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ABSTRACT

Question: Trait plasticity can act to buffer populations from human impacts, but can sensory
traits be plastic?

Hypothesis: Early exposure to water flows affects the development of the lateral line sensory
system in fishes.

Organism: Western rainbowfish (Melanotaenia australis).
Methods: Juveniles of wild-caught fish were allocated to replicate fast- or slow-flow channels

and the morphology of the lateral line system was evaluated using fluorescence imaging.
Results: Exposure to water flows influenced the development of the lateral line sensory

system depending on the body region of the fish sampled. Fish reared in fast water flows had
more sensory cells on the tail fin and fewer in the nasal region than those raised in slow flows.
Sensory plasticity can potentially allow populations to persist in modified flow regimes, but this
requires an understanding of the relationship between plasticity and directional selection for
both modified and ancestral populations.

Keywords: climate change, contemporary evolution, phenotypic plasticity, sensory adaptation.

INTRODUCTION

Human activities that exert impacts (both directly and indirectly) on natural environments
not only result in changes in the abundance and distribution of species, but can also exert
rapid and directional selection on populations (Hendry et al., 2008; Palkovacs et al., 2011). Rapid trait
change can occur through phenotypic plasticity and contemporary evolution [i.e. heritable
evolutionary change occurring within 100 generations (Hendry and Kinnison, 1999)], and has been
observed in a variety of animal traits such as body size and shape, age at sexual maturation,
aggressive behaviour, dispersal distance, and physiological tolerance (reviewed by Stockwell et al.,
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2003; Allendorf and Hard, 2009). Such trait changes are known to affect species interactions
(e.g. Agrawal, 2001; Werner and Peacor, 2003; Berg and Ellers, 2010) and can have cascading effects on
ecosystem function (Harmon et al., 2009; Bassar et al., 2010). Understanding whether populations
can resist anthropogenic disturbance through processes such as phenotypic plasticity and
contemporary evolution is critical for mitigating and managing environmental disturbances.
However, this approach requires an understanding of the genetic and environmental com-
ponents of traits that determine individual fitness and population persistence (Ghalambor et al.,

2007; Crispo et al., 2010; Merilä and Hendry, 2014).
While the senses provide the critical link between an animal’s environment and its

behaviour, few studies have considered how sensory traits respond to human-induced
environmental change. Nonetheless, in marine and freshwater environments, there is
increasing evidence that the impacts of climate change, such as ocean acidification, can
impair the senses in fishes, including vision (Chung et al., 2014), audition (Simpson et al., 2011), and
olfaction (Munday et al., 2009; Leduc et al., 2013), with ensuing detrimental effects for key behaviours
such as homing ability (Munday et al., 2009; Devine et al., 2012), predator recognition (Dixson et al., 2010),
and learning (Ferrari et al., 2012). However, we have a poor understanding of how sensory traits
respond to natural environmental variation, even for the most fundamental sensory tasks
such as detection of water movements by aquatic animals, including fishes and amphibians.

Hydrodynamic activity is one of the most important sources of information for aquatic
organisms (Montgomery et al., 2000). Water currents determine larval dispersal and facilitate
spawning migrations, while flow velocity affects drag, body orientation, and a fish’s ability
to maintain its position in the water column (‘holding station’) (reviewed by Montgomery et al., 1995).
Other aquatic animals also generate hydrodynamic stimuli due to ventilatory or locomotory
activities, providing an essential source of information about the location and behaviour of
conspecifics (Partridge and Pitcher, 1980; Faucher et al., 2010; Butler and Maruska, 2016) and predators or prey
(Hoekstra and Janssen, 1985; Janssen et al., 1999; McHenry et al., 2009; Yoshizawa et al., 2010). The specialized sense
used by fishes and amphibians for detecting hydrodynamic activity is known as the
mechanosensory lateral line system (hereafter lateral line), which comprises two different
types of specialist sensory cells, the canal neuromasts (CNs) and the superficial neuromasts
(SNs) (Dijkgraaf, 1963). Canal neuromasts are located in sub-dermal channels that connect to
the surface of the skin via adjacent canal pores, while SNs are generally smaller than CNs
and are arranged in clusters or rows on the surface of the skin and scales (Münz, 1989;

Janssen, 2004).
The CNs and SNs respond to different hydrodynamic stimuli. Canal neuromasts are

stimulated by pressure differences, either along the body or at the canal pores (McHenry and

Liao, 2014), and are considered to function as acceleration detectors (Coombs and Montgomery, 1992;

