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Abstract
The mechanosensory lateral line of fishes is a flow sensing system and supports a number of behaviors, e.g. prey detection, 
schooling or position holding in water currents. Differences in the neuromast pattern of this sensory system reflect adapta‑
tion to divergent ecological constraints. The threespine stickleback, Gasterosteus aculeatus, is known for its ecological 
plasticity resulting in three major ecotypes, a marine type, a migrating anadromous type and a resident freshwater type. We 
provide the first comparative study of the pattern of the head lateral line system of North Sea populations representing these 
three ecotypes including a brackish spawning population. We found no distinct difference in the pattern of the head lateral 
line system between the three ecotypes but significant differences in neuromast numbers. The anadromous and the brack‑
ish populations had distinctly less neuromasts than their freshwater and marine conspecifics. This difference in neuromast 
number between marine and anadromous threespine stickleback points to differences in swimming behavior. We also found 
sexual dimorphism in neuromast number with males having more neuromasts than females in the anadromous, brackish 
and the freshwater populations. But no such dimorphism occurred in the marine population. Our results suggest that the 
head lateral line of the three ecotypes is under divergent hydrodynamic constraints. Additionally, sexual dimorphism points 
to divergent niche partitioning of males and females in the anadromous and freshwater but not in the marine populations. 
Our findings imply careful sampling as an important prerequisite to discern especially between anadromous and marine 
threespine sticklebacks.
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Introduction

Fish populations dwelling in habitats characterized by 
divergent hydrodynamic conditions are faced with differ‑
ent demands of the mechanosensory lateral line, a bilateral 
flow sensing system which responds to even very weak water 
movements (Kasumyan 2003; van Netten and McHenry 
2013; McHenry and Liao 2013; Herzog et al. 2017). This 
sensory system is crucial for a number of behaviors, such 
as prey detection, schooling, position holding in water cur‑
rents or predator avoidance and is, therefore, fundamental for 
individual fitness (Coombs and van Netten 2006; Bleckmann 
and Zelick 2009; van Netten and McHenry 2013; Schmitz 
et al. 2014).

The end organs and functional units of the lateral line 
system (LLS) are the neuromasts which are capable to detect 
mechanical stimuli caused by water movements (Dijkgraaf 
1963; van Netten and McHenry 2013; Herzog et al. 2017). 
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In teleost fishes, neuromasts are either enclosed in fluid-
filled canals (canal neuromasts, CNs) or free standing on 
the surface of the body (superficial neuromasts, SNs), with 
the latter sometimes lowered in shallow pits and grooves 
(Webb, 2014). These two general neuromast types are sensi‑
tive to different hydrodynamic stimuli. While CNs respond 
to flow acceleration SNs are velocity sensitive (van Netten 
and McHenry 2013; Schmitz et al. 2014).

Gasterosteus aculeatus Linnaeus 1758, the threespine 
stickleback, is a small active swimming teleost fish which 
inhabits various ecosystems: from morphologically uni‑
form habitats like the open water of oceans and large lakes 
to highly structured ones like rivers and brooks (Wootton 
1984; Bell and Foster 1994). Characterized by a high phe‑
notypic and ecotypic plasticity, it is, therefore, an excellent 
example of intraspecific segregation (summarized in Woot‑
ton 2009). The three major ecotypes which are discerned, 
marine, anadromous and freshwater, are adapted to divergent 
environments differing in hydrodynamic conditions and are 
characterized by distinct swimming modes (Wootton 2009; 
Bell and Foster 1994; Bell et al. 2004; Wund et al. 2012). As 
the freshwater ecotype evolved from the anadromous type 
(Schluter and Conte 2009), the marine type is ancestral to 
the anadromous ecotype (Dodson et al. 2009). Despite long-
lasting research on threespine stickleback radiation (Raey‑
maekers et al. 2005; Spoljaric and Reimchen 2011; Leinonen 
et al. 2011; Aguirre and Bell 2012; Svanbäck and Schluter 
2012; Wund et al. 2012; Vila et al. 2017) virtually nothing 
is known about the behavior and the habitat of the marine 
type (Demchuk et al. 2015; Ivanova et al. 2016; Ahnelt 
2018; Lajus et al. 2019; Rind et al. 2020). However, knowl‑
edge of the ancestral form, its intraspecific variability and 
polymorphism, provides insight into radiation patterns, and 
thus might help explaining why the same phenotypes have 
evolved repeatedly under similar environmental constraints 
(Schluter 1996; Walker and Bell 2000; Pfennig et al. 2010).

There are only few studies which described intraspe‑
cific diversity of the lateral line system of fishes (e.g. Jollie 
1975; Ahnelt and Göschl 2003; Fischer et al. 2013). But 
recently, this phenomenon has received more attention, 
especially concerning gasterosteid fishes (Wark and Pei‑
chel 2010; Jiang et al. 2015; Trokovic et al. 2011; Planidin 
and Reimchen 2019). These authors found that the LLS of 
the threespine stickleback varies in the number of its neu‑
romasts among populations (Wark and Peichel 2010) and 
among sexes (Planidin and Reimchen 2019) and suggest that 
these numerical differences are the results of environmental 
constraints.

In this study, we investigated differentiation of the head 
LLS of G. aculeatus populations concerning the three gen‑
eral ecotypes, a strictly marine ecotype that spends the entire 
life cycle in the sea, an anadromous ecotype that migrates 
from the sea into freshwaters to spawn and returns as 

juveniles to the sea, and a freshwater ecotype that spends its 
entire life cycle in freshwater. We were interested if and to 
which extent the head LLS of these general ecotypes, varied 
related to their divergent ecology and habitat. Although vir‑
tually nothing is known about the life-style and the habitat 
of the marine threespine stickleback, we predicted that the 
population of marine sticklebacks differs in the number of 
superficial neuromasts from the population of the anadro‑
mous sticklebacks. We also tested for sexual dimorphism in 
the topography of this sensory system, because males and 
females of the freshwater type are spatially segregated in the 
wild at least in large water bodies (Aguirre and Akinpelu 
2010; Cooper et al. 2011; Kitano et al. 2012). Addition‑
ally, we discuss differences in the pattern and the morphol‑
ogy of the LLS of east Pacific and east Atlantic (North Sea) 
sticklebacks.

