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ABSTRACT:
The mechanosensory lateral line system is the flow sensing system present in all 34 000þ species of fishes. Its

neuromast receptor organs, located on the skin or in bony canals on the head and tubed scales on the trunk, respond

to the near field component of acoustic stimuli as well as short range, low frequency (0–200 Hz) water flows of

biotic and abiotic origin. Here, I discuss the genesis of my research career and its focus on the structural and

functional evolution of the lateral line system among a wide taxonomic range of fishes including those from

different aquatic habitats (tropical lakes to coral reefs and the deep sea). I discuss the importance of investigating

structure before function, using investigations in my laboratory that had unexpected outcomes, as well as the role of

serendipity in the evolution of a career and in the nature of scientific discovery.
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I. INTRODUCTION

Two mechanosensory systems (auditory/vestibular, lat-

eral line) were present in the first fishes and have evolved

over 400 million years in diverse aquatic environments all

characterized by complex acoustics (Fay et al., 2008; Webb

et al., 2008). The mechanosensory lateral line (LL) system

was first described in the 17th century but was not recog-

nized as a sensory system until almost 200 years later

(reviewed by Coombs and Bleckmann, 2014). In the late

19th century, the anatomy and development of the LL sys-

tem in different taxa were described and illustrated in expe-

ditionary reports (e.g., Garman, 1899) and anatomical

monographs (e.g., Allis, 1889; Collinge, 1895; Clapp,

1898). Anatomical studies of the LL system of fishes

(among the 34 000þ extant species) continue to this day

(reviewed in Webb, 1989a, 2014a,b; Sato, 2022; also see

Webb and Ramsay, 2017; Marranzino and Webb, 2018;

Nickles et al., 2020).

The LL system mediates flow sensing by responding to

low frequency (0–200 Hz) near field acoustic stimuli and

short range hydrodynamic stimuli of abiotic and biotic ori-

gin; these play critical roles in the behavior and ecology of

fishes (reviewed in Kasumyan, 2003; Montgomery et al.,
2014; Coombs and Montgomery, 2014; Mogdans, 2019).

Historically, the auditory/vestibular, mechanosensory LL,

and electrosensory systems were considered to comprise a

single octavolateralis system (Platt et al., 1989) based on

some common developmental, structural, and functional

attributes (see Coombs and Bleckmann, 2014). The sensory

organs of the LL system (neuromasts; see Webb et al.,
2019) are similar to the sensory maculae of the inner ear, in

that they are comprised of sensory hair cells, which along

with the afferent sensory neurons that innervate them and

arise from cranial ectodermal placodes in the embryo (the

otic placode and a series of LL placodes, respectively). Each

hair cell has a single kinocilium and multiple stereocilia

(stereovilli) to one side of it on the cell surface, which

imparts both structural and functional asymmetry (an axis of

best physiological sensitivity). The ciliary bundles of all of

the hair cells in a sensory epithelium (macula or neuromast,

respectively) are embedded in a gelatinous matrix (an oto-

lithic membrane or dome-shaped cupula, respectively) that

covers the entire hair cell epithelium. Sensory transduction

occurs when fluid flows cause the deflection of the ciliary

bundles. Despite these similarities, the two systems are dis-

tinct with respect to their gross morphology and functional

roles (Platt et al., 1989). The auditory system is comprised of

a bilateral pair of complex sense organs (the inner ears) that

include several sensory epithelia (maculae), while the LL

system is comprised of dozens to thousands of individual

sense organs (neuromasts; Fig. 1) distributed on the skin

(superficial neuromasts, SNs) and in hollow, fluid-filled

canals (canal neuromasts, CNs) on the head, trunk, and tail.

The sensory hair cells are innervated by neurons of different

cranial nerves—the auditory nerve (VIII,¼ auditory-vestibu-

lar nerve) or the anterior, middle, and posterior LL nerves,

which form distinct ganglia and central projections in the

hindbrain (Wullimann and Grothe, 2014).

The auditory and LL systems both respond to the near-

field component of acoustic stimuli (particle displacement,

close to a source), which deflects the hair cells. However,

the LL system responds to lower frequencies (0–200 Hz) in

the near-field and is thus complementary to the ear’s ability

a)This paper is part of a special issue on Fish Bioacoustics: Hearing and

Sound Communication.
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to respond to a wider range of frequencies in the near-field

and as well as in the far-field (sound pressure waves) if a

gas-filled swim bladder is present (Platt et al., 1989; Webb

et al., 2008; Braun and Grande, 2008; Schulz-Mirbach

et al., 2013b; Schulz-Mirbach and Ladich, 2021; Tricas and

Webb, 2016). An acoustic stimulus may simultaneously pro-

vide inputs to the auditory and LL systems via the recessus
lateralis in clupeomorphs (herrings and relatives, Denton

and Gray, 1983, 1993), and perhaps the laterophysic connec-

tion (LC) present in some chaetodontids (coral reef butter-

flyfishes; see Sec. III C). Central integration of auditory and

LL inputs (e.g., Bleckmann and Mogdans, 2014; Higgs and

Radford, 2016; Braun and Sand, 2014; Mensinger, 2016)

provides fishes with information about acoustic stimuli that

cannot be derived from input to just one of the two systems.

The neuromast organs of the LL system (Fig. 1), found

in stereotyped locations on the skin (SNs) and within pored

canals (canal neuromasts, CNs; Fig. 1, 2; see Webb, 2014a,b)

define two LL sub-modalities. SNs function as velocimeters,

responding directly to fluid flows, but CNs function as accel-

erometers (responding indirectly to water flows as the result

of the pressure differentials at adjacent canal pores). On the

head of bony fishes, the cranial LL canals are typically asso-

ciated with an evolutionarily conserved subset of the flat, der-

mal bones that cover the skull (the “LL bones”; Fig. 2),

despite considerable variation in bone size and shape among

species. Nevertheless, five cranial canal phenotypes (defined

by canal width and degree of development) are present

among bony fishes [Webb, 2014b; Figs. 3(A)–3(E)].

The trunk canal (“the LL” of the classic ichthyology liter-

ature), is comprised of a series of small canal segments, typi-

cally embedded within overlapping LL scales in a horizontal

series extending along the length of the trunk (Fig. 4). Eight

patterns [Figs. 3(F)–3(M); see Sec. III A] describe the diver-

sity of the trunk canals among bony fishes. In addition to the

CNs in the cranial and trunk canals, SNs (Fig. 1) are found on

the skin of the head, trunk and tail (e.g., Nickles et al., 2020;

Sato et al., 2017; Sato et al., 2021; see Sec. III C).