Kroese and Schellart, 1992); whereas the SNs project from the surface of the body and thus are
directly sensitive to changes in water velocity (Kroese and Schellart, 1992). These discrete functional
and morphological characteristics of SNs and CNs have led to the suggestion that slow-flow
environments should facilitate the evolution of increased sensitivity to water velocity via
proliferation of SNs, while fast-flow habitats should promote reduced sensitivity to mitigate
damage to these sensitive structures, and are associated with fewer SNs and narrow canals
(Schulze, 1870; Dijkgraaf, 1963). By contrast, the lateral line canals, which are embedded within the
cranial bones, are developmentally and evolutionarily conserved (Bird and Webb, 2014). Several
studies have provided some support for a negative relationship between water flow speed
and SN abundance (Engelmann et al., 2002, 2003), while others have reported more SNs in species
from fast-flow habitats (Carton and Montgomery, 2004) or no relationship between water flow and
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the lateral line system (Beckmann et al., 2010). Thus, the link between water flow and lateral line
morphology remains unclear, but is likely influenced by interacting environmental factors
(e.g. habitat structure, turbidity, predation risk) and other sensory demands, such as social
communication (Butler and Maruska, 2016).

Surprisingly, few studies have examined variation in the lateral line system of a single
species or have investigated the developmental plasticity of this important sensory system.
However, recent work on the common bully (Gobiomorphus cotidianus) and closely related
redfin bully (G. huttoni) found that fish from coastal rivers had a greater number of head
canal pores than those collected upstream from rivers or lakes (Vanderpham et al., 2013).
Threespine stickleback fish (Gasterosteus aculeatus) that are stream residents have more
neuromasts than those from a marine population of G. aculeatus, while benthic populations
of this species inhabiting lakes have more neuromasts than limnetic lake populations (Wark

and Peichel, 2010). Similar patterns of divergence in neuromast abundance between pond and
marine populations have also been reported in ninespine stickleback (Trokovic et al., 2011).
Furthermore, this intraspecific variation is maintained in laboratory-raised stickleback
populations, indicating that development of the lateral line system has a strong genetic
component (Trokovic et al., 2011; Wark et al., 2012). Only one previous study has reported develop-
mental plasticity in the lateral line system in response to specific environmental cues.
Guppies (Poecilia reticulata) from localities with high predation risk had more SNs than
those from low predation sites, and fish reared in the presence of predator chemical cues
had more facial neuromasts than those reared without predator cues (Fischer et al., 2013).
Collectively these studies suggest that fishes exhibit habitat-specific sensory specializations
that may be further shaped by developmental exposure to relevant environmental cues.

We used a freshwater fish from semi-arid northwest Australia, the western rainbowfish
(Melanotaenia australis), to investigate the effect of water velocity on the development of
the mechanosensory lateral line system (peripheral neuromast system). Fishes that inhabit
the arid zone are typically exposed to variable hydrodynamic conditions characterized
by long periods of drought where flows are negligible. These conditions can persist from
several months to many years but are invariably punctuated by flashy high flows generated
by infrequent and extreme high rainfall events (Rouillard et al., 2015). This pattern of hydro-
dynamic variability may span sensitive periods of the fish’s development, such that juveniles
may encounter variable hydrological conditions depending on the microhabitat, catchment,
season, and year. Such environmental unpredictability is expected to favour the evolution of
trait plasticity (reviewed by Hendry, 2016). Recent work with the western rainbowfish has revealed
significant variation in the abundance of neuromasts both within and among natural rain-
bowfish populations (Spiller et al., 2017), although the relative contributions of genotype and
environment in explaining this variation remain unclear.

In this study, adult rainbowfish were captured from the wild and their offspring reared in
replicate flow channels in the laboratory with either high-flow or low-flow conditions. We
used fluorescent labelling (DASPEI dye) and microscopy to describe the development of the
lateral line system in rainbowfish and to examine the effect of water velocity on neuromast
abundance after 3, 6, 9, and 12 months of flow exposure. In accordance with the general
relationship between hydrodynamic activity and lateral line morphology reported in other
species of fishes (Schulze, 1870; Dijkgraaf, 1963; Engelmann et al., 2002, 2003), we expected that fish reared
under slow flows would display a higher abundance of SNs than those reared in high flows.
We did not expect to observe any effect of flow on the morphology of the canal system,
because this system is typically highly conserved (Bird and Webb, 2014).
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MATERIALS AND METHODS