Materials and methods

In this study, the head lateral line system of marine (marine 
spawning), anadromous (migrating from the sea into fresh‑
water for spawning), resident freshwater and brackish 
(brackish water spawning) threespine sticklebacks from the 
North Sea (region) was investigated.

Sampling sites

Threespine sticklebacks were sampled on four localities: 
(1) a strictly marine population in the German Wadden Sea 
(SPK), (2) an anadromous population (BKD), (3) a fresh‑
water population (UPF) in upcountry Denmark and, addi‑
tionally (4) a brackish water (euryhaline) population (RJF) 
(Fig. 1; Table 1). The marine population was sampled on a 
spawning site in a tidal creek in Königshafen, located in the 
Sylt-Rømø bight, at the Island of Sylt (Germany) with an 
annual mean salinity of 27.8 ‰. The anadromous population 
was sampled about 25 km upstream in Kisbæk, an inland 
creek of the Brede Å river system (Denmark). This river 
system discharges into the Sylt-Rømø bight and allows a 
barrier-free upstream migration. The freshwater population 
was sampled at Uge (Denmark) in a fishpond, constituting 
a groundwater fed former gravel pit with no surface afflux 
or efflux. The digging in the pit ended in the late 1980s. 
The fishpond measures approximately 5 ha and the maximal 
depth is 12 m. Because it originates from gravel dredging, 
it has a specific morphology with a short shallow shore and 
then a very steep slope. The coastal brackish water popula‑
tion was sampled on the island Rømø in the “put & take” 
fishpond north of Juvre (Denmark). This fishpond has a 
direct connection to the Wadden Sea, thus the salinity ranges 
between 13 and 20 ‰ depending on the tides and allows an 
unhindered migration of sticklebacks.
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Fish sampling

Fish were sampled between March and May 2011 using dip 
nets (water depth 0.1–0.6 m) and seines (water depth up to 
1.2 m). A total of 231 (116 males and 115 females) speci‑
mens were analyzed from the 4 populations (Table 1). Fish 
were euthanized with clove oil (one drop in one liter water) 
and further preserved in 4% formaldehyde. After 4 days 
and by passing an alcohol series the fish were transferred to 
70% ethanol. Sex was determined by visual inspection of the 
gonads through laterally opening the abdomen.

Lateral line groove and neuromast analyses

The topography of the LLS was assessed on both sides of 
the head using a binocular microscope. Transparency of the 
mucus of the skin was ensured by initial preservation in for‑
maldehyde. All neuromasts were large, of similar size and 
well visible under oblique lightning.

Gasterosteus aculeatus lacks lateral line canals and also 
canal neuromasts (Honkanen 1993; Wark and Peichel 2010). 
Consequently, the head lateral line is formed by superficial 
neuromasts only (Wark and Peichel 2010). These authors 
described in detail the pattern of these neuromasts for stick‑
lebacks of the east Pacific region. Their arrangement and in 
part their position on the head of these populations differed 
from the North Sea sticklebacks of this study. Therefore, 
our nomenclature of the head LLS differs partly from the 
nomenclature used by Wark and Peichel (2010) (see below).

Lateral line grooves

In generalized teleost fishes, the head lateral line canal 
system is formed by seven canals, the (1) supraorbital, (2) 
infraorbital, (3) otic, (4) postotic, (5) supratemporal, (6) 
mandibular and (7) preopercular canals (Webb 1989; Adri‑
aens et al. 1997). In many teleosts, these canals are inter‑
connected with each other forming a more or less closed 

Fig. 1   Sampling sites of Gasterosteus aculeatus. BKD Kiesbæk, 
Brede Å river system (Denmark), anadromous population; RJF Juvre 
(Rømø, Denmark), brackish water spawning population; SPK König‑

shafen (Sylt, Germany), marine population; UPF Uge (Denmark) 
freshwater population

Table 1   Marine, brackish, 
anadromous and freshwater 
populations of North Sea 
threespine stickleback

Values are size (standard length) in mm, minimum and maximum, and, in parentheses, mean
SPK marine spawning population Königshafen (Sylt, Germany), RJF brackish water spawning population 
Juvre (Rømø, Danmark), BKD anadromous population Kiesbæk, Brede Å river system (Denmark), UGE 
freshwater population Uge (Denmark)

Populations Coordinates Ecotypes Males + females Males Females

SPK 55°01′N, 08°26′E Strictly marine 45.8–61.4 (52.9) 45.8–56.4 (50.2) 46.3–61.4 (55.7)
RJF 55°10′N, 08°34′E Brackish 40.6–64.8 (53.8) 40.6–58.4 (51.2) 42.2–64.8 (56.4)
BKD 55°08′N, 08°49′E Anadromous 45.9–57.2 (52.1) 45.9–56.9 (50.2) 47.0–57.2 (53.8)
UPF 54°48′N, 09°18′E Freshwater 41.3–58.7 (48.3) 41.3–52.2 (46.6) 44.0–58.7 (50.2)
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system (Jollie 1975; Webb 1989). Reduction of these bony 
canals enclosing the epithelial lateral line canal is not always 
complete and often resulting in bony grooves (e.g. Marshall 
1986; Webb 2014). Therefore, lateral line grooves are inter‑
preted as incompletely developed (bony) lateral line canals 
(Webb 1989, 2014). These grooves may either carry the 
epithelial lateral line canal like many gobioid fishes (e.g., 
Marshall 1986; Ahnelt and Duchkowitsch 2004), or super‑
ficial neuromasts sit on their floor (Marshall 1986; Ahnelt 
and Bohacek 2004).

The lateral line grooves of the North Sea threespine stick‑
leback occur in the position of the seven lateral line canals 
but are generally not interconnected (e.g. the mandibular 
and the preopercular canals of G. aculeatus are distinctly 
separated from each other) (Figs. 2, 3). A tentative remnant 
of a former lateral line canal is the anterodorsal groove. This 
groove extends posteriorly to the supraorbital groove and—
often although not regularly—joins its counterpart in the 
dorsal midline (Fig. 2). In many cypriniforms, the supraor‑
bital canal extends posteriorly to the junction of the infraor‑
bital and otic canals for a short distance (e.g. Northcutt et al. 
2000; Ito et al. 2017) or is even reaching far behind on the 
head to the transversal supratemporal canal on the rear of the occipital region (e.g. Hensel, 1975; Bogutskaya, 1988). 

