forms in a biological popula-
tion, which are potentially able to mate randomly, at 
a given time and within an area. It can occur, e.g. in 
anatomical, behavioural, and life-history traits. It has 
been found in many freshwater fish populations, for 
example, several morphs of Arctic charr and whitefish 
within a postglacial lake (Klemetsen, 2013; Thomas 
et  al., 2019). Phenotypic polymorphism may be due 
to hereditable genetic variability or environmental 
factors, and the effect of these factors may be diffi-
cult to distinguish. For example, feeding differences 
may be due to intra-lake differences in food resources 
or inherited behavioural traits. Thus, differences in 
behaviour may or may not be genetically determined 
(Magnhagen, 2012). Eventually, polymorphism of 
traits related to the probability of mating between 
individuals can lead to sympatric speciation.

Polymorphism is an important phenomenon that 
needs to be understood to better protect the species 
at the population level. Several advantageous conse-
quences have been suggested to stem from polymor-
phism in traits within a population. Occupation of 
several different niches enables the utilization of a 

Abstract  In this study, polymorphism in behaviour, 
morphology, and stable isotope signatures of burbot 
from Lake Southern Konnevesi, Finland, Europe, was 
examined. First, local knowledge was collected on 
exceptional polymorphism of the spawning behav-
iour and morphology of burbot. These phenomena 
were then studied based on catch samples. Interviews 
and catch sample analyses suggested two morphs of 
burbot: one morph spawning in late February in the 
littoral zone and other in late March, in deep profun-
dal, depths of about 30 m. Fish caught from the pro-
fundal zone had higher average proportional somatic 
body weights and wider heads than those caught from 
the littoral spawning sites in February. The length-
at-age of the individuals from the littoral catch was 
longer than that of the profundal catch. Stable isotope 
analysis revealed differences in the mean carbon iso-
tope ratio between sampling sites, suggesting differ-
ences in diet. Variability in several of the aforemen-
tioned variables was correlated. This study is the first 
to imply polymorphism in burbot populations from a 
lake in Eurasia, where burbot are considered as near-
threatened species.
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greater diversity of resources and reduces intraspe-
cific competition. Polymorphism may also enhance 
population stability and persistence, colonization 
success, range expansions, evolutionary potential, 
and speciation (Forsman et al., 2008; Schindler et al., 
2010; Wennersten & Forsman, 2012; Bernatchez, 
2016; Forsman, 2016).

Burbot [Lota lota (Linnaeus, 1758)] is a freshwater 
gadoid fish with circumpolar distribution. It resides in 
lakes, rivers, and coastal brackish waters with well-
oxygenated cold-water habitats available all year 
round. Interestingly, in North American lakes, this 
species exhibits considerable polymorphism, from 
two parapatric subspecies L. l. lota and L. l. maculosa 
(Lesueur, 1817) on a continental scale to within-lake 
variability in reproduction, with individuals spawn-
ing in shallow, deep profundal, and riverine sites. The 
spawning time also varies considerably from mid-
winter, under the ice, to the open water season (Elmer 
et al., 2008, 2012; Underwood et al., 2016; Blumstein 
et  al., 2018). Such variability can be important for 
resilience during global warming, as ice conditions, 
and consequently, the phenology of events are chang-
ing rapidly (Sharma et al., 2016; Korhonen, 2019).

In Eurasia, intra-lake polymorphism in burbot 
behaviour has not been reported. However, burbot are 
known to spawn in the deep profundal zone, to depths 
of more than 40  m in alpine lakes, at the southern 
edge of their distribution (Hirning, 2006; ref. Probst, 
2008). Conversely, shallow littoral spawning has been 
documented in regularly frozen lakes, in the northern 
part of their distribution, and only in mid-winter (e.g. 
Lehtonen, 1998). Exceptionally, in Lake Southern 
Konnevesi in Central Finland, fishermen have tradi-
tional and experience-based local knowledge of two 
different types of burbot in terms of spawning time 
and location. Additional information on the polymor-
phism of burbot populations may prove significant for 
the protection of its populations as burbot abundance 
has shown a decreasing trend worldwide (Stapanian 
et al., 2009), including Finland, where they have been 
recently classified as a near-threatened species in the 
IUCN Red List (Hyvärinen et al. 2019). Currently, it 
is routinely assumed that individuals of burbot within 
one lake form one population; however, genetically 
distinct subpopulations with different phenological 
characteristics worth preserving may exist in reality.

The aim of this study was (i) to collect local 
knowledge on burbot polymorphism by interviewing 

experienced fishermen (ii) to assess polymorphism by 
comparing the timing of gonadal development, mor-
phometrics, and stable isotope ratios from catch sam-
ples collected from traditionally known littoral and 
profundal fishing grounds.

Materials and methods

Study area

Lake Southern Konnevesi (hereafter Konnevesi) is 
located in central Finland (62° 40ʹ N, 26° 30ʹ E). It 
is the central lake of the Rautalampi watercourse, 
which is the north-eastern tributary of the Kemijoki 
catchment area. The lake is geologically young and 
glacial in origin (a more detailed description in Kar-
jalainen et  al., 2022). Konnevesi covers an area of 
120 km2 with mean and maximum depths of 12.5 m 
and 56 m, respectively. The lake is oligotrophic and 
has a low colour content (15–25 mg Pt l–1). The total 
phosphorus concentration in winter is 6 µg  l–1 (data 
from the observation station Konnevesi 64, March, 
depth 25  m, open data, www.​syke.​fi/​avoin​tieto). As 
far as the records show, Konnevesi is completely fro-
zen every winter, typically in December, but vary-
ing from November to January in different years. Ice 
break-up typically occurs in the first half of May, and 
sometimes at the end of April. In recent decades, the 
period of ice cover has been decreasing.