Collection of fish and offspring

Western rainbowfish (Melanotaenia australis) are endemic to the Pilbara and Kimberley
regions of northwest Australia, where they occupy a large variety of aquatic habitats
ranging from still pools to fast-flowing creeks (Allen et al., 2002). The fish used for this experi-
ment originated from the Hamersley Ranges of the Pilbara where the hydrological regime is
highly unpredictable, consisting of long periods of drought interspersed with infrequent
rainfall associated with cyclone activities (Bureau of Meterology, 2016). Most freshwater habitats
within the region consist of a series of isolated pools that are largely reliant on rainfall and
become hydrologically connected only during infrequent flood events in the summer
(November–April) (Siebers et al., 2016). Rainbowfish spawn all year round, with peak spawning
activity occurring during the wet periods of the year (usually October–March) (Allen, 1995).
Rainbowfish eggs are small and transparent, hatching after 4–8 days to produce small larvae
(3–4 mm long) (Humphrey et al., 2003). In the laboratory, the closely related eastern rainbowfish
(M. splendida splendida) reaches sexual maturity after approximately 90 days (Humphrey et al.,

2003), but the developmental period appears to be longer in western rainbowfish (J. Kelley,

personal observation).
Adult rainbowfish (n = 150, ∼50: 50 sex ratio) were captured from an isolated pool in

Coondiner Creek (latitude: 23.0098 S, longitude: 119.6199 E), which forms part of the
Fortescue River catchment. Fish were collected in October 2013 (under Department of
Parks and Wildlife licence #SF009252 and Department of Fisheries Exemption #2235).
Water flow in the pool at the time of collection (the end of the dry season) was measured
using a handheld Acoustic Doppler Velocimeter (ADV; Sontek Flowmeter, accurate to
within 0.001 m· s−1) and were averaged over a 30-second period. Water velocity was
negligible at 0.002 m· s−1 in the direction of the flow (X), 0.001 m· s−1 orthogonal to the flow
(Y), and 0.001 m· s−1 in the vertical (Z) dimension. Water velocity readings were averaged
over a 30-second period at relative depths of 0.2, 0.6, and 0.8 m below the water’s surface.
Following capture, fish were transported by air to the freshwater aquarium at The
University of Western Australia.

Fish were maintained in large (80 × 50 × 31 cm, filled to a depth of 25 cm), mixed-sex
(containing ∼15 fish of each sex) tanks containing aquarium gravel, an air pump, filter, and
an artificial plant. Lighting was provided by overhead fluorescent bulbs set to a 12/12 hour
light/dark cycle. Fish were fed a mixed diet of AquaOne commercial flake food and
Artemia nauplii. Between December 2013 and January 2014, we collected the offspring of
wild-caught parents by transferring all adults to a new stock tank and allowing fry to hatch
from the substrate, which occurred within 7–10 days of adult removal. In the wild, rain-
bowfish exhibit peak spawning activity in the summer (November–April), but display some
spawning activity all year round, including in captivity (Allen et al., 2002). Newly hatched fry
(∼1 mm in length) were fed daily on a mixed diet of specially prepared Paramecium and
vinegar eels for the first 4 weeks and then Artemia nauplii until they were 4 months old and
large enough to be transferred to the experimental flumes. Preliminary trials revealed that at
4 months of age, fish were not adversely affected by the experimental flows and were large
enough not to be washed through the flume outflow barriers. A total of 320 juveniles of
similar age (born within 4 weeks of one another) were selected from their rearing tanks and
randomly allocated to each of the eight flow channels (n = 40 fish per channel).
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All procedures adhered to the National Health and Medical Research Council Code of
Practice and The University of Western Australia Animal Ethics Committee (AEC
approval #RA/3/100/1176).

Experimental flumes

The experimental flumes were custom built and consisted of two closed circulation systems,
each containing four flow channels fitted to an 11,000 L ·h−1 pump (Tunze, Austin, TX) and
draining into a large central sump (1.6 × 0.7 × 0.5 m). The water level in each sump was
maintained at 0.35 m, and checked and replenished when required once a fortnight. Each
sump contained a bag of approximately 500 polypropylene bioballs (42 mm diameter)
to provide biological filtration. Each circulation system was lit by overhead fluorescent
lighting set to a 12/12 hour light/dark cycle, and water temperature was maintained at
26 ± 1�C. Each flow channel was constructed of white PVC hemispherical pipe (length =
1.95 m, diameter = 24.5 cm) filled to a depth of 10 cm. Before filling the flumes with water, a
series of thick black stripes (four per flume, 10 mm thick) were drawn on the bottom of the
channels using a permanent marker pen to provide a visual reference for the fish. Narrow
pipes (length = 22 cm, diameter = 12 mm) were stacked 10 cm behind the water outlet pipe
in each flume to direct and straighten the flow as it entered the channels. Each flow channel
was fitted with a Perspex lid and mesh barriers attached at each end (2 mm mesh size) to
prevent fish from escaping. Fish were observed through the Perspex lids and were fed
Artemia nauplii daily until 6 months of age, followed by a mixed diet of AquaOne tropical
fish flake and Artemia nauplii until 12 months of age. The number of fish present in each of
the eight channels was counted at each sampling period (3, 6, 9, and 12 months) to deter-
mine whether water flow treatment influenced mortality over the course of the experiment.