II. THE GENESIS OF MY WORK ON THE LL SYSTEM

I always knew that I wanted to study biology, but I

could not have predicted that I would study the LL system,

or even fishes. Yet hard work and persistence, as well as

FIG. 1. (Color online) Neuromasts in teleost fishes. (A) Scanning electron micrograph (SEM) of a SN on the head of a larval cichlid (Aulonocara stuartgranti).
Long kinocilium (kc, arrow) and multiple shorter stereocilia (¼ stereovilli; not visible) extend from the surface of the hair cells. Scale bar¼ 2 lm. (B) SEM of

SN on the trunk of a newly settled juvenile goby (Elacatinus lori) with ciliary bundles (each has one long kinocilium, and several stereovilli, which are graded

in length). Hair cells have opposing polarities (arrows) and are surrounded by non-sensory support cells (sc). Scale bar ¼1 lm. (C) Histological section through

the mandibular canal (in lower jaw) in a cichlid (Labeotropheus fuelleborni). The canal is located deep in the dermis (d). Hair cells (hc) in the canal neuromast

have prominent nuclei; non-sensory cells and mucus-secreting cells (blue). Meckel’s cartilage (mc) and the LL canal are incorporated into the dentary bone

(pink), Scale bar¼ 50 lm. (D) Histological section through a canal neuromast in the supraorbital canal of a juvenile cichlid (Tramitichromis sp.), located within

the trough-like nasal bone (pink), which has not yet enclosed the neuromast within the canal. Two superficial neuromasts (sn) and the ciliated olfactory epithe-

lium (oe) are visible, Scale bar¼ 50lm. Reprinted with permission from Webb, Collin, Kuciel, Schulz-Mirbach, Zuwala, Denizot, and Kirschbaum, “Sensory

organs,” in The Histology of Fishes, 1st ed. Copyright 2019 Taylor and Francis Group, LLC, a division of Informa plc.
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FIG. 2. Skull of a bony fish (a teleost), the convict cichlid (Amatitlania nigrofasciata¼Archocentrus nigrofasciatus), illustrating pored LL canals contained

within dermatocranial bones. (A) Lateral view showing the supraorbital canal in the nasal (na) and frontal (fr) bones, infraorbital canals in the lacrimal (la)

and infraorbital series (e.g., io), preopercular canal in the preoperculum (po), mandibular canal in the dentary (de) and angulo-articular (aa), otic canal in the

pterotic (pt), supratemporal commissure in the lateral and medial extrascapular bones (le, me), and post-otic canal in the posttemporal bone (pe). (B) Dorsal

view showing the supraorbital canal in the nasal (na) and frontal (fr) bones. (C) Ventrolateral view of mandibular canal in dentary (de) and angulo-articular

(aa) bones. Numbers (in B and C) indicate the location of neuromasts between adjacent canal pores within the supraorbital and mandibular canals. (A)

Reprinted with permission from Webb, “Mechanosensory lateral line: functional morphology and neuroanatomy,” in Handbook of Experimental Animals—
The Laboratory Fish, Copyright 2000 Elsevier. (B) and (C) Reprinted with permission from Tarby and Webb, “Development of the supraorbital and

mandibular lateral line canals in the cichlid, Archocentrus nigrofasciatus,” J. Morphol. 254, 44–57 (2003). Copyright 2003 Wiley-Liss, Inc.

FIG. 3. Diversity in cranial LL canals (A)–(E), five canal patterns and trunk canals [(F)–(M), eight patterns] found among teleost fishes. (A) Narrow-simple

canals, in saithe, Pollachius virens. (B) narrow canals with widened tubules (gray), in Arapaima gigas, (C) reduced canals with lines of SNs (dots) in the

plainfin midshipman (Porichthys notatus), (D) narrow canals with branched tubules in Atlantic menhaden (Brevoortia tyrannus), (E) widened canals in com-

mon percarina (Percarina demidoffi). (F) complete straight canal in Atlantic tarpon (Megalops atlanticus), (G) complete arched canal in a carangid, (H) dor-

sally placed canal in a stonefish, (I) ventrally placed canal in a flying fish, (J) incomplete canal in a blenny, (K) disjunct canal in a cichlid, (L) multiple

canals in a greenling (see Sec. III A), (M) absence of trunk canal in a menhaden). Sources: (A) Redrawn with permission from Marshall, “Systematic and

biological studies of the macrourid fishes (Anacanthini Teleostii),” Deep Sea Res. 12, 299–322 (1965). Copyright 1965 Elsevier. (B) Redrawn with permis-

sion from Nelson, “Infraorbital bones and their bearing on the phylogeny and geography of osteoglossomorphs fishes,” Am. Mus. Novit. No. 2394 (1969).

Copyright 1969 the American Museum of Natural History. (C) Redrawn with permission from Greene, “The phosphorescent organs in the toadfish,

Porichthys notatus Girard,” J. Morphol. 15, 667–696 (1899). Copyright 1899 Wiley. (D) Redrawn with permission from Hoss and Blaxter, “Development

and function of the swimbladder-inner ear system in the Atlantic menhaden, Brevoortia tyrannus (Latrobe),” J. Fish Biol. 20, 131–142 (1982). Copyright

1982 Wiley & Sons, Inc. (E) Redrawn with permission from Jakubowski, “Cutaneous sense organs of fishes. Part VII. The structure of the system of lateral-

line canal organs in the Percidae,” Acta Biol. Cracov. Ser. Zool. 10, 69–81 (1967); licensed under an Attribution-NonCommercial-NoDerivs 3.0 Unported

(CC BY-NC-ND 3.0; https://creativecommons.org/licenses/by-nc-nd/3.0/license. (F)–(M) Modified with permission from Nelson, Grande, and Wilson,

Fishes of the World, 5th ed. Copyright 2016 Wiley-Liss, Inc.
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naivete and serendipity, all played key roles in setting me on

my career path (students, take note!). In the 1970s, Jacques

Cousteau was thrilling us with his explorations of the

“Undersea World” on television and the New York

Aquarium (on the iconic Coney Island boardwalk) was

down the street from our apartment building in Brooklyn,

New York. I attended John Dewey High School, an experi-

mental New York City public high school that was a unique

alternative to the traditional neighborhood high schools.

Founded in 1969, it was filled with young, energetic,

idealistic, and creative teachers who made it seem like any-

thing was possible. It was also the only high school that

offered courses in marine biology. These included beach

surveys, trips to Woods Hole (a bit prophetic) and to local

marshes to collect fishes and invertebrates that filled our

large student-run aquarium room, and annual lobster feasts

(thinly disguised as “dissections”). We were riding the wave

of the environmental movement after the first Earth Day and

were encouraged to become docents (volunteers) at the NY

Aquarium where we shared our excitement about the marine

FIG. 4. LL scales on the trunk of teleost fishes. (A) SEM of the developing trunk canal in the convict cichlid, Amatitlania nigrofasciata (¼Archocentrus
nigrofasciatus). Two LL scales prior to enclosure of tubular canal segment (pcn, presumptive canal neuromasts), scale bar¼ 100 lm; (B) Close-up of a pre-

sumptive canal neuromast as in (A); double-headed arrow indicates the axis of best physiological sensitivity of hair cells, scale bar¼ 10 lm; (C) SEM of

two LL scales after canal segments have formed, with additional superficial neuromasts (sn) on the skin, scale bar¼ 1 mm; and (D) anterior end of the trunk

canal (just caudal to operculum, op) showing several overlapping scales, scale bar¼ 1 mm; (E) Schematic of overlapping LL scales (based on ten species of

pomacentrids, embiotocids, and pleuronectids). LL scales (black) sit beneath the epidermis (gray) at a shallow angle in the dermis (light gray). Tubular canal

segments (see shaded tubes ending in dotted lines) form a continuous, epithelium-lined canal that runs parallel to the skin surface. The infrascalar and supra-

scalar pores [right and left, respectively, in two scales depicted three-dimensionally (3-D)] are represented by dashed lines. Rostral to left. Abbreviations:

llc, LL canal; m, trunk muscle; n, canal neuromast; p, pore (small circles); plln, posterior LL nerve; s, scale. (A)–(D) Modified from Webb, J. F., Maruska,