Local knowledge

The survey sought to find Konnevesi fishermen who 
were experienced in specifically targeting burbot 
from deep profundal waters during winter. Four fish-
ermen—two individual fishermen and two that were 
fishing together—were found and interviewed to 
obtain information on the winter behaviour of burbot 
from Lake Southern Konnevesi. Each individual has 
been fishing in Konnevesi for several decades, and 
their traditional knowledge of fish and fisheries is 
dated to the 1930s and beyond. The interviews were 
not structured; however, the fishermen were encour-
aged to share their experiences on burbot spawning 
times and locations and any specific features related 
to burbot appearance and behaviour.

http://www.syke.fi/avointieto
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Sampling

Burbot were sampled from four locations on Konn-
evesi, from the catch of one of the fishermen inter-
viewed. He used self-designed two-throated wire 
trap nets at each site. Catches from the littoral 
zone (bottom depth < 10  m) were collected from 
three sites: L1 Lanstunlahti, L2 Pienilahti, and L3 
Hömpänlahti (Fig. 1). These sites were known to be 
shallow water spawning grounds in February. Sam-
ples were collected on 15 and 22 February, 2015.

Samples from the catch in the deep profundal 
zone (depth of approximately 30  m) were taken at 
site P1: Häntiäisselkä on February 26 and March 
8, 2015. From this site, ripe burbot are caught up 
to the end of March. The fisherman also recorded 
the spawning peak (mainly assessed by the high-
est proportion of catch with eggs and milt running) 
in the years 2015–2019. Littoral sites were located 
approximately 1 km (L1) to 3 km (L2, L3) from the 
profundal site.

The sampled individuals (Table 1) were selected 
visually from the catch to cover the length distribu-
tion of the catch as evenly as possible. At every site, 
most of the catch consisted of males. The sample 
from the profundal site P1 consisted of somewhat 
older fish than those from littoral samples.

Preparation, measurements, and analyses

Samples were stored in a freezer (– 20 °C) and thawed 
for 12–15 h in a cold-water tank prior to laboratory 
examination. The following morphometric variables 
were recorded:

–	 Total length (TL), accuracy of 1 mm
–	 Standard length (TL—caudal fin length), accuracy 

of 1 mm
–	 Length of the dorsal fin, accuracy of 1 mm
–	 The shortest distance between upper edges of 

eyes, accuracy of 0.1 mm
–	 Length from the mid-edge of the snout to the right 

eye, accuracy of 0.1 mm
–	 Length from the snout to the first spine of the dor-

sal fin, accuracy of 0.1 mm
–	 Length from the snout to the pelvic spine, accu-

racy of 1 mm
–	 Wet weight, accuracy of 0.1 g
–	 Somatic weight (weight without internal organs)
–	 Gonad weight, accuracy of 0.1 g
–	 Liver weight, accuracy of 0.1 g.

The fish were photographed prior to examinations 
for potential further scrutiny.

The body cavity was opened, the internal organs 
(intestine, heart, liver, pancreas, and gonads) were 

P1
L1

L3
L2

1000 m

Fig. 1   A map of Lake Southern Konnevesi, showing the burbot sample sites for winter 2015. L littoral, P profundal
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removed, and the fish was weighed. Sex was deter-
mined macroscopically from the gonads, and the state 
of maturity was assessed using the Kesteven (1960) 
scale, modified for burbot:

–	 Immature (Kesteven 1–2) gonads not fully devel-
oped for spawning during this season

–	 Developing (Kesteven 3–4) gonads, eggs visible, 
milt or eggs do not run when pressed gently

–	 Ripe/spawning (Kesteven 5–7) gonads, fully 
developed, milt or eggs do not run when gonads 
are pressed gently, milt or eggs run when pressed 
gently

–	 Spent (Kesteven 8) gonads emptied, remains of 
milt or eggs visible.

Age was determined from the otoliths (sagittae). 
Otoliths were cut in half by pressing them from the 
centre with the blunt side of a knife blade against 
the palm. The cutting surface was sanded with very 
fine sandpaper to reveal the middle cross-section. 
Otoliths were then stained for 15  min in a neutral 
red solution (e.g. Raitaniemi et  al., 2000; Easey & 
Millner, 2008). Age was determined by counting 
annual rings from the prepared otolith cross-section 
with a stereomicroscope. Two people independently 
determined and compared the age of the fish. If they 
differed, counting was repeated until a consensus 

was reached. Age was coded with the assumption 
that the fish was born on the first of January. Thus, 
for example, a 5 + fish in its sixth year was coded as 
6 years old.