Water velocity within each experimental channel was controlled using a series of taps
connected to each water outlet valve. Each closed circulation system had two fast-flow
channels and two slow-flow channels (giving eight flow channels in total). The average water
flow speed in the fast-flow channels was 4.2 ± 0.36 cm· s−1 in the direction of flow (X) and
0.8 ± 0.27 cm· s−1 orthogonal to the flow (Y). In the slow-flow channels, the average water
flow speeds were 0.34 ± 0.21 cm· s−1 (X) and 0.32 ± 0.18 cm· s−1 (Y) respectively. These
measurements were made over a period of 10 s using a Sontek ADV Flowmeter, taking five
readings per channel at variable distances from the outflow pipe.

Neuromast staining

Every 3 months for a year, five fish were removed from each channel for neuromast quanti-
fication. Thus a total of 20 fish were sampled per channel during the rearing period (160 fish
in total; the remaining animals were used in another experiment). The superficial neuro-
masts (SNs) were labelled with a fluorescent vital dye (2-[4-(dimethylamino)stryl]-N-
ethylpyridinium iodide (DASPEI; Invitrogen, Eugene, OR)) by allowing individual fish to
swim in an aerated DASPEI solution (0.025%, diluted in aquarium water) for 15 minutes.
Fish were anaesthetized in MS-222 (tricaine methanesulfonate; Fisher Scientific, Pittsburgh,
PA) until they did not respond to gentle pressure on the caudal fin (∼2 minutes). Fish were
then placed in a small petri dish and placed under a Leica fluorescence dissecting scope
(Leica MZ75) fitted with a FITC filter set (Leica Microsystems Inc., Sydney, NSW). Images
of neuromasts on the fish’s left side were captured using a digital camera (Leica DFC 320)
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at 0.9–1.0× magnification depending on the size of the fish. Each image was carefully
adjusted for contrast, sensitivity, and gain to maximize visualization of the neuromasts.
Between seven and ten images were taken of each fish, allowing the SNs of different body
regions to be subsequently quantified. Following the staining procedure, the body length of
each fish was measured to the nearest millimetre and fish were returned to the anaesthetic
solution until fully euthanized (5–10 minutes in MS-222). Following animal ethics
protocols, fish tissue was preserved for use in other experiments.

Neuromast quantification was performed in a darkened room using Leica imaging
software (Leica Application Suite). We counted the total number of SNs present in each
of nine regions of the body, based on our previous classification of the lateral line system of
this species (Spiller et al., 2017). The regions were (dorso-temporal): rostral (RO), nasal (NO),
mandibular (MA), infraorbital (IN), cheek (CH), operculum (OP), postotic (PO), trunk
(TR), and caudal (CT) (Fig. 1). On the caudal fin, SNs tended to occur in several (1–4)
discrete rows, leading us to count the number of caudal rows as well as the total number of
SNs in each row. Data were omitted if the image quality was insufficient for accurate
quantification (see ‘Statistical analyses’, below). One observer conducted the neuromast
quantification. We were able to confirm that SN counts were highly repeatable by replicating
SN counts for a subset of 39 individuals (r2 = 0.79, n = 37, P < 0.001).

Statistical analyses

We used multivariate analysis of variance (MANOVA) to test the effect of flow treatment
(fast or slow water flow speed) and age (3, 6, 9 or 12 months of flow experience) and their
interaction on the number of neuromasts present on each of the nine body regions. Age
was specified as an ordered fixed factor (3 < 6 < 9 < 12) in the MANOVA. Prior to running
the MANOVA, we accounted for missing data by replacing missing values with the median
SN count for each flow channel (2% of data). We also confirmed that our analyses, where
missing data were replaced with median values, yielded the same results as the reduced data
set. Neuromast counts were log+1 transformed to improve the distribution of the data and
meet the assumptions of MANOVA. We calculated partial eta-squared values as a measure
of effect size using the package ‘Heplots’ in R (Fox et al., 2016). Post-hoc Tukey tests were
performed to examine the effect of the fixed factors on the number of neuromasts in
each body region. Following MANOVA, we subsequently examined whether neuromast
abundance over all body regions was best categorized by age or water flow speed using
linear discriminant analysis (LDA) implemented in the ‘Mass’ package in the software
program R (R Development Core Team, 2016). The prior probabilities of the groups were 0.5 and 0.5
for flow treatment (fast or slow) and 0.25, 0.25, 0.25, and 0.25 for age (3, 6, 9, and 12
months). A non-parametric (Wilcoxon’s) test was used to test for an effect of water velocity
on the number of SN rows on the caudal fin, while t-tests were used to test whether water
flow speed influenced fish body length at each developmental stage. All statistical analyses
were performed using the software program R (R Development Core Team, 2016).
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RESULTS