If short, a more or less long row of neuromasts extends 
caudally [termed e.g. ‘anterior head lines of pits’ (Pehrson 
1922), ‘anterior pit line’ (Jollie 1975), ‘accessory pit line’ 
(Northcutt et al. 2000), ‘postotic group’ (Nakae et al. 2013) 
or dorsolateral series (Becker et al. 2016)]. As there is no 
consistent nomenclature for these neuromasts and to facili‑
tate comparison, we stay with the term AP (anterior pit) 
introduced by Wark and Peichel (2010) for this neuromast 
unit of the threespine stickleback.

We found no specimen without grooves or with a particu‑
lar groove missing, although parts of grooves were reduced 
in some individuals. No neuromasts occurred in the course 
of these missing parts. To avoid a bias in neuromast num‑
bers, we did not consider specimens with such reduced canal 
sections.

Lateral line neuromasts

The most conspicuous difference between the east Pacific 
and the east Atlantic (North Sea) threespine sticklebacks 
were lateral line grooves developed in the latter (see below) 
but absent in the former. As a result, the majority of superfi‑
cial neuromasts sitting on the surface of the head in the east 
Pacific sticklebacks were lowered in grooves in the North 
Sea sticklebacks. Although in the threespine sticklebacks of 
our study, the neuromasts are not standing free on the head 
surface (‘superficial’) but are lowered in pits and grooves we 
stay with the term ‘superficial neuromasts’ of Wark and Pei‑
chel (2010). In many studies on the LLS of fishes, ‘superfi‑
cial neuromast’ is used for neuromasts not enclosed in canals 

Fig. 2   Schematic drawing of the lateral line grooves and pits in dorsal 
(a) and lateral (b) views. APG anterior pit groove, ETP ethmoidal pit, 
IOG infraorbital groove, MEP mental pit, MDG mandibular groove, 
ORP oral pit, OTG otic groove, POG postotic groove, PRG1 Verti‑
cal preopercular groove, PRG2 horizontal preopercular groove, PTG 
posttemporal groove, SOG supraorbital groove; STG supratemporal 
groove. The arrow indicates the separation of the two preopercular 
grooves (PRG1 and PRG2)

Fig. 3   Pattern of the lateral line grooves and pits of a representative 
threespine stickleback from the Brede Å river system (BKD), lateral 
view. APG anterior pit groove, ETP ethmoidal pit, IOG infraorbital 
groove, MEP mental pit, MDG mandibular groove, ORP oral pit, 
OTG otic groove, POG postotic groove, PRG1 vertical preopercu‑
lar groove, PRG2 horizontal preopercular groove PTG posttempo‑
ral groove, SOG supraorbital groove, STG supratemporal groove. 
Scale = 2 mm
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(‘canal neuromast’) (e.g., Kasumyan 2003; van Netten and 
McHenry 2013; Schmitz et al. 2014; Webb et al. 2014; Her‑
zog et al. 2017). Nevertheless, it should be considered that 
canal neuromasts are not always enclosed in canals but are 
standing ‘superficial’ (Ahnelt and Bohacek 2004; Figs. 1, 2, 
3; Ahnelt et al. 2004; Fig. 3).

Wark and Peichel (2010) distinguished nine neuromast 
rows on the head of the Pacific sticklebacks (ethmoidal, 
supraorbital, otic, supratemporal, anterior pit, infraorbital, 
mandibular, oral and preopercular). In this study, we discern 
13 neuromast rows. We use the following nomenclature for 
these 13 units (differences to Wark and Peichel in bold): (1) 
ethmoidal (ET), (2) supraorbital (SO), (3) anterior pit (AP), 
(4) otic (OT), (5) postotic (PO), (6) supratemporal (ST), 
(7) posttemporal (PT), (8) infraorbital (IO), (9) mandibular 
(MD), (10) oral, (11–12) preopercular (PR1 and PR2) and 
(13) mental (ME).

Wark and Peichel (2010) united the neuromast rows on 
the lower jaw and on the ventral (horizontal) arm of the pre‑
opercle to a single row (‘mandibular’). We define the MD 
row as restricted to the lower jaw (mandible) as this row of 
neuromasts is distinctly separated from those on the preoper‑
cle in all investigated specimens. Additional to MD, we also 
found neuromasts ventrally on the symphysis (‘chin’) (ME) 
of the lower jaw, so far not reported from Pacific threespine 
sticklebacks. We address these neuromasts as a distinct unit, 
because these ‘chin’ neuromasts develop independently from 
the mandibular canal and its canal neuromasts in teleost 
fishes (Webb and Shirey 2003). We separated the neuromasts 
on the preopercle in two units, PR1 on the vertical and PR2 
on the horizontal part of the reverse L-shaped preopercle by 
functional means, because neuromasts arranged in longitudi‑
nal and transversal rows respond to different water currents 
(Coombs et al. 1988). By the same reason, we differentiated 
between the longitudinal PO and the transversal ST rows 
which, together with the PT row were united to a single ST-
unit by Wark and Peichel (2010). Although per definition 
the PT neuromasts are part of the trunk LLS, we included 
them into the array of head neuromasts but as a distinct unit 
(see below).