The stable isotope ratios of carbon (13C/12C) and 
nitrogen (15N/14N) were measured. A small sample 
of white muscle tissue, from a depth of 1 cm, was 
cut from the side of the fish, just below the anterior 
dorsal fin. Samples were stored frozen (– 20 °C) in 
sealed glass tubes and later dried with Christ, alpha 
1–4 LD plus freeze-dryer for approximately 14  h. 
Samples were pulverized and a 0.55–0.65 mg sam-
ple was weighed into a tin foil cup. Samples were 
analysed using a stable isotope mass spectrometer 
(Thermo Finnigan DeltaPlus Advantage) connected 
to an elemental analyser (Flash EA 1112). Results 
were expressed using the standard delta (δ) nota-
tion as parts per thousand (‰) difference from the 
international standard. Internal standards of known 
relation to the international standards of Vienna Pee 
Dee belemnite (for carbon) and atmospheric N2 (for 
nitrogen) were used as reference material. The pre-
cision was always better than 0.2‰ based on the 
standard deviation of the replicates of the internal 
standards. Sample analysis also yielded the percent-
age of carbon and nitrogen from which C/N ratios 
(by weight) were derived.

Table 1   Distribution of 
certain variables in burbot 
catch samples, selected 
based on length, from 
different sites in Lake 
Southern Konnevesi

P profundal, L littoral, Q 
quartile, Age expressed as 
number of annuli + 1

Variable Site Percentile Sex n

Min Q1 Q2 Q3 Max ♂ ♀

Total length, mm P1 Häntiäisselkä 293 354 395 429 526 35
L1 Lanstunlahti 284 348 405 446 546 9
L2 Pienilahti 242 266 345 419 498 17
L3 Hömpänlahti 190 250 296 417 474 7

Weight, g P1 Häntiäisselkä 159 375 529 699 1278 35
L1 Lanstunlahti 168 342 600 727 1240 9
L2 Pienilahti 96 132 266 534 902 17
L3 Hömpänlahti 54 101 211 548 866 7

Age P1 Häntiäisselkä 6 7 8 8 14 35
L1 Lanstunlahti 4 5 6 7 8 9
L2 Pienilahti 3 5 6 7 8 17
L3 Hömpänlahti 3 4 5 7 7 7

n by sex P1 Häntiäisselkä 28 7 35
L1 Lanstunlahti 7 2 9
L2 Pienilahti 11 6 17
L3 Hömpänlahti 5 2 7
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Statistical analyses

Data were sorted by sample site and zone (littoral/
profundal). The differences in distributions of the 
state of maturity between littoral profundal samples 
were analysed using a χ2-test.

For different morphometric variables, compari-
sons were first made between sites using analysis 
of covariance (ANCOVA) or analysis of variance 
(ANOVA). Site was used as a factor, total length as 
a covariate, and sex as factor if the effect was sta-
tistically significant (P < 0.05). If the factor sample 
site had a significant effect on the dependent vari-
able, pairwise comparisons between the sites were 
made using the least significant difference (LSD) 
test. Second, nested ANOVA/ANCOVA with the 
zone (littoral or profundal) as a fixed factor and 
site within a zone as a random factor was applied 
to assess whether the differences between sites were 
associated significantly to these zones.

Effects of the variables on stable isotope ratios 
(δ) were analysed using the same principle as the 
morphometric data.

In all comparisons, the effects of length and sex 
on the dependent variable was controlled, if signifi-
cant. Importantly, Log10-transformation was applied 
to both the covariate length and, where appropriate, 
the dependent variable (mentioned in the results) 
to ensure a linear relationship between the covari-
ate and the dependent variable and the to meet the 
requirements for the distribution of the residuals. 
The relationship between the covariate length (L) 
and any weight-dimension-dependent variables, W 
(fish weight or liver weight), was routinely assumed 
to be a power function, and thus linearized by the 
log-transformation of both variables as:

Ratio-based indices (e.g. Fulton’s condition 
index and hepatosomatic index) were not used in 
the analysis because the relationship between the 
weight-dimension-dependent variable and total 
length as a covariate cannot be routinely assumed 
to be isometric, i.e. to obey the cube law, which is: 
b = 3 (e.g. Froese, 2006).

Power functionW = a L
b, then

Linear function LogW = Log a + b Log L.

Differences in length-at-age were analysed using 
the von Bertalanffy (1938) growth model with indica-
tor (dummy) variables in two phases, due to the high 
number of parameters to be estimated vs. number of 
observations. Differences between pooled littoral 
(sites L1–L3 combined) and the profundal samples 
were analysed using the following model:

where La = total length (mm); L∞ = mean asymp-
totic length-at-age ∞; ILP = parameter for the pro-
fundal site effect on L∞; Prof = dichotomous indi-
cator variable, 0 for littoral and 1 for profundal 
fish; ILS = parameter for the effect of sex on L∞; 
Sex = dichotomous indicator variable, 0 = female, 
1 = male; K = growth coefficient; IKP = parameter 
for the effect of profundal on K; IKS = parameter for 
the effect of sex on K; Age = age in years, coded as 
mentioned above; t0 = imaginary age when L = 0. For 
simplicity, the effect of the profundal site and sex was 
assumed to be independent (no interaction).