K. P., Butler, J. M., and Schwalbe, M. A. B. (2021). “The mechanosensory lateral line system of cichlid fishes: From anatomy to behavior,” in The
Behavior, Ecology and Evolution of Cichlid Fishes, edited by M. E. Abate and D. L. G. Noakes (Springer, Dordrecht), pp. 401–442 (https://link.springer.-

com/book/10.1007/978-94-024-2080-7) with permission of Springer Nature. (E) Reprinted from Fig. 8 of Webb, J. F. and Ramsay, J. B. (2017). “New inter-

pretation of the 3-D configuration of lateral line scales and the lateral line canal contained within them,” Copeia 105, 339–347, with permission from the

American Society of Ichthyologists and Herpetologists.
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organisms on exhibit with aquarium visitors. This was not

your typical New York City public high school experience,

and it is something for which I will be ever grateful.

As a major in Biological Sciences at Cornell University,

I followed a rather traditional curriculum, but I also took an

immersive summer course at Cornell’s Shoals Marine

Laboratory (shoalsmarinelaboratory.org). That was the trans-

formative experience that solidified my desire to pursue a

career in marine biology. However, I applied to graduate

school still not knowing what I really wanted to study. I

attended Boston University whose Marine Program was in

residence at the world-renowned Marine Biological

Laboratory (MBL) in Woods Hole at the time (to which I

now return for part of each summer). Jelle Atema became

my Ph.D. advisor and introduced me to the field of sensory

biology. When I met Harvard ichthyologist Karel Liem at a

seminar he gave at Cornell during my senior year, I asked if

I could sit in on his Biology of Fishes course when I arrived

in Boston (Boston University did not offer such a course at

the time). He said yes, which was the first of many acts of

generosity he bestowed upon me throughout my career.

The stimulating and entertaining lectures in the course

introduced me to the fields of comparative and functional

morphology as well as systematics—this was the game

changer. Had Boston University offered a course in fish

biology in at the time, I would be telling a very different

story. Serendipity! Throughout graduate school, I contin-

ued to visit Karel’s lab, volunteer in the fish collection (in

Harvard’s Museum of Comparative Zoology, MCZ) with

invaluable mentorship from then fish collection manager,

Karsten Hartel, and mine the literature in the MCZ’s

incredible Ernst Mayr Library. The MCZ provided me with

an intellectual home, something that I did not realize would

be so important for my career trajectory. It gave me access

to resources that were critical to my success as a Ph.D. stu-

dent, and to this day, given my appointment as an

Associate in Ichthyology (2009–present).

The 1980s were an exciting time at Harvard—the giants

of evolutionary biology (Gould, Lewontin, Mayr, Wilson,

etc.) engaged in lively discussions at seminars given by prom-

inent speakers from Harvard and elsewhere, and the key ideas

being debated at that time would form the conceptual basis of

my research program. Cladistic systematics (evolutionary

relationships based on nested shared derived characteristics

instead of overall similarity) was transforming the field of ich-

thyology, in particular, and provided the framework in which

I would interpret the evolution of the LL system. The iconic

paper, “The Spandrels of San Marco and the Panglossian
Paradigm: A Critique of the Adaptationist Programme”

(Gould and Lewontin, 1979) rid us of the idea that every fea-

ture of a fish skeleton, for instance, was the result of adapta-

tion via natural selection. The emerging field of evolutionary

developmental biology (“evo-devo”) revealed how variation

in developmental patterns and processes could be used to

predict and interpret evolutionary trends in morphology (e.g.,

heterochrony). The importance of “developmental con-

straints” was first made clear to me in a conversation with Per

Alberch (herpetologist and evolutionary biologist). When I

told him that I was interested in evolutionary variation in the

LL system, he told me to pay attention to morphological

variants that are not present instead of just those that are

present. All of these ideas are reflected in many of my

papers (see Webb, 1989a,b, 1999; Webb, et al., 2014; Bird

and Webb, 2014).

Yet, how did I start working on the LL system in the

first place? At Harvard, I was surrounded by people studying

the functional morphology of feeding in fishes and I became

interested in filter feeding (in herrings, anchovies, menha-

dens, etc.). One summer day in Woods Hole I pulled a pre-

served menhaden (Brevoortia tyrannus) out of a jar with the

intention of measuring and counting its gill rakers (which

enable filter feeding). I left the lab for about 15 min (OK,

bad form) and when I came back, the alcohol had evapo-

rated from the surface of the fish revealing what I then

learned were the highly branched tubules of the cranial LL

canals. I ran to the MBL Library and read everything I could

about the LL system, especially in menhaden and its rela-

tives by John Blaxter and his colleagues (e.g., Hoss and

Blaxter, 1982; Blaxter, 1987). That is how it all started.

Serendipity!

Soon after, Jelle Atema, along with Richard Fay,

Arthur Popper, and William Tavolga started organizing

the Sensory Biology of Aquatic Animals conference in

Sarasota, FL, 1985 (see Atema et al., 1988). I was cer-

tainly intrigued by the LL system, but I was still

searching for the Ph.D. project. When I asked if I could

attend the conference, Jelle told me that I could do so,

but that I would need to write a book chapter on the

evolution of the LL system with Sheryl Coombs and

John Janssen (then at Loyola University in Chicago) neither

of whom I knew. I never figured out how an unknown

graduate student, who had not yet published, was offered

up to two faculty members as a co-author (for an invited

book chapter, no less), but I ran with it and my naivete

worked to my benefit. I called Sheryl Coombs and intro-

duced myself (as if this was normal), then I travelled to

Chicago to make plans for the work that would comprise

this book chapter (Coombs et al., 1988).

As this was long before Google, I started to search for

data on the LL system by scouring the MCZ Ichthyology

Department’s reprint collection and it proved to be a gold

mine. Buried within species descriptions and data matrices

used to construct new phylogenies were descriptions of the

LL canals and neuromasts in all sorts of fishes. I also started

attending meetings of the American Society of

Ichthyologists and Herpetologists (ASIH) and absorbed all

of the information on the LL system that I could, which was

scattered among talks and posters on fish morphology, tax-

onomy, and systematics. I asked questions of experts on dif-

ferent groups of fishes, and I was the recipient of a great

deal of good will. Ichthyologists from all over the world

sent me their papers, copies of file cards with pertinent paper

citations, and names of species they said I must look at. At

the time, few in the ichthyology community were studying
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the LL system, per se, but everyone wanted to learn more

about “their fish,” so it was a win-win.