The lateral line system of juvenile rainbowfish

Fluorescence microscopy revealed that juveniles displayed a well-developed canal system on
the head that consisted of four main lines: the supraorbital, the preopercular mandibular,
the mandibular, and infraorbital (Fig. 1b–d). Although the canal pore openings were clearly
visible on the head, we did not observe any canal pores on the trunk of the body (Fig. 1e–f).
The placement of the head canal and pores was highly consistent among individuals and
did not vary at different developmental stages. In contrast, although the superficial neuro-
masts (SNs) were present in eight distinct regions of the body (Fig. 1a), the abundance and
arrangement of SNs in each region varied during development and also varied considerably
among individuals. The coefficient of variation (CV) for the body regions ranged from a
minimum of 19.9 for the infraobital (IN) region to a maximum of 38.4 for the nasal region
(NO). On the trunk of the body in particular, SNs tended to occur in clusters of 3–7
arranged in distinct lines along the scale rows of the ventral surface of the body (Fig. 1e).
SN placement was very distinctive on the caudal fin, where SNs were arranged in 1–4 rows,

Fig. 1. (a) Juvenile rainbowfish (after 9 months of slow-flow exposure: lane 4) labelled with DASPEI
fluorescence dye and photographed under a fluorescence dissection microscope. The image was
constructed by combining multiple image files from the same individual. The outline of the fish is
shown, along with body regions used to classify SNs. The regions were (dorsal to ventral): rostral
(RO), nasal (NO), mandibular (MA), infraorbital (IN), cheek (CH), operculum (OP), postotic (PO),
trunk (TR), and caudal (CT) illustrating caudal row (CT row). The smaller panels (individual fish
after 6 months of fast-flow exposure: lane 7) illustrate: (b) florescence labelling of the supraorbital
canal viewed dorsally, (c) the preopercular mandibular canal and mandibular and infraorbital SNs
viewed ventrally, (d) neuromasts present on the head region (rostral, nasal, mandibular, infraorbital,
suborbital, otic, operculum/cheek), (e) trunk, and (f) caudal region.
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extending from the base of the caudal peduncle to the outer edge of the caudal fin (Fig. 1f).
The majority of SNs (72%) were located on either the dorsal/ventral trunk of the body
(54%) or the caudal fin (18%).

Lateral line plasticity

The MANOVA results revealed a significant effect of both water flow speed (F9,144 = 2.51,
P = 0.010) and age (F27,421 = 3.29, P < 0.001) on the number of neuromasts present in
different regions of the body, but no significant age × flow treatment interaction
(F27,421 = 1.20, P = 0.22). Post-hoc tests revealed that the number of neuromasts in the nasal
(NO) and caudal (CT) regions was affected by exposure to water flow (Fig. 2a, b); there
were more neuromasts on the caudal fin of fish reared in fast-flow treatments (mean ± SE:
52.4 ± 2.0) than in slow-flow treatments (46.3 ± 1.9), while this pattern was reversed for
neuromasts in the nasal region (fast flow = 4.2 ± 0.2; slow flow = 4.8 ± 1.6). The abundance
of neuromasts in the trunk (TR), nasal (NO), and mandibular (MO) regions was affected
during the fish’s development (all P < 0.05).