Parameters of the growth model and their confi-
dence intervals were estimated using an iterative least 
squares regression. Both the dependent variable La 
and the model were log-transformed to correspond 
to the general requirements for the residuals. The fit-
ting of the model was performed in a way where the 
parameters L∞, K, and t0 were always included in the 
model; however, additional parameters were added 
stepwise by forward selection starting from the one 
where the fit of the model improved the most sig-
nificantly. The next most significant was then added 
if the addition had a significant effect on fit. The 
significance of the fit improvement was assessed by 
the F-test (P < 0.05) between models with and with-
out the new variable. Additionally, when the parsi-
monious model was reached, residuals (predicted—
observed values) were calculated for all littoral site 
fish. Residuals were then compared between littoral 
sites (ANOVA) to assess whether size-at-age differed 
between different littoral sites.

The association of variability, the covariation 
between two variables that showed significant dif-
ferences between sites, was robustly analysed using 
the Spearman correlation coefficient (ρ). First, the 
effect of length and sex was modelled if significant 

Log10
(

L
a

)

= Log10((L∞ + ILP × Prof + ILS × Sex)

× (1 − exp ((−K + IKP

×Prof + IKS × Sex) ×
(

Age − t0

)))

),
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(ANCOVA), and the model residuals were calcu-
lated. These residuals contain variability that was not 
dependent on length or sex. The ρ and its P-value for 
all pairs of residual variables were then calculated.

Results

Local knowledge

Burbot polymorphism was first brought to the atten-
tion of researchers by a local fisherman. This survey 
found four fishermen that actively targeted burbot 
from deep profundal areas, while fishing in the win-
ter. Interviews with them established the unanimous 
view that early- and shallow-spawning, mature burbot 
occurred in nearshore littoral trap nets at depths of 
approximately one to a few metres in February. The 
catch per unit effort typically peaked in the second 
half of February, when spawning occurred, i.e. eggs 
and milt run when the belly of the fish was lightly 
pressed. About a week later, the catch per unit effort 
in the littoral zone dropped to virtually zero.

The interviewed fishermen fished for burbot in 
the profundal zone with special vertically set yarn or 
wire trap nets, typically one month later. Some of the 
fishermen also used gillnets. Catches of ripe/spawn-
ing individuals peaked in the second half of March. 
They fished in three different profundal ‘hot spots’ 
within different basins. These sites were located on 
steep slopes at a depth of approximately 30 m in the 
basins with the maximum depth of more than 40 m, 
and were characterized by solid clayish substrates. 
According to one of the fishermen, the ‘hot spots’ 
were small and narrow in depth. If a trap net was set 
in a position 5 m shallower or deeper than 30 m, hori-
zontally by only a few tens of metres from the ‘hot 
spot’, the catch was practically zero. To their knowl-
edge, local people were already aware of the profun-
dal ‘hot spots’ of the late winter spawning burbot, at 
least in the 1930s or perhaps before.

One of the fishermen had noticed that the late pro-
fundal-spawning individuals were different in shape 
from the littoral fish, i.e. the profundal fish were more 
‘robust’, more reminiscent of ‘Baltic Sea burbot’ 
than the shallow-spawning fish (Baltic Sea burbot 
are known to be heavier relative to their length than 
lake burbot, Gottberg, 1910). He further noted that 
fish caught in the profundal site in March were less 

afflicted with parasites than those caught in the litto-
ral sites in February. They had a much lower preva-
lence of cataracts, caused by eyeflukes (Diplostomum 
sp.) and lower numbers of liver cysts (Triaenophorus, 
Cestoda).

Immediately after the break-up of ice and before 
the impact of waves, he observed car tire-sized round 
dips at the depth of 0.5–1 m on sandy beaches near 
his littoral fishing sites. He regarded them as ‘burbot 
nests’ where littoral spawners released their eggs.

Catch samples

Phenology of the stage of maturity

Ripe/spawning fish were observed at all sites (Fig. 2). 
The timing of gonadal maturation between the littoral 
and profundal sites differed. At profundal site P1 on 
February 26, 2015, the fish were typically at an ear-
lier stage of maturity than the fish that were sampled 
earlier at the littoral site, despite a later sampling time 
(littoral samples combined, immatures excluded, χ2-
test, P < 0.05).

In the later profundal sample taken on March 
8, 2015 a significantly higher proportion of the 
fish were ripe/spawning than in the earlier (differ-
ence between profundal samples, χ2-test, P < 0.03), 
approximately at the same stage as that from the lit-
toral catch 2–3 weeks before. According to the catch 

0%

20%

40%

60%

80%

100%

Feb 15
L2, n = 17

Feb 22
L1 & L3, n = 16

Feb 26
P1, n = 20

Mar 8
P1, n = 15

Date, site, number of observa�ons

Immature Developing Ripe/Spawning Spent

Fig. 2   Distribution of sexual maturity of burbot in different 
sampling sites in Lake Southern Konnevesi, using the modified 
Kesteven (1960) scale. L littoral, P profundal
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monitoring data by a local fisherman, the peak in the 
proportion of spawning fish, eggs and milt running 
easily, occurred at profundal site P1 in the last third 
of March 2015, and in later years also, about a month 
later than that in littoral sites. The peak at littoral sites 
occurred in late February.