At this time, research on the LL physiology and LL-

mediated behavior was largely focused on a few small,

robust, freshwater or nearshore marine fishes (see Coombs

and Bleckmann, 2014; Coombs, 2023). This work had not

yet been integrated with what was known about phyloge-

netic variation in LL morphology, and this was the niche

that I set out to fill. At the Sarasota conference, I met all

the luminaries in sensory biology of aquatic animals and

was truly inspired by all of them. Sheryl Coombs gave a

talk on the diversity of the LL system based on our exten-

sive literature review (my first publication; Coombs et al.,
1988) and I presented a poster on variation in LL morphol-

ogy in a phylogenetic framework (my first dissertation

chapter; Webb, 1989b). The degree of structural diversity

and the evolutionary patterns demonstrated by the LL sys-

tem turned out to be a revelation for many. When John

Blaxter asked me to explain my poster to Eric Denton,

John Gray, and himself, one of them (I cannot recall

whom) commented that he had no idea that there was so

much diversity in the system. This admission was shocking

to me (after all, they were the world’s experts on the sys-

tem), but it convinced me that there was something impor-

tant and unique in the approach that I was taking. The

validation I received at this conference was unprecedented

and invaluable. Art Popper told me to forget about gill

rakers and filter feeding and stick to the LL system (almost

a direct quote) and I followed his sage advice. During the

conference, I was also offered post-docs in two labs, but

this was a bit premature.

The balance of my dissertation focused on the LL system

of cichlids and their relatives (wrasses, parrotfishes, damsel-

fishes, surfperches—the suborder “Labroidei”; Webb, 1989c,

1990a,b). This decision was intentional as Karel Liem, his stu-

dents, and new Harvard faculty member, Melanie Stiassny

(now curator at the American Museum of Natural History in

New York) were all working on these fishes, which provided

interest in and a broader context for my work. At Boston

University, I started rearing two species of cichlids, Nile tila-

pia (Oreochromis niloticus), which were being maintained by

another student, and the convict cichlid (Amatitlania
nigrofasciata¼Cichlasoma nigrofasciatum), which was com-

mon in pet stores, in order to study the development of the LL

system. Art Popper invited me to do scanning electron micros-

copy in his department at Georgetown Medical School, and

the images that I acquired were the basis for my second disser-

tation chapter (Webb, 1989c; see Fig. 4). This set the scene

for my subsequent work on the multiple trunk canals of hexa-

grammid fishes (see Sec. III A) and on the cranial LL canals

in the convict cichlid (Tarby and Webb, 2003), other cichlids

(see Sec. III C), and in the zebrafish (Webb and Shirey, 2003).

Soon after I finished my Ph.D., I gave an invited talk at the

1987 Lateral Line Conference in Bielefeld, Germany (see

Coombs et al., 1988) in which I talked about how hetero-

chrony [alteration in the timing (rate, onset, offset) of the pro-

cess of canal formation] could be used to explain the

diversification of cranial LL canal and trunk canal phenotypes

among species (Webb, 1989a).

To broaden my training, I did NIH/NRSA post-docs with

Glenn Northcutt at the Scripps Institution of Oceanography on

neuroanatomy of the LL system in non-teleost bony fishes

(Webb and Northcutt, 1991, 1997) and with Drew Noden at

the New York State College of Veterinary Medicine at

Cornell, where I studied the development the neuronal placo-

des using the chick-quail chimera system. My intention was to

transfer these skills to the study of the placodal origins of the

LL system in fishes; however, this project never came to fru-

ition (but see Webb and Noden, 1993). I then taught

Vertebrate Developmental Biology at Illinois Wesleyan

University for a semester and did a summer Grass Fellowship

at Friday Harbor Laboratories (University of Washington),

before accepting my first faculty job in 1993 at Villanova

University. Thirteen years later I moved my research lab to

the University of Rhode Island where I run its Marine Biology

Program and hold the George and Barbara Young Chair in

Biology (2016–present).

III. STRUCTURE AND FUNCTION OF THE LL SYSTEM

Throughout my career, my research has drawn inspira-

tion from the work that I did as a graduate student. I have

continued to focus on the structural evolution of the LL sys-

tem using morphological and developmental approaches

(with an expanding toolbox of visualization methods, e.g.,

lCT, vital fluorescent staining) as well as experimental

approaches in order to determine the role of the LL system

in prey detection. Over the years, I have chosen study spe-

cies depending on the questions I wanted to ask. Some proj-

ects investigated the morphological attributes of a particular

taxon (butterflyfishes, flatfishes, minnows, cichlids), and

others used the attributes of model species (convict cichlid,

Tarby and Webb, 2003; zebrafish, Webb and Shirey, 2003;

little skate, Webb and Gillis, 2013; line snout goby, Nickles

et al., 2020; brook trout, Jones, 2023) to learn about funda-

mental features of the LL system in the larger taxonomic

groups to which they belong. Here, I will focus on just a few

projects involving detailed anatomical analyses that have

provided critical contexts for the consideration of the func-

tional evolution of the LL system.

A. Multiple trunk canals—Are five canals better than
one?

My dissertation work showed that eight types of trunk

canals are found among bony fishes [Coombs et al., 1988;

Webb, 1989b; Fig. 3(F)–3(M)]. These are defined by canal

position [mid-lateral (and either straight, or arched over the

pectoral fin), or dorsally or ventrally displaced], degree of

development (complete, incomplete, disjunct), and number

(multiple canals; up to five canals; Fig. 3). The multiple

canal phenotype [Fig. 3(L)] is the rarest of the eight pat-

terns, occurring only in a handful of fish families (Webb,

2014b). A simple hypothesis to explain the adaptive signifi-

cance of multiple canals was that the larger number of
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neuromasts within these canals enhances the overall sensi-

tivity of the system or increases spatial resolution for the

interpretation of water flows. This hypothesis was based on

an a priori assumption that a neuromast is present in each

LL scale in each of the five canals, and there was no reason

to think otherwise (see Klein et al., 2013).

To explore this further, my first MS student Angela

(Wonsettler) Ridgel (now on the faculty at Kent State

University) determined the distribution of neuromasts within

the five trunk canals in two species of greenlings (Family

Hexagrammidae, Hexagrammos decagrammus and

Hexagrammos stelleri). She found that in H. stelleri, the

tubular LL scales comprising the five canals were almost

identical in morphology. However, she showed that neuro-

masts are found in only one of the five canals—the one that

runs along the mid-flank (and is likely the homologue of the

single canal in other fishes)—and that none of the canals are

connected to the canals on the head (Wonsettler and Webb,

1997). So, what could their function possibly be? How do

the canals develop in the absence of neuromasts given the

long-standing idea that neuromasts induce the formation of

canal segments around them (discussed in Webb, 2014a,b)?

Our histological analysis of a lab-raised growth series

of H. stelleri (provided by Jeffrey Marliave, Vancouver

Aquarium), showed that the canal that contains neuromasts

develops like the single canal found in other species [Figs.