There was an overall increase in the mean number of neuromasts on the trunk during
development (mean ± SE: 3 months = 111.4 ± 4.0; 6 months = 123.6 ± 5.7; 9 months =
131.3 ± 4.4; 12 months = 149.0 ± 5.7), with significant differences observed between 3–9
months (Padj = 0.031), 3–12 months (Padj < 0.001), and 6–12 months (Padj = 0.002) (Fig. 3a).
The number of neuromasts in the nasal region also increased during development; fish had
a higher number of neuromasts after 9 months (5.0 ± 0.3) flow exposure than after 6 months

Fig. 2. Fish reared in fast-flow treatments had a greater number of superficial neuromasts on (a) the
caudal fin, but fewer in (b) the nasal region than fish exposed to slow-flow treatments. Bars represent
the median and interquartile range and the lines show the maximum and minimum values. N = 80 fish
in the fast-flow treatments and 80 fish in the slow-flow treatments. F = fast, S = slow.
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Fig. 3. The abundance of superficial neuromasts present on (a) the trunk and (b) the nasal region
increased during developmental exposure to water flows (for 3, 6, 9, and 12 months), while the number
of SNs in (c) the mandibular region decreased over the experimental period. Bars represent the
median and interquartile range and the lines show the maximum and minimum values. N = 40 fish for
each developmental stage.
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(3.9 ± 0.3) flow exposure (Tukey test; Padj = 0.031) (Fig. 3b). In contrast, SNs in the mandi-
bular body region decreased during development, with significant differences observed
between fish at 3–6 months (Padj = 0.009) and 3–9 months (Padj = 0.030) of development
(Fig. 3c). There was no effect of water flow speed on the number of caudal rows of SNs
(Wilcoxon’s test: z = − 1.45, d.f. = 80, P = 0.15) and no effect of flow speed on the number of
SNs per caudal row (t-test: t152 = 0.45, P = 0.66). Fish body length (SL: mean ± SE) was
22.7 ± 0.50 mm, 25.1 ± 0.43 mm, 25.5 ± 0.44 mm, and 28.3 ± 0.44 mm at 3, 6, 9, and 12
months of development. The distribution of the linear discriminants (LD), when grouped
by flow (Fig. 4) and developmental stage (Fig. 5), revealed some level of separation by both
these grouping factors. These findings, combined with the effect sizes for the fixed effects
in the MANOVA (partial eta-squared values, η2; Table 1), suggest that age, and to a lesser
extent flow, influence the abundance of neuromasts on different regions of the body.

There was no difference in fish standard length between fish allocated to the fast- and
slow-flow treatments (3 months: t33 = −0.93, P = 0.36; 6 months: t38 = −0.52, P = 0.60;
9 months: t38 = 1.87, P = 0.07; 12 months: t38 = 0.73, P = 0.47), suggesting that the observed
effect of flow on caudal and nasal SN frequency is not due to differences in fish size.
Mortality rates were generally higher in the slow-flow treatment lanes than the fast-flow
treatment lanes (average number of deaths per lane per 3-month period: slow flow = 4.38
fish, fast flow = 2.69 fish), but the difference between treatments was not significant
(two-sample t-test: t6 = 1.29, P = 0.25).

Fig. 4. Histograms showing that water flow speed (the grouping variable) separates the distribution
of the linear discriminants (a: fast flow; b: slow flow). The predictor variables were the number of
superficial neuromasts present in each of the nine body regions. N = 160 fish. F = fast, S = slow.
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DISCUSSION

Anthropogenic impacts such as groundwater abstraction, habitat loss, and the projected
effects of climate change can dramatically alter the flow regimes of many aquatic habitats
(Davies, 2010; Kingsford, 2011). In this study, we reveal that a freshwater fish originating from a
semi-arid region with unpredictable flow regimes exhibits developmental changes in lateral
line morphology, and also exhibits plasticity in response to water flow speed. We found that
superficial neuromasts (SNs) in juvenile western rainbowfish were present in distinct body
positions and were most numerous on the trunk and caudal fin. The total number of SNs
present in the nasal region and trunk of the body increased over the 12-month development
period, while neuromast abundance declined in the mandibular region. The abundance
of neuromasts in a given body region was variable among individuals, and the number of
neuromasts on the caudal fin and nasal region was affected by exposure to water flows.

Fig. 5. The scatterplot of the first two linear discriminants (LD1 and LD2) shows that the predictor
variables (the number of SNs by each body region) are grouped by fish developmental stage (black
circles = 3 months; grey circles = 6 months; black triangles = 9 months; grey triangles = 12 months;
N = 160 individuals).

Table 1. Results of MANOVA testing for an effect of developmental stage (3, 6, 9 or 12 months),
water flow speed (fast or slow), and their interaction on the number of superficial neuromasts present
in nine body regions of juvenile rainbowfish

Factor Partial η2 Wilks’ lambda d.f. F P

Developmental stage 0.17 0.57 27, 421 3.29 <0.001
Flow speed 0.14 0.86 9, 144 2.50 0.011
Developmental stage × Flow speed 0.07 0.80 27, 421 1.21 0.22

Note: Partial eta-squared (η2) values are given as a measure of the proportion of variation explained by each
factor.
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Specifically, fish reared in fast water flows had a greater number of SNs on the caudal fin
and fewer SNs in the nasal region, while those reared in slow flows had fewer SNs on the
caudal fin but a great number of SNs in the nasal region. These findings suggest that
environmental cues, such as water velocity, can act differentially on the lateral line system,
and have different effects, on specific regions of the body. The next step is to investigate
whether these changes in neuromast abundance improve or hinder the animal’s sensory
performance in a given hydrodynamic environment.