Morphology

Statistically significant differences in morphological 
variables were found between sites when effects of 
total length and sex were controlled, when necessary 
(Table 2). First, the logarithmic somatic body weight 
at the profundal site was higher than that at any litto-
ral site (Fig. 3A, Table 2). No significant differences 
were found between littoral sites. In the nested analy-
sis, the difference between the littoral and profundal 
zones was significant. Second, the distance between 
the eyes was longer for individuals at the profundal 
site. (Fig.  3B, Table  2). In pairwise comparisons 
between sites, all P < 0.064 for the profundal site P1 
compared to any littoral site. No significant differ-
ences were found between the littoral sites. In the 
nested model, the difference between the zones was 

significant. Third, the logarithmic distance from the 
snout to the right eye differed between fishes from 
different sites (Fig.  3C, Table  2) and was found to 
be significantly longer for those at the profundal site 
P1 than those at L2 and L3. In the nested model, the 
differences were, however, not significantly associ-
ated with the zones. Finally, the logarithmic weight 
of the liver of fishes at the profundal site P1 was sig-
nificantly higher than those at L2 and L3 (Fig.  3D, 
Table  2). Sex influenced liver weight, with the geo-
metric mean liver weight being 24% smaller for 
females than that for males. No significant differences 
in the liver weight were found between the littoral 
sites. The zone had a marginally (P < 0.1) significant 
effect on the liver weight in the nested model.

No significant differences between sites (all 
P > 0.2) were found in the other morphological vari-
ables tested (see list of all variables in the Materials 
and Methods).

Stable isotope and elemental ratios

Significant differences in the carbon isotope ratio 
(δ13C) were found between the sites (Fig. 4, Table 2). 

Table 2   P-values for factors site and sex and covariate length, 
in ANOVA/ANCOVA, and for fixed factor Zone (Littoral/Pro-
fundal) in nested models for the different morphological vari-

ables and carbon (C) and nitrogen (N) stable isotope ratios of 
burbot from Konnevesi

- not significant, not included in the final model, Lg variable log-transformed
The adjusted R2 of the final model and the p-values from the pairwise comparisons between the sites, are indicated

Variable Lg somatic weight Distance bw. eyes Lg Distance snout-eye Lg Liver weight Lg-δ13C δ15N

ANOVA/ANCOVA
 Factor site  < 0.001 0.020 0.001 0.001  < 0.001 0.041
 Factor sex – – – 0.009 – –
 Cov. length  < 0.001 Lg  < 0.001  < 0.001 Lg  < 0.001 Lg – 0.001 Lg
 Adj. R2 0.979 0.780 0.873 0.883 0.315 0.280

Pairwise comparisons
 P1 vs. L1 0.006 0.063 0.759 0.133 0.029 0.313
 P1 vs. L2  < 0.001 0.021  < 0.001 0.001  < 0.001 0.920
 P1 vs. L3 0.001 0.016 0.044 0.001  < 0.001 0.007
 L1 vs. L2 0.441 0.982 0.006 0.325 0.498 0.406
 L1 vs. L3 0.438 0.494 0.142 0.087 0.013 0.120
 L2 vs. L3 0.856 0.021 0.361 0.270 0.029 0.012

Nested models
 Factor zone  < 0.001 0.002 0.389 0.096 0.254 0.551
 Factor sex – – – 0.094 – –
 Cov. length  < 0.001 Lg  < 0.001  < 0.001 Lg  < 0.001 Lg –  < 0.001
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The δ13C in the profundal site was significantly lower 
than that in any littoral site. Littoral site L3 differed 
significantly from the other two littoral sites. How-
ever, according to the nested model, the differences 
were not significant between the profundal and litto-
ral zones.

Between-site differences were also found in the 
nitrogen isotope ratio (δ14N) (Fig. 4, Table 2) with the 
profundal site differing from the littoral site L3 only, 
but not from other littoral sites. Littoral site L3 also 
differed from L2. There was no difference between 
zones.

No significant differences were found in the car-
bon-to-nitrogen ratio (C/N) between the sites.

Size‑at‑age

Growth analysis using the von Bertalanffy Model 
(Fig.  5, Table  3) revealed a significant difference in 
size-at-age between the pooled littoral site samples 
and the profundal site (F-test, P = 0.003), compared 
to the model without the indicator variable for the 
effect of profundal site on L∞  (indicator variable 

Prof: 0 = littoral, 1 = profundal; parameter ILP). The 
estimate of the parameter ILP was negative, and the 
asymptotic length was smaller at the profundal site. 
No significant differences (ANOVA, P = 0.31) were 
found between littoral sites in the residuals from this 
model. 

Association between variables

A significant association of residual variability was 
found between several variables after the removal of 
any significant effect of length and/or sex, but not 
those of the sampling site or the zone (Table 4). For 
example, the residual of high somatic weight was 
associated with that of a large head, high liver weight, 
low δ13C, and small size-at-age, thus indicating slow 
growth.

Discussion

The results of the catch sample analysis suggested 
that behavioural polymorphism occurred in Lake 

Fig. 3   Phenotypic charac-
teristics of selected Lake 
Konnevesi burbot samples 
from different sites. A The 
geometric mean of somatic 
body weight, the weight 
without internal organs, 
standardized for the total 
length of 370 mm; B the 
distance between the eyes, 
standardized for the total 
length of 379 mm; C the 
geometric mean length, 
from the mid snout to the 
right eye, standardized for 
379 mm total length; and 
D the geometric mean liver 
weight, standardized for 
the total length of 370 mm. 
P profundal site, L littoral 
site. Vertical lines = stand-
ard error, numbers above 
x-axis indicate P-value for 
differences between the lit-
toral sites and the profundal 
site
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Konnevesi burbot between different sampling sites. 
This conclusion was consistent with the local knowl-
edge of the fishermen about at least two distinct bur-
bot spawning peaks—the first in late February and 
the second in late March.