4(A)–4(D)]; however, neuromasts are not present in the

other four canal series either before or after the tubed LL

scales that comprise those canals have formed (in larvae and

juveniles; Wonsettler and Webb, 1997). This was a surpris-

ing result (and contrary to work on other taxa with multiple

canals; Klein et al., 2013). In order to explain this, we

hypothesized that placode-derived primordia (like those

described in detail in zebrafish; L�opez-Shier et al., 2004;

Chitnis et al., 2011; Ghysen et al., 2014) migrate along five

discrete paths on the trunk, but cells differentiate into neuro-

masts along only one of these paths, and that undifferenti-

ated placode-derived cells are sufficient to guide or induce

the development of the tubed LL scales that comprise the

other four canals. This work taught us an important lesson—

that the construction of meaningful functional hypotheses

requires an understanding of structure. Our developmental

hypothesis remains untested (but see Wada et al., 2014) and

the functional significance of multiple canals in these fishes

remains unknown.

B. How a bit of obscure skeletal anatomy revealed the
importance of bioacoustics in butterflyfishes on coral
reefs

Our work on coral reef butterflyfishes (Family

Chaetodontidae) is a prime example of the importance of

serendipity in scientific discovery. In his Ph.D. dissertation

at the University of Hawaii, Stanley Blum (now working for

Biodiversity Information Standards, TDWG) determined

that the butterflyfishes in the genus Chaetodon have a small

hole (fossa) in the medial (inside) surface of the supracleith-

rum, a small bone located at the posterior margin of the

skull [Fig. 5(F); Blum, 1988]. It was suggested to him that

this medial fossa might be the site of a connection to the

swim bladder, so he asked me if I could do histology to

determine if this was indeed the case. I purchased an eight-

band butterflyfish (Chaetodon octofasciatus), which was the

least expensive butterflyfish at a local pet store, based on the

assumption that since the medial fossa was a synapomorphy

(shared derived characteristic) of the genus Chaetodon, all

species would be similar. My initial histological analysis

revealed a bilateral pair of anterior extensions of the swim

bladder (horns) that adhere to the medial fossa in the supra-

cleithrum forming a multi-layered soft tissue “tympanum”

between the air-filled swim bladder horn and the fluid-filled

LL canal within the supracleithrum, which is contiguous

with the other cranial LL canals [Figs. 5(A) and 5(B)]. I

coined the term “laterophysic connection” (LC) to describe

this association (Webb, 1998), as an analog to the otophysic

connections between the swim bladder and ear found in

other fishes; Braun and Sand, 2014). I hypothesized that

sound pressure waves originating in the swim bladder would

be propagated along the swimbladder horns, causing deflec-

tions of the tympanum and fluid movements in the LL canal

thus stimulating nearby CNs (Webb, 1998). If this were the

case, this would expand the functional repertoire of the LL

system to include pressure reception (normally the realm of

the ear) in these fishes.

Given this exciting discovery, my MS student Leo

Smith (now on the faculty at the University of Kansas) and a

group of talented and energetic undergraduates did a histo-

logical analysis of 22 Chaetodon species distributed among

the 11 Chaetodon subgenera (despite a suggestion that we

just focus one or two species). This work revealed unex-

pected and extensive variation in the soft tissues in the

vicinity of the medial opening in the supracleithrum

[Fig. 5(F)]. We identified two LC types among the first few

species Chaetodon species that we examined—one defined

by close opposition of the wall of the swim bladder horn and

the medial fossa in the supracleithrum forming a

“tympanum” [e.g., as in C. octofasciatus, a direct LC; Figs.

5(A) and 5(B)], and the other in which muscle tissue lies

between the swim bladder horn and the media fossa in the

supracleithrum [an indirect LC; Fig. 5(G)]. Ultimately, we

found six LC variants, defined by the presence of either a

direct or indirect LC, as well as by variation in the diameter

(narrow, wide) and length (long, short) of the swim bladder

horns (Smith et al., 2003). We also found that LC type

(direct, indirect) is correlated with the thickness of the outer

wall of the swim bladder (suggesting differences in the abil-

ity of the swim bladder to transmit pressure stimuli), and

that the LC variant present in a species is predictive of its

placement in a Chaetodon subgenus (a taxonomic arrange-

ment established prior to this study; discussed in Smith

et al., 2003). These observations strongly suggested that the

LC is a part of a larger functional complex, involving not

only the swim bladder horns, but the entire swim bladder

(Woods et al., 2006), and perhaps the ear (Webb and Smith,

2000; Webb et al., 2002; Webb et al., 2006).
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If the LC does play a role in hearing, then it could just

be another type of otophysic connection, so we looked at the

ear in Chaetodon to determine if it has the same sorts of

modifications present in other fishes with otophysic

connections. We found that in several species of Chaetodon
(and in a member of another genus that lacks an LC,

Forcipiger flavissimus) the size of the otoliths, the shape of

the sensory maculae (sensory hair cell epithelia in the three

FIG. 5. (Color online) LC (laterophysic connection) in Chaetodon spp. (A) Transverse histological section through the LC in C. octofasciatus. Scale

bar¼ 500 lm. (B) Close-up of tympanum between the air-filled swim bladder horn and fluid-filled LL canal in C. octofasciatus. Scale bar¼ 200 lm. (C)

Computed tomographic (CT) 3-D reconstruction of the volume of air in the anterior swim bladder horns and swim bladder in C. ephippium (lateral view, rostral

to left) derived from two-dimensional (2-D) slices. (D) CT slice at level of arrow 1 (swim bladder horns) in C. (E) CT slice at level of arrow 2 (body of swim

bladder) in (C). Scale bars in (D) and (E)¼10 mm. Abbreviations: cns, central nervous system; h, horn; i.e., inner ear; ll, LL canal; mct, mucoid connective tissue;

s, supracleithrum; te, tunica externa; ti, tunica interna. (F) The bones just caudal to the left eye (orbit) in C. octofasciatus (lateral view, rostral to left). The anterior

swim bladder horn (shaded) sits deep to the medial opening in the supracliethrum (black teardrop,¼ site of laterophysic connection), and in the vicinity of several

CNs within the LL canals (gray ovals). Abbreviations: gb, gas bladder (swim bladder); h, horn; lc, laterophysic connection; le, lateral extrascapular; me, medial

extrascapular; nm, neuromast in LL scale; or, orbit (eye); pt, post-temporal; pte, pterotic; s, supracleithrum. (G) Schematic representation (in transverse view) of

the relationship between the left LL canal in the supracleithrum (sc), medial fossa in the suoracleithrum (light gray), swim bladder horn (sb horn), neuromast in

canal, and muscle tissue that sits deep to the fossa (defining an indirect LC), neurocranium containing the central nervous system (brain, cns) and the bilateral sac-

culae (otolithic organs of the two ears) that are vertical and sit at the midline ventral to the brain in C. ocellatus. (Numbers represent distances measured for

description of the anatomy in Webb et al., 2012). (A)–(E) Reprinted with permission from Webb, Smith, and Ketten, “The laterophysic connection and swim

bladder in butterflyfishes in the genus Chaetodon (Perciformes: Chaetodontidae),” J. Morphol. 267, 1338–1355 (2006). Copyright 2006 Wiley and Sons, Wiley-

Liss, Inc. (F) and (G) Reprinted with permission from Webb, Walsh, Casper, Mann, Kelly, and Cicchino, “Development of the ear, hearing capabilities, and later-

ophysic connection in the spotfin butterflyfish (Chaetodon ocellatus),” Environ. Biol. Fishes 95, 275–290 (2012). Copyright 2012 Springer Nature.
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otolithic organs—utriculus, sacculus, lagena), and the orien-

tation pattern of the hair cells in those maculae were

“unremarkable” and similar to other perciform (perch-like)

fishes that lack an otophysic connection. Experimental work

would be needed to determine if the LC (defined by the

presence of the anterior swim bladder extensions) enhances

the sensitivity of the ear to sound pressure. Nevertheless, we

showed that the evolution of the LC and its diversification

among Chaetodon species was not accompanied by the sorts

of structural modifications of the ear found in species with

otophysic connections (Webb et al., 2010).