The general topography (pattern) of the head LLS is 
very similar among the investigated populations. Based on 
their arrangement, we identified 13 (12 + 1) neuromast units 
arranged in ten (9 + 1) distinct grooves and three units stand‑
ing in pits on the surface of the head. ‘ + 1′ refers to the 
posttemporal groove and neuromasts, respectively (Fig. 4). 
As the posttemporal bone is part of the pectoral girdle, these 
neuromasts are per definition trunk neuromasts. Neverthe‑
less, the posttemporal bone links the shoulder girdle of tel‑
eost fishes tightly to the occipital region of the skull. This 
close proximity to the postotic part of the head LLS func‑
tionally ties the neuromasts of the posttemporal to the head 
canal system. Therefore, these neuromasts (or canal in many 

teleosts) are often included in the mechano-sensory head 
LLS like e.g. in gobiid fishes (as posterior oculoscapular 
canal e.g., Akihito 1986; Miller 1986). In the investigated 
threespine sticklebacks, the posttemporal bone forms a short 
longitudinal groove which carries a row of neuromasts. This 
is contrary to the typical trunk lateral line of this fish which 
generally consists of small groups of pits on the bony lat‑
eral plates (Wark and Peichel 2010; Planidin and Reimchen 
2019), or, if the plates are missing, of single neuromasts free 
standing on the skin (Wark and Peichel 2010). Nevertheless, 
it has to be noted that the separation of PO, PT and ST is just 
functional. These neuromasts are innervated by the ramus 
supratemporalis of the posterior lateral line nerve (Ahnelt 
and Bohacek 2004; Asaoka et al. 2011; Sato et al. 2019) 
which innervates the neuromasts on the trunk, the tail and 
the caudal fin (Asaoka et al. 2011; Ishida et al. 2015; Sato 
et al. 2019).

The 13 neuromast units are generally formed by rows 
of consecutively arranged neuromasts except for ET on the 
snout (ethmoidal region) where neuromasts are arranged in 
a more irregular pattern (Fig. 2). The following three units 
are not arranged in grooves but sit in pits: ET on the snout, 
ME on the symphysis of the lower jaws and OR on the cheek 
ventral to the eyes and posterior to the angle of the mouth. 
The following ten units are arranged in grooves: SO and IO 
around the orbit, OT, PO and ST posterior to the orbit, AD 
dorsal on the head, PR on the reverse L-shaped preoper‑
cle divided in a vertical (PR1) and a horizontal (PR2) part, 
MD on the lower jaw and PT on the posttemporal bone. No 

Fig. 4   Lateral line grooves and superficial neuromasts of the pos‑
torbital region, lateral view. APG anterior pit groove, OTG otic 
groove, POG postotic groove, PRG1 vertical preopercular groove, 
PTG posttemporal groove, SOG supraorbital groove, STG supratem‑
poral groove. White asterisks = first, 5th and last otic neuromasts; 
white vertical arrows = first and last postotic neuromast; vertical grey 
arrows = first and last posttemporal neuromast; black, short horizon‑
tal first, 4th and 7th preopercular neuromasts; black, long horizontal 
arrows = two last supraorbital neuromasts. Note that the neuromasts 
sit in pits on the floor of the canals, best visible in OTG, POG and 
SOG. a = anterior. Scale = 2 mm
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double rows or aggregations (patches) of neuromasts were 
found on the head.

Statistical analysis

General linear models were used to test for differences in 
average neuromast numbers as a result of population, sex 
and their interaction, separately for each neuromast row. 
Pair-wise comparisons were realized via t tests. A p value 
of 0.05 or smaller was regarded as statistically significant. 
Corrections for multiple pairwise tests are specified in the 
text where applicable. All analyses were conducted in IBM 
SPSS Statistics 26. Also, the graphics were created in IBM 
SPSS Statistics 26.

Results

To assess the topography of the head LLS, we investi‑
gated four populations of the threespine stickleback from 
the North Sea representing the three general ecotypes, i.e. 
strictly marine, spending its entire life cycle in the sea (Sylt 
Königshafen (SPK)), anadromous, hatching in fresh water, 
migrating to the sea and returning to freshwater for spawn‑
ing (Brede Å (BKD)) and resident freshwater (Uge (UPF)). 
Additionally, we included a fourth, euryhaline, population 
which spawns in brackish water (Rømø Juvre (RJF)). The 
marine and the anadromous population occur partly sympa‑
tric in a semi-enclosed bay of the North Sea, the Sylt-Rømø 
bight (Fig. 1).

General topography of the head lateral line system

Lateral line canals and canal neuromasts were lacking in 
all investigated specimens. Instead, bony grooves run in the 
course of the typically lateral line canals of teleost fishes. 
Consequently the head LLS of all investigated specimens 
were exclusively formed by superficial neuromasts. These 
neuromasts can be grouped in two general categories: (1) 
neuromasts running in bony grooves and (2) neuromasts sin‑
gle standing each lowered in a pit (Figs. 3, 4). Also within 
the grooves the neuromasts are lowered in pits, generally 
single but sometimes as short rows mostly of two to four 
neuromasts. These pits are roundish and formed by bone or 
by soft tissue.

The topography (pattern) of the head LLS is very similar 
among the investigated populations. Based on their arrange‑
ment we identified 13 neuromast rows (units). From these 
units, ten are lowered in grooves. The remaining three form 
a series of pits. We found no divergence between the popula‑
tions and no sexual dimorphism in this general pattern of the 
head LLS. More specifically, neuromasts were identified in 
all individuals in 10 of the 13 units. For the supratemporal 

groove (STG), no neuromasts could be identified in 1 male 
specimen from the anadromous population (BKD) out of 26 
specimens of the same population and sex. With regard to 
the mandibular groove (MDG), it was 1 male RJF (brack‑
ish water) individual out of 31 same-sex, same-population 
specimens, where no neuromasts were scored. The mental 
pit (MEP) showed the largest number of individuals that lack 
neuromasts in a unit. These individuals where distributed 
across both sexes and three of the four studied populations 
(percentages range between 16 and 57% across groups per 
sex and population). Only individuals from anadromous 
population (BKD) were never found to lack neuromasts in 
that pit.

Head lateral line grooves

We identified ten grooves carrying neuromasts on the 
head: the supra- and the infraorbital grooves (SOG, IOG) 
around the orbit, the otic, the postotic and the supratemporal 
grooves (OTG, POG, STG) posterior to the orbit, the ante‑
rior pit groove (APG) dorsal on the head, the preopercular 
groove (PRG, subdivided in the vertical PR1G and the hori‑
zontal PR2G, on the reverse L-shaped preopercle) and the 
mandibular groove (MDG) on the lower jaw (Fig. 3). The 
posttemporal groove (PTG) extended immediately posterior, 
and more or less in elongation of the postotic groove. The 
following 12 bones carry the 10 lateral line grooves: nasal 
and frontal bones (SOG), infraorbital bones 1–3 (IOG), 
sphenotic and pterotic bones (OTG), pterotic bone (POG), 
pterotic and epiotic bones (STG), frontal and supraoccipital 
bones (APG), preopercular bone (PRG1 + PRG2), dentary 
and angulo-articular bones (MDG) and posttemporal bone 
(PTG) (Fig. 2a, b).