Four fishermen from Konnevesi deliberately tar-
geted burbot at the deep (about 30 m) profundal sites 
during the ice-covered seasons. However, there may 
well be more, as the total number of people engaged 
in fishing in Konnevesi is at least several hundred, 
and burbot is their common catch. In 2003–2004, the 
annual burbot yield of Konnevesi was approximately 
four tonnes (Valkeajärvi & Salo, 2006). Winter fish-
ing for spawning burbot in littoral areas by angling, 
baited hooks, and trap nets was common in Konn-
evesi, as in other Finnish lakes. Gillnetting (for rec-
reational, household, and commercial use) is allowed 
and common in Finland. However, gillnetting often 
targets pike and pikeperch during winters, and there-
fore focuses on their overwintering areas, with the 
highest catch per unit effort typically occurring at 
depths of less than 20 m. Therefore, any kind of rec-
reational fishing in deeper areas is quite rare during 
the winter. This traditional Finnish fishing behaviour 
makes it understandable that previously documented 
knowledge (Lehtonen, 1973a, 1998 and references 
therein) on the spawning of burbot in Finnish lakes 
and Baltic Sea coastal waters mentions only littoral 
spawning. It occurs typically in January in southern-
most Finland, in February in most parts of Finland, 
the latitudes of Lake Konnevesi included, or in early 
March in northern Finland. Globally, we did not 
find any literature regarding several spawning peaks 
within a single lake anywhere outside of North Amer-
ica. In the Laurentian Great Lakes of North America, 
considerable intra-lake polymorphism in spawn-
ing time from winter to spring and summer spawn-
ing occurs (Jude et  al., 2013) indicating high flex-
ibility in the reproduction behaviour of this species. 
The Great Lakes are of the same age as that of the 
Northern European lakes but have a completely dif-
ferent size and are more habitually diverse. This may 
explain why several morphs have evolved in the Great 
Lakes. On the other hand, European burbot may be 
more polymorphic than that reported because local 
knowledge has not been systematically collected so 
far. Burbot sampling in winter has also not been com-
prehensive in different habitats.
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Notably, actual spawning in the deep profundal 
slopes of Konnevesi has not yet been confirmed 
by visual observations or by the discovery of egg 
deposits, despite attempts to use underwater cam-
eras with infrared light and sediment sampling by 
the authors, in recent years. In principle, late matur-
ing, profundal-residing fish can migrate to other 
locations for spawning, even to the littoral zone. 
In Northern Europe, the hatching of burbot larvae 
occurs around the break-up of ice, typically in early 
May (Lehtonen, 1998). In larval sampling for core-
gonid fishes, burbot larvae are regularly obtained as 
by-catch, in both littoral and pelagic areas in Konn-
evesi and other Finnish lakes (Karjalainen et  al., 
1998 and own unpublished data). The embryonic 

development of burbot requires approximately 
100–120 degree days (Műller, 1960). In winter, 
under ice, the surface water temperature in both 
pelagic and littoral areas is typically below 1  °C; 
however, it is 1–3  °C warmer  in the deep profun-
dal bottom waters (Valkeajärvi, 1988; own observa-
tions; and for more detailed under-ice temperature 
dynamics see Pulkkanen, 2013). Spawning burbot 
should lay their eggs in warmer profundal waters 
in late winter to obtain the required degree days 
for hatching, assuming that the timing of hatching 
also matches with the break-up of ice. Interestingly, 
in large pre-alpine lakes that typically do not have 
ice cover in winter, e.g. at Lake Constance in cen-
tral Europe (Franssen & Scherrer, 2008), burbot do 

Table 3   Parameter estimates of the von Bertalanffy growth equation including the effect of the profundal site, and the 95% trimmed 
range

For model structure, see the section on Statistical analyses

Parameter Estimate 95% trimmed range Explanation

L∞ 760 530 to 1050 Asymptotic length when age = ∞
K 0.11 0.07 to 0.34 Growth coefficient
t0 0.07 – 1.0 to 2.2 Virtual age when L = 0
ILP – 114  − 194 to − 40 Effect of profundal site on L∞

Table 4   The Spearman correlation coefficient (ρ) between standardized model residuals of different variables that had significant 
differences between the sample sites

Residuals were calculated using ANCOVA/ANOVA and by removing the effect of the covariate length and the factor sex, if signifi-
cant, log-transformed if necessary, but not the effect of site. For the length-at-age (La), the effect of age was removed by the von Ber-
talanffy model (Table 3). The significant (P < 0.05) correlation coefficients are in bold. The P-value is also in bold, if P < Bonferroni-
corrected critical value 0.0024 = 0.05/21
Lg variable log-transformed

The residual of the variable Distance bw. eyes Lg Distance 
snout-eye

Lg Liver weight Lg -δ13C δ14N Lg La

Lg Som. weight ρ 0.343 0.277 0.486 0.401 0.094 − 0.372
p 0.004 0.022  < 0.001  < 0.001 0.451 0.002

Dist. bw. eyes ρ 0.160 0.163 0.231 − 0.032 − 0.000
p 0.191 0.198 0.058 0.800 0.999

Lg Dist. snout-eye ρ 0.120 0.344 0.273 − 0.305
p 0.344 0.004 0.025 0.011

Lg Liver weight ρ 0.387 − 0.054 − 0.127
p 0.002 0.673 0.318

Lg δ13C ρ 0.175 − 0.271
p 0.157 0.026

δ15N ρ − 0.449
p 0.001
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indeed spawn in the deep profundal zone to depths 
of 40–120  m (Hirning, 2006; ref. Probst, 2008) 
instead of the littoral zone. On the other hand, con-
siderable intra-lake polymorphism has been found 
at spawning site selection in the Laurentian Great 
Lakes. There the sites range from the littoral to deep 
profundal (Jude et al., 2013).