All of this work generated a good deal of excitement

and inspired several important collaborations. I had never

met Darlene Ketten (Woods Hole Oceanographic Institution

and Harvard Medical School), but after I gave my talk on

some of our early work at the 1999 conference on Sensory

Processing in the Aquatic Environment (Heron Island, GBR,

Australia; see Collin and Marshall, 2003; Webb and Smith,

2000) she approached me and said, “Nice X-rays, but I can
do better.” I was not sure exactly what she meant, but a few

months later I found myself in the radiology department at

the Massachusetts Eye and Ear Infirmary in Boston with a

bucket containing a live butterflyfish (C. uliatensis), a spe-

cies chosen deliberately based on our understanding of its

anatomy. Using high resolution CT (computed tomographic)

imaging, which was then in its infancy for non-medical

applications, Darlene generated 2-D and 3-D images of the

volume of air within the swim bladder and within its ante-

rior horns [Figs. 5(C)–5(E)], thus confirming our observa-

tions in histological material at a comparable level of

resolution. CT imaging of about a dozen species of butter-

flyfishes and two species of squirrelfishes (Family

Holocentridae, one of which has swim bladder horns and an

otophysic connection) taught us how to interpret swim blad-

der anatomy using a combination of CT, histology, and dis-

section (Webb, et al., 2006). With this project, we pioneered

CT imaging of the swim bladders of live, anaesthetized

fishes [Webb et al., 1999; Figs. 5(C)–5(E)]. CT imaging is

now a standard method for the visualization of the relation-

ship between the swim bladder and the inner ear (e.g.,

Schulz-Mirbach and Ladich, 2021; Schulz-Mirbach et al.,
2013a; Schulz-Mirbach et al., 2013b; Schulz-Mirbach et al.,
2014), of the skeletal and soft tissue anatomy of fishes and

other vertebrates (Gignac et al., 2016; Hilton et al., 2019),

and of the cranial LL canals within the dermatocranial bones

of bony fishes (e.g., Webb et al., 2010; Webb, 2014b;

Marranzino and Webb, 2018).

Based on my initial description of the LC in Chaetodon
octofasciatus (Webb, 1998), Tim Tricas (University of

Hawaii) suggested that sound should be important in the

lives of butterflyfishes on coral reefs. On his way to

the Heron Island conference in 1999 he put hydrophones on

the reef off the Island of Hawaii. When he provoked social

interactions among monogamous pairs of C. multicinctus (a

monogamous and territorial species, with an indirect LC) he

discovered that they do indeed make sounds. He and his

Ph.D. student, Kelly Boyle (now on the faculty at the

University of New Orleans) followed up on this observation

by describing the sound production repertoire among several

Chaetodon species with different LC variants and in a non-

Chaetodon butterflyfish (Forcipiger flavissimus), which

lacks a LC and anterior swim bladder extensions. Using

auditory evoked potentials (AEP), they showed that defla-

tion of the swim bladder extensions or deflation of the entire

swim bladder raised the hearing threshold in species with an

LC (Chaetodon spp.), but not in a species that lacks an LC

(F. flavissimus). They concluded that the evolution of ante-

rior extensions of the swim bladder horns, which define the

LC in Chaetodon species increase sensitivity to sound pres-

sure at frequencies used for acoustic communication (Boyle

and Tricas, 2010, 2011; Tricas and Boyle, 2015a,b; Tricas

et al., 2006).

A unique opportunity also arose to study the develop-

ment of the LC in the larvae and juveniles of the spotfin but-

terflyfish, Chaetodon ocellatus, which stray northward from

the Caribbean to the coast of New Jersey. Our histological

analysis of a growth series [larvae, tholichthys (specialized

late-stage larva), and juveniles] that was provided by

Kenneth Able (director of the Rutgers University Marine

Field Station) revealed that the medial fossa in the supra-

cleithrum, the three otolithic organs of the ear, and an

inflated swim bladder are already present in tholichthys, but

that the anterior swim bladder horn form at transformation

to the juvenile stage (Webb et al., 2012). David Mann and

Brandon Casper (both from University of South Florida)

and I then collaborated on the analysis of AEPs in live juve-

nile C. ocellatus collected at the Rutgers Field Station. This

work showed that small juveniles have lower auditory

thresholds (�30–40 dB lower) than comparably sized dam-

selfishes (Family Pomacentridae) that lack swim bladder

extensions (see Webb et al., 2012). Thus we concluded that

sound is likely not critical for the ability of late-stage larvae

to navigate to their coral reef settlement sites (see general

discussion of this process in Majoris et al., 2021) but is

likely to be important at some point after transformation to

the juvenile stage, perhaps in the context of their territorial

and reproductive behavior as adults, as shown by Tricas and

Boyle in other species (reviewed in Tricas and Webb,

2016).

Before I started this work in 1990, little was known

about the acoustic sensory biology of coral reef fishes and of

butterflyfishes, in particular. Had I not purchased a butterfly-

fish based solely on its low price (C. octofasciatus), which

happened to have a direct LC (as opposed to an indirect

LC), the idea that the medial opening in the supracleithrum

is the site of a connection between the LL system and ante-

rior extensions of the swim bladder (Webb, 1998) would not

have been borne out, and our work would likely have

stopped right there. Furthermore, had we followed the sug-

gestion that we focus on the study of the LC in only one or

two species, we would have never found the striking varia-

tion in the LC found among Chaetodon species, which has

functional consequences as well as taxonomic correlates

(Smith et al., 2003; Webb et al., 2006). We had no idea that
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the initial question posed to me by Stan Blum concerning an

admittedly esoteric bit of anatomy would lead us to the

description of the LC, CT imaging of the swim bladder, and

ultimately to the discovery of sound production and its

importance in the social behavior of butterflyfishes.

Serendipity! This work also raised important questions

about the potential impacts of increasing levels of anthropo-

genic sound on coral reefs, which may compromise the abil-

ity of these highly social fishes to communicate (discussed

in Tricas and Webb, 2016). Nevertheless, my original

hypothesis, that the LC is the site of transduction of sound

pressure from the swim bladder into the LL canals, which

would expand the functional repertoire of the LL system to

include reception and interpretation of sound pressure stim-

uli in these fishes (Webb, 1998) remains untested, so there is

still much to learn.