All grooves were paired and developed left and right on 
the respective part of the head. They were distinctly sep‑
arated from their counterparts except for the APG which 
formed a V opening anteriorly (Fig. 2). The majority of these 
grooves generally extended longitudinally. Only the STG 
and the vertical PRG1 extended transversally and vertically, 
respectively. We found no specimen without grooves or with 
a particular groove missing, although parts of grooves were 
reduced in some individuals. No neuromasts occurred in the 
course of these missing parts.

Head lateral line neuromast rows (Figs. 3, 4, 5)

The superficial neuromasts were arranged in 13 single rows 
formed by consecutively arranged neuromasts. No double 
rows or aggregations (patches) of neuromasts were found. 
According to their arrangement in the lateral line grooves, 
these neuromasts were grouped in the following rows: the 
supra- and the infraorbital rows (SO and IO) around the 
orbit, the otic, postotic and supratemporal rows (OT, PO 
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and ST) posterior to the orbit, the anterior dorsal row (AD) 
dorsal on the head, the mandibular row (MD) on the ventral 
side of the lower jaw, the preopercular row (PR) on the pre‑
opercle, divided in a vertical (PR1) and a horizontal (PR2) 
part and the posttemporal row (PT) on the posttemporal 
bone. The free-standing SNs were grouped in: the ethmoidal 
neuromasts (ET) on the snout, the mental neuromasts (ME) 
on the symphysis (‘chin’) of the lower jaws and the oral row 
(OR) on the cheek, posterior to the angle of the mouth.

Mental superficial neuromast unit

The mental (ME) neuromast unit on the symphysis ventral 
on lower jaws generally consists of two neuromasts, one on 
each side (Fig. 5). Just five specimens had on one or on both 

sides the number increased to two neuromasts, i.e. three or 
four in total.

ME neuromasts were found in all populations but not on 
all specimens and to a varying percentage (Table 2). Only 
in the anadromous population (BKD), all specimens had 
these SNs developed, at least on one side. In the remaining 
three populations, a varying number of these neuromasts was 
missing completely or on one side, respectively: SPK 44.8%, 
RJF 32.8%, BKD 7.3% and UPF 67.2% (Table 2).

ME neuromasts occurred close to the ventral midline of 
the head and not in elongation of the MDGs. Because this 
suggests an independent origin from the MD neuromasts, 
we address them as a distinct neuromast unit. If a second 
neuromast was developed left or right, these were aligned 
longitudinally. Possibly, these single neuromasts are the rem‑
nants of a former neuromast row.

Intrapopulation variation in neuromast number

The individual variation in the total number of SNs was rela‑
tively similar in all populations. The lowest and the highest 
number of SNs in each population differed between ~ 110 
and 130 (Table 3). There was no size related variation in SN 
number. In all populations, some smaller specimens showed 
a higher total number of SNs than larger specimens.

Interpopulation variation in neuromast number

The four populations differed significantly in the total num‑
ber of SNs (F = 57.5, p < 0.001, Table 4). The highest num‑
ber was found in the resident freshwater (still water) popula‑
tion (UPF), while the lowest—and very similar in numbers 
(p = 1.000)—occurred in the both migrating populations 
(anadromous BKD and brackish RJF). The strictly marine 
population (SPK) had a significantly higher mean number 
of SNs than the two migrating populations (ps ≤ 0.001) but 
less than the still water population (p < 0.001). Descriptive 
statistics are given in Table 3. Mean differences between 
populations are given in Table 5. All the reported p values 
in the pairwise comparisons are Bonferroni adjusted.

Fig. 5   Lateral line grooves and superficial neuromasts on the lower 
jaw, ventro-lateral view. MD, mandibular row of superficial neuro‑
masts; MDG, mandibular grove; ME, mental neuromasts. Long black 
arrows = first and last mandibular neuromast; short black arrows = left 
and right mental neuromast. a = anterior. Scale = 1 mm

Table 2   Number of neuromasts 
of threespine sticklebacks 
in marine, brackish water 
spawning, anadromous and 
freshwater populations

Values are minimum and maximum, and, in parentheses, mean
SPK marine spawning population Königshafen (Sylt, Germany), RJF brackish water spawning population 
Juvre (Rømø, Denmark), BKD anadromous population Kiesbæk, Brede Å river system (Denmark), UGE 
freshwater population Uge (Denmark)

Populations Males/females Males + females Males Females

SPK N = 29/29 198–305 (255) 209–305 (255) 198–292 (254)
RJF N = 31/30 181–300 (235) 194–275 (240) 181–300 (230)
BKD N = 26/29 187–321 (232) 209–321 (250) 187–285 (215)
UPF N = 30/28 226–350 (293) 246–350 (305) 226–323 (280)
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The subsequent population breakdown by neuromast 
row (Figs. 7, 8) refines the picture. Table 4 shows that 
the corresponding uncorrected p values range between 
0.013 and 1.8E − 32. With Bonferroni correction for 13 
neuromast rows, 1 neuromast row (PO) was only a trend 
(p = 0.169), but the others remained significant at a 0.05 
level. Pairwise post hoc tests, with Bonferroni correction 
within neuromast row (Table 5), showed that the marine 
SPK population has consistently less neuromasts per neu‑
romast rows than the freshwater population UPF (Table 5). 
An exception from this common pattern was the neuromast 
row ME (more neuromasts in SPK). The marine SPK did 
not significantly differ from the brackish RJF population 
in the number of neuromasts in the anterior neuromast 
rows (IO, MD, ME, OR, OT) and AP (ps > 0.05), but had 
a generally higher number of neuromasts in the neuromast 
rows ET, PR1, PR2, PT, SO and ST (ps ≤ 0.05). All mean 
differences are given and flagged for Bonferroni-adjusted 

significance in Table 5. Compared with the anadromous 
BKD, SPK had on average more neuromasts in the follow‑
ing rows: AP, ET, IO, PR1, PR2, PT, SO, ST (ps ≤ 0.05). 
The differences did not reach statistical significance in the 
other rows. Only the ME row showed a different num‑
ber with lower neuromast counts in SPK than in BKD 
(p ≤ 0.05).