Our morphological measurements implied mor-
phological polymorphism between the sampling 
sites. Some of the polymorphism was clearly asso-
ciated with the zones (littoral and profundal) from 
where the samples were caught. As suggested, indi-
viduals caught in the profundal zone proved, on 
average, to be stouter, relatively more muscular, 
with relatively wider heads than those from the lit-
toral catch. Marginally significant polymorphism was 
also observed in proportional liver weight, which is 
known to remain fairly constant or even diminish dur-
ing the winter period (Lehtonen, 1973a; Pulliainen 
& Korhonen, 1990). Contrary to this expectation, 
fish caught later from the profundal site had heavier 
livers. Differences in some variables were found not 
only between littoral and profundal sites, but also 
between different littoral sites. Polymorphism may 
be multi-dimensional, in addition to the dimension 
littoral–profundal. There is also a considerable prob-
ability that spuriously significant differences emerge 
in the ANOVA/ANCOVA comparing each site to all 
others. These differences should be considered pre-
liminary and should be confirmed/rejected with more 
extensive sampling.

Notably, all morphological variables were con-
trolled based on fish size and sex, if necessary. There-
fore, these results were not artefacts due to differences 
in size and sex distribution between sites. We are not 
aware of any previous observations of anatomical/
morphological polymorphism, other than sexual, in 
burbot within a lake, or between lakes outside North 
America (Fisher et al., 1996; McPhail & Paragamian, 
2000; Elmer et  al., 2008; Recknagel et  al., 2014). 
With respect to sexual dimorphism, our observations 
were inconsistent with those reported by Cott et  al. 
(2013), who found that males had smaller livers than 
those of females.

The ratio of stable carbon isotopes differed 
between sites but not significantly between zones. 
The stable isotope signatures do not only depend 
on feeding but also on the geographic locations that 
determine the base-line level. Both the δ13C and δ15N 

values in the burbot, from site L3, were clearly dif-
ferent from those at other sites, which may be due to 
the fact that this site is within a different basin. This 
renders it difficult to assess the genuine effect of zone 
on the results.

Overall, the lower average δ13C value in the pro-
fundal site individuals compared to those in any lit-
toral site, suggest that the profundal-residing fish 
relied more on the pelagic autochthonous food web in 
their feeding than the burbot sampled from the littoral 
sites (Vander Zanden & Rasmussen, 1999; Syväranta 
et  al., 2006). The differences in spawning times or 
sites, within the basin do not imply differences in 
feeding habitats and habits; however, the carbon iso-
tope ratio contains information on long-term feeding. 
In addition, differences in size-at-age between littoral 
and profundal-residing fish, supports the conclusion 
that the Konnevesi burbot are polymorphic in terms 
of food and/or habitat temperature.

The nitrogen isotope ratio is known to increase 
by approximately 3 ‰ between trophic levels in the 
food web (DeNiro & Epstein, 1981; Minagawa & 
Wada, 1984; Peterson & Fry, 1987a, b). No differ-
ences in δ15N within the same sub-basin (P1, L1, and 
L2) were observed between the profundal and littoral 
samples, suggesting that the fish were fed at the same 
trophic level.

Burbot in Finnish lakes have been suggested to 
change their feeding habitat and food between the 
seasons (e.g. Lehtonen, 1998; Pääkkönen, 2000), 
with adult individuals residing in cool deep profundal 
waters during the warmest months, and more widely 
at different depths during the cooler season. However, 
our understanding of the feeding niche of burbot may 
be biased. Sampling in feeding studies has usually 
been targeted at habitats where burbot are assumed 
to reside most likely in different seasons. Therefore, 
sampling during the open water season has concen-
trated mostly on deep profundal. A high critical maxi-
mum temperature, a high optimum temperature for 
metabolism, and the ability to feed at higher tempera-
tures, however, enables burbot to succeed in a vari-
ety of environments in the summer (Pääkkönen et al., 
2003). A more comprehensive and detailed under-
standing of burbot feeding biology, including habitat 
and food selection, requires a spatiotemporally more 
systematic stomach sampling approach in the future.

One issue with the data from this study is that 
some of the fish residing in the littoral zone in 
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February, might have migrated into the deep profun-
dal zone later in the spring, and vice versa. Thus, we 
must not assume that littoral and profundal samples 
originated from completely separate subpopulations. 
Some sample fish collected from the profundal site 
may have recently resided in the littoral zone. How-
ever, in this preliminary study, we did not select the 
sampled fish on the basis of sexual maturity before 
analysis, but analysed samples in their original state. 
Burbot disappear from the littoral zone by the begin-
ning of March at the latest (own observations; Gott-
berg, 1910; Lehtonen, 1973b) to depths of more than 
10–15 m (Lehtonen, 1973b).