C. Widened LL canals—Convergent evolution
for enhanced prey detection?

The occurrence of five different cranial LL canal phe-

notypes among bony fishes [Figs. 3(A)–3(E); Webb,

2014b) raises the obvious question about their adaptive sig-

nificance; however, few studies have directly addressed

this (but see Herzog et al., 2017; Kaldenbach et al., 2019;

Mogdans, 2019). Widened canals are characterized by

wide canal diameter, large CNs, and large bony pores

covered by skin that is pierced by small pores that con-

nect the fluid in the canal lumen to the external environ-

ment (Fig. 6). These canals are quite obvious when

examining live or preserved specimens, so much so that

the widened canals of the Eurasian Ruffe

(Gymnocephalus cernuus) were the first to be illustrated

in the literature (Leydig, 1850) followed soon after by

the widened canals on the blind side of the head in the

witch flounder (Glyptocephalus zachirus; McDonnell,

1871). The convergent evolution of widened canals in

�20 taxonomically diverse families of bony fishes

(Webb, 2014b) has always intrigued me as an important

example of adaptive evolution in the LL system and eco-

logical correlates provide hints about their adaptive

value.

Fishes with widened canals feed on prey in the water

column or sandy or muddy sediments. They are active under

light-limited conditions (are crepuscular or nocturnal) or

live at great depths in both marine and freshwater habitats

(Webb, 2014b; Edgley and Genner, 2019; Webb et al.,
2021). Theoretical, biomechanical, and behavioral studies

have demonstrated that neuromasts in widened canals are

more sensitive to flows (especially at low frequencies) but

respond more slowly than those in narrow canals. Further,

fishes with widened canals react to flow stimuli at shorter

distances than those with narrow canals (Denton and Gray,

1988, 1989; Gray and Best, 1989; Janssen, 1997).

Experimental work on the feeding behavior of two members

of the family Percidae, the Eurasian ruffe, Gymnocephalus
cernuus (which has widened canals) and European perch,

Perca fluviatilis (which has narrow canals), showed that

they feed on similar prey in the water column but that ruffe

are also able to feed at night thus giving them an ecological

advantage (Bergman, 1991; Janssen, 1997; Schleuter and

Eckmann, 2006).

When I moved to the University of Rhode Island in

2006 my goal was to develop a system in which we could

study the developmental basis for the structural evolution of

LL phenotypes and the functional significance of variation

in canal phenotype (e.g., widened vs narrow canals). Based

on my prior work on cichlid fishes I chose two species from

the iconic adaptive radiation of cichlids in Lake Malawi

(Africa): the flavescent peacock cichlid, Aulonocara stuart-
granti (widened canals) and Tramitichromis sp. (narrow

canals), both of which feed on benthic invertebrates in sandy

substrates. Peacock cichlids in the genus Aulonocara swim

closely over sandy bottoms and strike at prey (hence their

nickname “sonar fishes”; Fryer and Iles, 1972; Konings,

2007). This suggested to us that their widened LL canals

(Fig. 6), and the ventrally facing mandibular, lower preoper-

cular, and infraorbital LL canals, in particular [Figs. 6(C)

and 6(D)], could detect fluid flows generated by invertebrate

FIG. 6. (Color online) Neuromasts in the peacock cichlid, Aulonocara
stuartgranti in (A) lateral and (B) ventral views as revealed by vital fluores-

cent staining of hair cells in neuromasts (with 4-Di-2-ASP). CNs are larger

than SNs. (C) Transverse lCT (micro-computed tomographic) slice through

the head of adult Aulonocara baenschi at the level of the lens of the eye (e),

indicating the lumen of the preopercular (PO), infraorbital (IO), and supra-

orbital (SO) canals. (D) 3-D reconstructions (lCT) of cranial skeleton, in

ventral view, showing the mandibular (MD), preopercular (PO), and

infraorbital (IO) LL canals in adult Aulonocara baenschi. Asterisks (*) indi-

cate the location of CNs within the MD canal, found within the dentary and

anguloarticular bones of the mandible, and in the PO canal in the ventral

portion of the L-shaped preopercular bone. (A) and (B) Reprinted from

Figs. 2(E) and 2(F) from Becker, Bird, and Webb, “Post-embryonic devel-

opment of canal and superficial neuromasts and the generation of two cra-

nial lateral line phenotypes,” J. Morphol. 277(10), 1273–1291 (2016).

Copyright 2016 Wiley Periodicals, Inc., John Wiley and Sons. (C) and (D)

Reprinted from Figs. 3(D) and 3(C) from Webb, Bird, Carter, and Dickson,

“Comparative development and evolution of two lateral line phenotypes in

Lake Malawi cichlids,” J. Morphol. 275(6), 678–692 (2014). Copyright

2014 Wiley Periodicals, Inc., John Wiley and Sons.
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prey in sandy substrates. My M.S. student, Emily Becker,

showed that despite differences in canal morphology and

neuromast size, the number and distribution of neuromasts

(spatial patterning) on the head of A. stuartgranti and

Tramitichromis sp. were identical [Becker et al., 2016; Figs.

6(A) and 6(B)]. A post-doc, Nathan Bird (now on the faculty

at the University of Northern Iowa), demonstrated that

mosaic heterochrony, a combination of acceleration and

deceleration of the development of neuromasts and canals,

respectively, as well as truncation of the process of canal

ossification, could explain the evolution of widened canals

from narrow canals (Bird and Webb, 2014).

My Ph.D. student, Margot Schwalbe (now on the fac-

ulty at Lake Forest College), designed a series of behavioral

experiments to test the hypothesis that the detection of flows

generated by benthic prey is mediated by the LL system in

A. stuartgranti (widened canals; Fig. 6) but not in

Tramitichromis sp. (narrow canals). First, she showed that

A. stuartgranti could locate live prey (adult brine shrimp)

tethered to platforms nestled in sandy substrates, which gen-

erate measurable hydrodynamic flows. Then she quantified

prey detection behavior under light and dark conditions in

fish with an intact LL system and those in fish in which the

LL system was ablated with cobalt chloride. Results showed

that A. stuartgranti detects and strikes at prey at low light

intensities as well as in the dark, and that they prefer live

(mobile, stimulus generating) over dead (immobile) prey

(Schwalbe et al., 2012; Schwalbe and Webb, 2014, 2015).

These results also showed that A. stuartgranti uses a combi-

nation of visual and LL cues to detect prey when light is pre-

sent. In the dark, they also detect live prey, but this ability is

lost when the LL system is ablated, thus demonstrating the

role of the LL system in flow sensing. Further, this work

showed that in the dark, when neither visual nor LL cues are

available, chemical cues (olfaction and/or gustation) were

insufficient to mediate the detection and localization of prey

(Schwalbe et al., 2012). However, it was subsequently

shown that cobalt chloride also inactivates the olfactory sys-

tem in another cichlid (Astatotilapia burtoni; Butler et al.,
2016), which might explain our results. In stark contrast to

A. stuartgranti, Tramitichromis sp., which has narrow

canals, detects prey even when the LL system is ablated, but

will not feed at all in the dark. Thus, it appears that this spe-

cies depends on vision (and perhaps chemoreception) for

detection of its benthic invertebrate prey in the lab and

likely in the field.

The contribution of flow sensing by the LL system in

prey detection behavior was further confirmed by success-

fully training A. stuartgranti to respond to artificial water

flows emerging from tubes in a sandy substrate and charac-

terized using digital particle image velocimetry (DPIV).