Understanding the relationships between phenotypic plasticity, fitness in a novel
environment, and the strength of directional selection is critical because plastic responses
are not necessarily adaptive, and can be maladaptive or neutral (Hendry, 2016). Adaptive plastic
responses result in an increased probability of population persistence, but a reduction in the
strength of directional selection if the response is close to the local optimum (Price et al., 2003).
On the other hand, non-adaptive plasticity may produce phenotypes that are further from
the optimum, causing a reduction in fitness and an increase in the strength of directional
selection (reviewed by Ghalambor et al., 2007). This can result in ‘counter-gradient variation’, where
genetic and environmental influences act antagonistically (e.g. fast-growing genotypes
found in an environment favouring slow growth rates) (Conover and Schultz, 1995; Conover et al., 2009).
Theoretical and empirical work has revealed that initial responses to novel environmental
conditions are often non-adaptive, resulting in lower individual fitness, because selection
has not had time to act on variation in plasticity (Ghalambor et al., 2007, 2015). Thus, the plasticity
in SN abundance observed in this study may or may not enhance the fish’s behavioural
performance under altered water flows and further studies are required to link sensory
plasticity with the direction of evolution, particularly at different stages of evolutionary
divergence (Ghalambor et al., 2015).

We are aware of only one other study that has examined whether the lateral line system
exhibits plasticity in response to ecologically relevant environmental cues. This work, con-
ducted with guppies (Poecilia reticulata), found that the number of neuromasts present in
the facial region, but not on the dorsal and ventral trunk line, was influenced by develop-
mental exposure to predator cues (Fischer et al., 2013). Interestingly, the effect of predation risk
on the number of neuromasts in the facial region was marginal for guppies assayed in the
wild, suggesting that environmental cues other than predation risk may play a part (Fischer

et al., 2013), or that counter-gradient variation may contribute to the observed differences
between wild and laboratory-born fish. Furthermore, genetically based population
differences were revealed when populations were raised in the absence of predator cues
rather than in the presence of predator cues, with both high and low predation risk popula-
tions displaying the high-predation (=more neuromasts than low-predation populations)
and likely ancestral phenotype (Fischer et al., 2013). Similar findings have been reported for other
traits in guppies, suggesting that plasticity has evolved as a by-product of local adaptation
in (derived) low-predation populations (Torres-Dowdall et al., 2012). These studies demonstrate the
importance of evaluating trait plasticity, and the speed at which plasticity can evolve, in
populations exposed to environmental change (Hendry, 2016).

In stickleback, patterns of SN abundance in laboratory-reared fish mirror the variation
observed in natural populations, suggesting that genetic effects predominate (Wark and Peichel,

2010; Trokovic et al., 2011). Indeed, QTL (quantitative trait loci) mapping of the lateral line system
of threespine stickleback has revealed that distinct genetic loci are linked with the number
of neuromasts in particular regions of the body, suggesting that sensory specialization in
these areas is independent, and genetically controlled (Wark et al., 2012). In stickleback, the
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abundance of neuromasts on the caudal fin is associated with the same linkage group as
neuromasts occurring in the main anterior trunk line and the oral region (Wark et al., 2012).
Given that we observed plasticity in SN abundance on the caudal fin and in the nasal region
that was independent of other body regions, we speculate that neuromasts in these regions
in rainbowfish belong to a separate linkage group than those on the head and trunk.
Further investigation into the phenotypic plasticity of the lateral line in fishes, as well as the
underlying genetic architecture of this sensory system, would elucidate these patterns of
sensory specialization.