Valkeajärvi (1983) found that Carlin-tagged bur-
bot in Konnevesi moved several kilometres across the 
basin and into other basins from the original tagging 
and release sites (tagged at a littoral spawning site in 
February). Other studies (e.g. Koops, 1959; Tesch, 
1967) have confirmed a wide range of movement 
in burbot. Harrison et  al. (2015) showed spatiotem-
porally consistent personality-dependent space use 
in burbot, from ‘resident’ to ‘mobile’, and including 
seasonal plasticity in spatial behaviour. Hardy et  al. 
(2015) demonstrated adaptive plasticity in habitat 
selection. Despite uncontrolled and partial spatial 
mixing, clear differences in the average characteris-
tics of the fish between the littoral and profundal sites 
were observed in Konnevesi. Therefore, the results 
can be considered reliable and robust. In addition, 
several traits of fish were associated with each other, 
which also suggests that the Konnevesi burbot do not 
form a single population in which different traits are 
randomly distributed. Both behaviour and morpho-
logical traits have genuine polymorphism that mani-
fests as a correlated suite, at the individual level. The 
individual-level association should be further inves-
tigated in more detail, using advanced multivariate 
methods with larger datasets.

In principle, plasticity associated with ontogenic 
development of burbot could explain the phenomenon 
of older, late spawning fish residing in the profundal 
zone in late winter: young fish could tend to spawn 
in early winter in the littoral zone and when older, in 
late winter in the profundal zone. According to Gott-
berg (1910), the spawning time of burbot in Finland 
depends on size; larger individuals spawn later, but 
this has not been reported by recent studies (Lehtonen 
1973a, b, 1998; Vainikka & Heikkilä, 2005). In 
Konnevesi, the fact that profundal-sampled fish were, 

on average, slower growing and morphometrically 
different than littoral-sampled fish, suggests that typi-
cal profundal fish have different life-cycle tactics and 
behaviours than those of littoral fish for a consider-
ably long period of their life. These differences can-
not emerge simply because of an ontogenic niche 
shift within a homogenous population. Analysis of 
parasites living in fish for several years could provide 
additional information on multi-year isolation of fish 
(e.g. Huxham et al., 1995). One fisherman noticed a 
difference in cataracts between littoral and profun-
dal fish. The cataract causing Diplostomum eyeflukes 
accumulate for many years and are transmitted to the 
fish from littoral snails (Chappell, 1995). Their num-
bers thus correlate with the tendency of fish to reside 
in the littoral zone. Therefore, parasites in burbot 
should be studied further. Mark-recapture and teleme-
try studies can also provide additional information on 
the seasonal movements of burbot individuals.

Phenotypic polymorphism may arise within a 
genotype due to environmental factors, or it may be 
due to genetic polymorphism. If individuals are not 
plastic in their spawning behaviour from year to year 
but have spawning site fidelity and fixed phenol-
ogy, genetic isolation between morphs may develop 
rapidly, leading to even rapid speciation, despite the 
fact that in other life stages i.e. newly hatched lar-
vae, they would reside in the same area. Speciation 
due to spawning site segregation has recently been 
observed, for example, in flounder from the Baltic 
Sea (Momigliano et al., 2017). Despite its wide home 
range (Valkeajärvi, 1983), the burbot of Konnevesi 
may very well be philopatric and tend to be faithful 
to their spawning site. Hedin (1983) has shown that 
along the Baltic Sea coast burbot return to their home 
rivers to spawn. Significant genetic diversity in bur-
bot has recently been observed to occur at different 
spatial scales from different water bodies to within 
a water body (Barluenga et  al., 2006; Elmer et  al., 
2008; Underwood et al., 2016; Blumstein et al., 2018; 
Wetjen et al., 2019).

To conclude, both local knowledge and data sug-
gest behavioural and morphological polymorphism 
in burbot from Konnevesi. It appears that there are 
at least two burbot morphs with different spawning 
behaviour, both temporally and likely spatially, asso-
ciated with differences in morphology and perhaps 
feeding. The protection of harvested species requires 
an understanding of polymorphism, particularly for 
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the protection of genetic diversity of populations (e.g. 
Blumstein et  al., 2018). A deeper understanding of 
polymorphism in spatio-temporal traits of reproduc-
tive behaviour is required  for biologically sustain-
able fisheries management. The protection of habitats 
against effects of eutrophication and consequently, 
reduced oxygen levels, for example, are necessary to 
fully preserve the diversity within fish populations. 
Spatio-temporal polymorphism in reproduction may 
prove crucial for resilience against environmental 
stressors (sensu portfolio effect by Schindler et  al. 
(2010)), and the consequences of climate change, 
which is rapidly changing the length of winters and 
the timing of ice phenomena in boreal lakes. There-
fore, further studies of genetic polymorphism in bur-
bot within lakes are needed. The potential occurrence 
of reproductive polymorphism also needs to be stud-
ies on a wider geographical scale. To this end, the 
systematic collection of local knowledge should not 
be ignored, as traditional local knowledge regarding 
spawning sites and times is abundantly available and 
can cover much wider spatial and temporal scales 
than any scientific assessments can ever.
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