The two migrating populations did not differ significantly 
in their neuromast counts, except for the two rows IO and 
ME (Table 5). For IO, RJF had a higher average number of 
neuromasts than BKD, whereas for ME, it showed a sig‑
nificantly lower average count than BKD. The freshwater 
population UPF showed significantly more neuromasts 
for all neuromast rows as compared to the two migrating 
populations RJF and BKD (Table 5; Figs. 6, 7, 8), with the 
exception of ME (Tables 2 and 5). Here, BKD showed the 
highest average count. Standard deviations per neuromast 
row, population and sex are depicted in Fig. 7.

Table 3   Number of threespine 
sticklebacks missing mental 
(ME) superficial

0 = completely missing; 1 = present on the left or the right side with counterpart missing
SPK marine spawning population Königshafen (Sylt, Germany), RJF brackish water spawning population 
Juvre (Rømø, Denmark), BKD anadromous population Kiesbæk, Brede Å river system (Denmark), UGE 
freshwater population Uge (Denmark)

Populations 0 1 0 1 0 1 0 + 1
Males Males Females Females m + f m + f m + f

SPK (n = 58) 8 7 6 5 15 11 26
RJF (n = 61) 6 5 3 6 11 9 20
BKD (n = 55) – – 2 2 – 4 4
UPF (n = 58) 17 10 7 5 27 12 39

Table 4   General linear models showed significant main effects of population in all neuromast rows, of sex in most neuromast rows, and a signifi‑
cant interaction between population and sex in some of the neuromast rows

Neuromast
Line

Between subject effects

Corrected model Population Sex Population * Sex

R Squared (Adjusted R2) F p F p F p F p

AP 0.302 (0.280) 13.903 6.1E-15 29.695 3.3E-16 0.178 0.674 2.139 0.096
ET 0.248 (0.224) 10.589 1.7E-11 21.992 1.6E-12 3.518 0.062 1.088 0.355
IO 0.441 (0.423) 25.334 2.2E-25 38.357 4.6E-20 42.325 4.9E-10 4.844 0.003
MD 0.343 (0.322) 16.773 9.2E-18 31.343 5.7E-17 14.985 1.4E-04 2.075 0.104
ME 0.203 (0.178) 8.166 7.4E-09 17.317 3.8E-10 0.930 0.336 1.168 0.323
OR 0.416 (0.398) 22.901 2.5E-23 28.731 9.1E-16 50.937 1.3E-11 6.250 4.3E-04
OT 0.214 (0.190) 8.763 1.6E-09 6.922 1.8E-04 31.379 6.2E-08 2.963 0.033
PO 0.148 (0.122) 5.589 5.9E-06 3.660 0.013 22.501 3.7E-06 1.708 0.166
PR1 0.288 (0.266) 12.997 5.1E-14 23.097 4.5E-13 3.864 0.051 5.317 0.001
PR2 0.514 (0.499) 34.053 4.1E-32 71.404 1.8E-32 5.518 0.020 5.089 0.002
PT 0.121 (0.094) 4.419 1.3E-04 5.829 0.001 11.656 0.001 0.364 0.779
SO 0.407 (0.389) 22.095 1.3E-22 49.664 1.1E-24 0.891 0.346 1.163 0.325
ST 0.276 (0.253) 12.231 3.1E-13 24.160 1.4E-13 7.272 0.008 1.411 0.240
TOTAL 0.488 (0.472) 30.626 1.E-29 57.478 1.E-27 24.625 1.E-06 4.199 0.006
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Sexual dimorphism

The total number of head neuromasts varied significantly 
between the sexes in three of the four populations.

Sexual dimorphism in total numbers of SNs

We found no sexual dimorphism in the pattern of the 
head LLS in the studied populations. But we found sexual 
dimorphism in the number of SNs in three of the four pop‑
ulations, most distinct in the anadromous BKD (t = 4.331, 
p < 0.001), but missing in the marine SPK (t = 0.280, 
p = 0.781), Fig. 6. A significant difference between the 
sexes also occurred in the freshwater UPF (t = 3.120, 
p = 0.003), and a trend was observed in the brackish RJF 
(t = 1.524, p = 0.134), Fig. 6. The variance in neuromast 
number was similar in males and females for SPK (Lev‑
ene F = 0.589, p = 0.446), BKD (F = 0.775, p = 0.383) and 
UPF (F = 0.003, p = 0.954), but differed in RJF (F = 7.354; 
p = 0.009). In this population, the variance in females was 
distinctly higher than in males (Fig. 7).

Sexual dimorphism in specific SNs rows

There was a significant main effect of sex in most neuro‑
mast rows (Figs. 7, 8). Males had a higher number of neu‑
romasts. In 4 of the 13 rows, there was no significant main 
effect of sex (uncorrected p values > 0.05). These four rows 
were AP, ET (yet a trend in the same direction), ME and SO 
(Table 4). With a Bonferroni correction for 13 neuromast 
rows, the sexual dimorphism remained significant at a 0.05 
level in 6 of the rows (IO, MD, OR, OT, PO, PT) and a trend 
(p ≤ 0.1) for ST. There was a significant interaction between 
population and sex in IO (F = 4.844, uncorrected p = 0.003), 
OR (F = 6.250, p < 0.001), OT (F = 2.963, p = 0.033; n.s. 
after Bonferroni correction for 13 neuromast rows), PR1 
(F = 5.317, p = 0.001), and PR2 (F = 5.089, p = 0.002). Test 
statistics for all neuromast rows are given in Table 4. For 
IO, three populations showed a significant sexual dimor‑
phism with males having on average 4.9–8.6 neuromasts 
more (all ps ≤ 0.004), but not the marine SPK (t = 0.244, 
p = 0.808). Also for OR, the marine SPK was the only popu‑
lation without a difference between males and females in the 
neuromast count (t = − 0.083, p = 0.934), whereas the other 
three populations had a male average count that was on aver‑
age 3.2–4.2 neuromasts higher than the female count of the 
same population (BKD: t = 5.049, p < 0.001; RJF: t = 5.389, 
p < 0.001; UPF: t = 4.322, p < 0.001). In the OT row, the 
higher male count as compared to the females of the same 
population reached statistical significance only for BKD and 
UPF (ps < 0.001), but not for RJF (t = 1.001, p = 0.321). In 
SPK, it was marginally significant (t = 1.887, p = 0.064). 
The interaction effect in the row PR1 and PR2 was mainly 
the result of a pronounced sexual dimorphism in the BKD 
population (t = 5.031, p = 0.001 and t = 3.427, p = 0.001). 
BKD males had on average five additional neuromasts in 
these rows than BKD females. Figures 7 and 8 show that the 
female counts here were exceptionally low. In the other pop‑
ulations, there was no significant sexual dimorphism in the 
PR1 (RJF: t = 0.257, p = 0.798, UPF: t = 0.801, p = 0.426) 
and PR2 rows (RJF: t = − 0.995, p = 0.324, SPK: t = − 0.529, 
p = 0.599). There was a trend for a smaller count in male 
SPK in PR1 (t = − 1.795, p = 0.078), and for a higher male 
(on average + 2.4 neuromasts) than female count in UPF for 
PR2 (t = 1.730, p = 0.089, Fig. 8).