Surprisingly little is understood of the link between morphology and behavioural
function for the lateral line system. However, studies with blind cave fish have shown how
sensory enhancement of specific body regions evolved to serve a specific behavioural
function, such as finding food when visual cues are absent (Yoshizawa et al., 2010). For example,
blind cave-dwelling fish have more SNs than surface-dwelling fish, which is assumed to
increase their sensitivity to surface vibrations and optimize foraging efficiency in the dark
(Yoshizawa et al., 2010). Interestingly, disrupting neuromasts in the large trunk region and the
suborbital regions significantly reduced the ability of blind cave fish to swim towards the
source of a water disturbance in darkness, whereas ablation of the small trunk region and
suborbital region in surface fish had no effect on this behavioural response (Yoshizawa et al.,

2010). Similarly, studies with yellowtail kingfish (Seriola lalandi), a pelagic species, have dem-
onstrated that disruption of the SNs in the trunk region results in a reduction in critical
swimming speed and an increase in oxygen consumption, suggesting that both swimming
performance and efficiency are compromised with partial lateral line ablation (Yanase et al.,

2012). We are aware of only one study that has correlated neuromast abundance with the
strength of a behavioural response within a species: threespine stickleback with a higher
number of SNs show a stronger negative rheotactic response than those with fewer neuro-
masts (Jiang et al., 2017). This suggests that plasticity in neuromast abundance should have
outcomes for rheotaxis, as well as other behavioural traits that are mediated by the lateral
line.

In contrast with our general expectation of a negative relationship between water flow
speed and the abundance of superficial neuromasts, we found that rainbowfish reared in fast
water flows had a higher abundance of SNs on the caudal fin than those reared in slow
flows. Nonetheless, it is important to note that selective mortality may also have played
some part in contributing to our findings. Most studies linking water flow speed with
neuromast abundance have been conducted in the wild, where flows are very different to
those simulated in laboratory experiments, which are generally of low velocity (<0.1 m· s−1)
and characterized by highly uniform flow directions. Thus, the functional requirements of
the lateral line system are also likely very different under laboratory flow conditions. Under
conditions of laminar flow in the laboratory, an abundance of neuromasts on the caudal fin
may be functionally suited to the carangiform swimming mode, a form of locomotion where
the majority of body movement is in the posterior third of the fish (Blake, 1983). The caudal
fin and caudal peduncle act to amplify lateral oscillation of the posterior body during
carangiform swimming and are the primary site for hydrodynamic propulsion (Nauen and

Lauder, 2002). Neuromasts on the caudal fin will therefore be exposed to variable hydrodynamic
stimuli because water flow over the surface of the caudal fin depends on changes in the
curvature of the caudal fin during locomotion (Bainbridge, 1963). Superficial neuromasts on the
caudal fin play a disproportionate functional role in detecting flow velocity and direction in
larval zebrafish (Danio rerio) (Olszewski et al., 2012). Increasing the abundance of neuromasts on
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the caudal fin would effectively increase the surface area for sensory sampling at the primary
site of hydrodynamic propulsion and helps explain the positive relationship observed in our
study between SN abundance on the caudal fin of rainbowfish and water flow.

Our basic measure of lateral line variation used in this study, neuromast abundance, may
have masked the subtle components of neuromast micromorphology, which may have a
disproportionate effect on flow sensitivity. Mathematical models that have examined the
relationship between the height of the gelatinous cupula of the neuromast (which varies
significantly within and among individuals) and neuromast sensitivity have revealed up to a
38-fold difference in response amplitude (Van Trump and McHenry, 2008). However, in that study
there was no relationship between cupula height and the body region that the neuromast
was located in (Van Trump and McHenry, 2008), which contrasts with previous studies that have
found that some parts of the body are more sensitive to flow than others (Vischer, 1989; Teyke,

1990). The role of plasticity in determining fine-scale morphological specialization for par-
ticular sensory tasks warrants further attention in the rainbowfish, and in other species of
fishes.

Previous work has revealed significant among-population variation in neuromast distri-
bution and abundance in wild-caught rainbowfish (Spiller et al., 2017). This earlier study found
that environmental factors, such as habitat complexity and the abundance of benthic
invertebrate prey, were the best predictors of population variation in SN abundance.
Importantly, we also observed divergence in the lateral line morphology (the total abun-
dance of SNs) of fish from a creek receiving large volumes of discharge arising from mining
activities [for flow details, see Dogramaci et al. (2015)], and thus much higher flows, compared
with that of fish from a nearby creek with unmodified flows (Spiller et al., 2017). While it was not
possible to sample fish sensory traits before and after this hydrodynamic disturbance, we
based our current study on fish collected from a creek that is adjacent to and has com-
parable ecological characteristics to the dewatering site. These preliminary findings suggest
that divergence in the lateral line morphology of fish from the dewatered site could be partly
attributable to sensory plasticity induced by altered water flows. However, we cannot infer
anything about the potential role of sensory plasticity without considering the relationship
between plasticity and directional selection for both ancestral populations, and those
exposed to altered water flows. Such an approach is an important next step, and would
allow us to determine the role of sensory plasticity in facilitating population responses to
environmental change.
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