Discussion

In this study, the head lateral line system of marine (marine 
spawning), anadromous (migrating from the sea into fresh‑
water for spawning), resident freshwater and, additionally 
brackish (brackish water spawning) threespine sticklebacks 
from the North Sea (region) was investigated. We found dis‑
tinct differences in the head LLS between the populations 

Fig. 6   Sexual dimorphism in the total number of neuromasts in four 
populations of North Sea threespine sticklebacks. There was no sig‑
nificant sexual dimorphism in the marine and the brackish water 
spawning populations, whereas males showed a larger total number of 
neuromasts in the anadromous and the freshwater populations. BKD 
anadromous population, RJF brackish water spawning population, 
SPK marine population, UPF freshwater population
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representing the three general ecotypes (marine, anadromous 
and freshwater) and also between the sexes. Anadromous 
threespine sticklebacks had significantly more neuromasts 
developed than resident (freshwater) ones, and in all popu‑
lations, the males had a higher neuromast count than the 
females except for the marine population. North Sea three‑
spine sticklebacks also differed distinctly in the LLS from 
east Pacific sticklebacks. The North Sea populations had a 
second neuromast unit (ME) at lower jaws developed (miss‑
ing in east Pacific populations) and the neuromasts were 
lowered in bony grooves or in pits (no grooves and pits were 
developed in east Pacific populations) (Wark and Peichel 
2010).

Threespine sticklebacks are ecologically and morphologi‑
cally diverse (Bell and Foster 1994; Wootton 2009) which 
results in different swimming behavior of e.g., stream‑
lined migrating (sustained and prolonged swimming) and 
of deep-bodied resident populations (burst swimming, 

maneuverability) (Walker 1997). The swimming behavior 
of the strictly marine threespine sticklebacks is not known. 
The pattern of the LLS of teleost fishes is closely linked 
to the hydrodynamic conditions of the environment or to a 
specific style of locomotion (Engelmann et al. 2000; Schmitz 
et al. 2008; Webb 2014). Therefore, slow moving still water 
species or sedentary species often have a very high number 
of superficial neuromasts and a reduced lateral line canal 
system. E.g., the slow swimming goldfish Carassius auratus 
has about 1000 superficial neuromasts (Puzdrowski 1989) 
and the benthic American shadow goby Quietula guayma-
siae about 1400 superficial neuromasts (Ahnelt and Göschl 
2003) on the head. Contrary to this, fishes living in running 
waters or which are steadily swimming have generally a well 
developed lateral line canal system and relatively few super‑
ficial neuromasts, e.g. the rainbow trout (Dijkgraaf 1963; 
Jakubovsky 1967; Engelmann et al. 2002). This is based on 
the different response of canal neuromasts and superficial 

Fig. 7   Differences in average number of neuromast per neuromast 
row, population, and sex of North Sea threespine sticklebacks. The 
error bars depict plus and minus one standard deviation. The sample 
sizes range between 26 and 31 individuals of the same sex and pop‑

ulation. Neuromast rows are listed alphabetically and spelled out in 
the material and method section. BKD anadromous population, RJF 
brackish water spawning population, SPK marine population, UPF 
freshwater population
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Fig. 8   Plotted means from Figure to ease cross-species comparisons 
along the ecologically and evolutionary meaningful gradient between 
marine and freshwater (from left to right). Measures of spread were 

omitted for better readability. Male averages are depicted in blue (o), 
female averages in red (△). Averages are connected with solid lines 
(for males) and dashed lines (for females)

Mean Difference in Number of Neuromasts (I−J)

(J) Population (J) Population

(I) Population
Neuromast 

Line SPK RJF BKD UPF

Neuromast 
Line SPK RJF BKD UPF

SPK 1.26 2.44* −2.31* 0.26 0.33 −0.59

RJF 1.18 −3.57* 0.07 −0.84*

BKD

AP

−4.75*

PO

−.091*

SPK 1.30* 1.94* −1.00 3.15* 3.54* −3.00*

RJF 0.64 −2.30* 0.39 −6.15*

BKD

ET

−2.94*

PR1

−6.54*

SPK 1.33 4.42* −7.76* 4.20* 3.46* −7.76*

RJF 3.09* −9.08* −0.74 −11.96*

BKD

IO

−12.17*

PR2

−11.22*

SPK 0.65 1.07 −2.98* 1.42* 1.63* 0.71

RJF 0.42 −3.64* 0.21 −0.71

BKD

MD

−4.05*

PT

−0.92

SPK −0.10 −0.53* 0.57* 2.90* 1.93 −7.57*

RJF −0.43* 0.67* −0.97 −10.46*

BKD

ME

1.10*

SO

−9.50*

SPK 1.13 0.94 −3.45* 1.43* 1.31* −1.55*

RJF −0.19 −4.58* −0.12 −2.98*

BKD

OR

−4.39*

ST

−2.86*

SPK OT 0.96 0.29 −1.38*
TOTAL 19.87* 22.76* −38.07*

RJF −0.67 −2.34* 2.89 −57.94*

BKD −1.67* −60.83*

Table 5   Pairwise post hoc comparisons of population differences in the number of neuromasts per neuromast rows. All p values are Bonferroni 
corrected within each model. Asterisks mean differences that are significant at p ≤ 0.05
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neuromasts to water currents (Vischer 1990; Schmitz et al. 
2008; Kelley et al. 2017). Superficial neuromasts detect 
weak water movements (high frequency stimuli) in slow 
flow environments, whereas canal neuromasts detect high-
frequency stimuli in environments with background noise 
(e.g., stimuli by turbulent water flow) (Engelmann et al. 
2000; McHenry et al. 2008; Webb 2014).

Although G. aculeatus has no head lateral line canal sys‑
tem, some populations have remnants of it, bony grooves. 
Such grooves have been described for a Japanese stickleback 
population (Wark and Peichel 2010) and were also found 
in the North Sea populations of this study but were absent 
in east Pacific populations (Wark and Peichel 2010). Pos‑
sibly, these differences are the result of divergent migration 
behavior. Wark and Peichel (2010) state that the east Pacific 
threespine sticklebacks are “…fairly slow swimming…” and 
“…live in characteristically slow-flow habitats”. Neverthe‑
less, the anadromous threespine stickleback is generally a 
good and steady swimmer (Taylor and McPhail 1986) and 
able to overcome substantial distances (Quinn and Light 
1989). Schools of Atlantic sticklebacks were found more 
than 200 km offshore and in a depth of 300 m (Jones and 
John 1978; Cowen et al. 1991). Additionally, adults migrate 
to their spawning grounds in fresh water (Wootton 1984, 
2009), e.g., the anadromous threespine sticklebacks of this 
study were collected 25 km upstream of the river mouth. 
But to our knowledge, no such offshore records have been 
reported for east Pacific populations.

The freshwater ecotype of the threespine stickleback gen‑
erally shows a resident behavior (Wootton 1984, 2009; Bell 
and Foster 1994). The relatively high number of neuromasts 
in the pond population of this study matches a LLS suited 
for still water and is in accordance with the results of Wark 
and Peichel (2010). Nevertheless, although the investigated 
freshwater population inhabits a stagnant water body, all 
lateral line grooves were developed. The origin of this popu‑
lation is not known but as many specimens still have rows of 
lateral plates from the head to the base of the caudal fin we 
assume an oceanic founder population.

Inter- and intrapopulation differences of the LLS of the 
threespine stickleback populations suggest an adaptation 
to different habitats and swimming modes. In a series of 
detailed studies, Cathrine Peichel and collaborators showed 
that habitat use of the threespine stickleback resulted in high 
interpopulation divergence in the LLS, namely in the num‑
ber of neuromasts (Wark and Peichel 2010; Wark et al. 2011; 
Voje et al. 2013; Mills et al. 2014; Jiang et al. 2015, 2017). 
The steady and prolonged swimming threespine sticklebacks 
had less neuromasts than more resident and slow-swimming 
conspecifics. This is in accordance with our results. But the 
neuromast count of the marine population was significantly 
higher than in the anadromous and brackish water popula‑
tions. Although the life-style of the strictly marine threespine 

stickleback is not known (Ahnelt 2018), the divergence in 
neuromast number suggests different swimming behavior 
compared to migrating conspecifics. The significantly lower 
number of neuromasts and the less distinct grooves indicate 
segregation in habitat use and swimming behavior between 
the marine and anadromous populations. Possibly, marine 
threespine sticklebacks stay close to the shore and undertake 
less long migrations. As a higher number of SNs increases, 
the sensitivity of the LLS and aid in detecting stimuli caused 
by water currents, we hypothesize that the marine population 
is more resident than the anadromous one.

The present study is the first to demonstrate sexual dimor‑
phism of the head lateral line system of G. aculeatus. In 
three of the four populations, males had distinctly more 
neuromasts than females. This is an indication that, at least 
partly, habitat-specific differences are responsible for differ‑
ences in the number of head neuromasts in the two migrating 
and in the freshwater population. This is supported by the 
fact that sexual dimorphism in body shape in anadromous 
and freshwater G. aculeatus is also the result of habitat spe‑
cific segregation of sexes (e.g. Kitano et al. 2007; Aguirre 
et al. 2008; McGee and Wainwright 2013; Morris et al. 2018; 
Spoljaric and Reimchen 2011). This sexual dimorphism was 
explained by intraspecific competition resulting in stream‑
lined pelagic females and deep-bodied benthic males in large 
freshwater bodies (Reimchen 1980; Walker 1997; Reimchen 
and Nosil 2001; Leinonen et al. 2011), because females 
exploit the open water feeding on zooplankton and males, 
which build and guard nests, preferably exploit the benthic 
niche (Reimchen and Nosil 2001). Such spatial niche differ‑
ences between the two sexes should therefore also result in 
sexual dimorphism of the LLS. Actually, this was the case in 
the two migrating and in the freshwater population. But such 
sexual dimorphism in neuromast number did not occur in the 
marine population. We, therefore, assume that the sexes of 
the marine population are spatially not segregated.

These differences between the marine and the anadro‑
mous populations (higher total number of SNs and absence 
of sexual dimorphism in this trait in marine threespine stick‑
lebacks) are a strong indication of segregation in habitat use 
and/or migrating behavior between individuals of these two 
populations of the North Sea threespine stickleback. Espe‑
cially, this is because seemingly the number of neuromasts 
is genetically controlled (Wark et al. 2012; Archambeault 
et al. 2020).

Our results support the hypothesis that the number of 
superficial neuromasts is relatively low in threespine stickle‑
backs that migrate, that inhabit structurally open habitats and 
that have to deal with water flow. These findings on the LLS 
suggest segregation in habitat use and migrating behavior 
of the populations of the North Sea threespine stickleback 
as these ecotypes seemingly translate to distinct morpho‑
types. Therefore, our results are further proof to be careful 
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at sampling as threespine sticklebacks are not threespine 
sticklebacks.
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