This experimental design thus controlled for the effect of

any visual and/or chemical cues, which may have been pre-

sent with the use of live and dead prey (Schwalbe et al.,
2016). The results of this novel work showed that A. stuart-
granti could successfully detect artificial flows but could not

accomplish this task when the LL system was ablated. It

also showed that flow sensing behavior (strikes on tubes

from which flows emerged) returned within a week, the

timeframe required for hair cell regeneration (e.g., in zebra-

fish), thus providing a link between behavior and cell-level

processes.

In total, this work provided the first experimental evi-

dence for the role of the LL system (and widened canals, in

particular) in prey detection behavior. It also established the

sensory basis for prey detection in two cichlids that share a

food resource in Lake Malawi (invertebrates in sandy sub-

strates) but use different prey strike strategies, provided the

first demonstration of LL-mediated feeding behavior in a

cichlid, and revealed the potential for nocturnal activity and

feeding in cichlids, which has important implications for our

understanding of their ecology and evolution.

Widened canals have evolved in other taxa in which all

the canals are similarly widened. However, two taxa, a

North American freshwater minnow, and a small genus of

coastal marine flounders are characterized by regional spe-

cialization of the cranial LL canals. The silverjaw minnow

Notropis buccatus (¼Ericymba buccata), which feeds noc-

turnally on benthic invertebrates in sandy-bottomed streams,

has narrow dorsal canals (supraorbital canal) and ventral or

ventrally-directed widened canals (mandibular, preopercu-

lar, infraorbital canals; Jones, 2023). Flatfishes in the small

genus Glyptocephalus (three species; rex sole, witch floun-

der) live on sandy and muddy bottoms, at relatively deep

depths, and feed on small benthic, tube-dwelling inverte-

brates. The cranial canals on the eyed (right, functionally

dorsal) side of the head are narrow, but those on the blind

(left, functionally ventral) side are widened with large

diamond-shaped CNs (Webb and New, 1994). Thus, in both

cases, widened canals are found only on the functionally

ventral side of the head, facing the substrate, suggesting that

they mediate the detection of water flows generated by ben-

thic prey. The evolution of widened canals in these fishes

would require an alteration in the genetic program that

maintains phenotypic uniformity among canals and CNs,

either across the axis of bilateral symmetry (in

Glyptocephalus) or along the dorsal-ventral body axis (in

Notropis buccatus). In both cases, this is likely a result of a

change in developmental timing among canals (and CNs)

during the larval stage (heterochrony; see Bird and Webb,

2014; Webb et al., 2014; Jones, 2023). Given the different

functional attributes of narrow and widened canals, the pres-

ence of regional modification of canals as described here

provides strong evidence for functional adaptation in the LL

system.

D. The LL system of deep-sea fishes—It is not just
about the eyes

Two significant gaps in our knowledge of the LL sys-

tem in fishes became apparent when I was compiling a list

of key papers on LL morphology for every order of bony

fishes (see Table I in Webb, 2014b). The literature indicated

that virtually nothing was known about the mechanosensory

LL system of the weakly electric fishes (Mormyriformes,
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Gymnotiformes) or the deep-sea fishes (Stomiiformes and

Myctophiformes, in particular, amongst a larger assem-

blage of taxonomically diverse deep-sea fishes). This was

not surprising given the great deal of attention that has

been given to the electrosensory system of weaky electric

fishes and the visual system (and bioluminescence) of

deep-sea fishes.

Deep-sea fish assemblages live in hydrodynamically

quiet environments, to depths of thousands of meters (in the

twilight of the mesopelagic and the darkness of the bathype-

lagic), often at low population densities, conditions that

should promote adaptations in the LL system (and the other

non-visual senses) for detection of prey, avoidance of preda-

tors, and identification of potential mates. Deep-sea fishes

that lack photophores (light-producing organs) tend to have

widened canals (e.g., morids, macrourids, melamphaeids,

cetomimids), which were illustrated starting more than

100 years ago (e.g., Garman, 1899). Some deep-sea angler-

fishes (Ceratioidei) have photophores (including on their

esca, or feeding lure), and others have an elaboration of SNs

on their head (Marshall, 1965, 1996; Pietsch, 2009).

However, the LL system in the two largest orders of

exclusively deep-sea fishes, the Stomiiformes and

Myctophiformes, remained unexplored.

My M.S. student, Ashley Marranzino (now working for

the NOAA Office of Exploration) had expressed an interest

in deep-sea fishes, and I suggested that she look at the LL

system of the stomiiform fishes (hatchetfishes, bristle-

mouths, dragonfishes). She started by examining specimens

that I had collected at sea many years earlier and she found

the only paper on the LL system of stomiiforms, which

reported that one specimen of the Pacific hatchetfish

(Argyropelecus affinis) had 27 neuromasts (Handrick,

1901). Given little to go on, we did not know what she

would find, although published images of the cranial skele-

ton of these fishes suggested that the LL canals and derma-

tocranial bones with which they are associated are highly

reduced. After studying a beautifully preserved specimen of

the Pacific hatchetfish (the same species that Handrick had

studied) in some detail Ashley informed me that she was

“seeing white dots.” After some detailed observations, she

counted 350–550 of them arranged in distinct lines on the

head and body in three species of hatchetfishes [Marranzino

and Webb, 2018; see Figs. 7(A) and 7(B)]. Their arrange-

ment in lines suggested that they were SNs (not external

taste buds, which tend not to occur in lines) and SEM imag-

ing confirmed this [see Figs. 7(F)–7(H)]. Ashley continued

to search for SNs among species in three families of

FIG. 7. (Color online) Proliferation of SNs in deep-sea stomiiform fishes: Hatchetfishes, Family Sternoptychidae, (A) Argyropelecus affinis, (B) A. hemigym-
nus. Bristlemouths, Family Gonostomatidae; (C) Cyclothone spp. (based on whole preserved specimens of C. acclinidens, C. braueri, C. microdon, C. sig-
nata). Dragonfishes, Family Stomiidae: (D) Gonostoma elongatum, (E) Idiacanthus antrostomus. (A)–(E) CNs (red), SNs (blue), photophores (black), pores

(open circles), LL canals (dotted lines) are illustrated; neuromasts are slightly enlarged to enhance visibility. (F) SNs (“white dots,” indicated by arrowheads)

rostral to eye in Argyropelecus affinis. (G) A histological section revealing the structure of a SN with central hair cells on head of A. aculeatus. (H) SEM of

a SN [the same tissue as in (F)] revealing the oval shape and long kinocilia of the sensory hair cells in a central area (sensory strip); double-headed

arrow¼ axis of best physiological sensitivity. (A)–(F) Modified from Marranzino and Webb, “Flow sensing in the deep sea: The lateral line system of sto-

miiform fishes,” Zool. J. Linn. Soc. 183(4), 945–965 (2018), by permission of The Linnean Society of London. (G) and (H) Licensed under a Creative

Commons Attribution-Noncommercial-ShareAlike license, Museum of Comparative Zoology, Harvard University; Copyright President and Fellows of

Harvard College.
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stomiiforms — hatchetfishes (Family Sternoptychidae),

dragonfishes [Family Stomiidae, Figs. 7(D) and 7(E)], and

bristlemouths [Family Gonostomatidae, Fig. 7(C)] — and

found proliferations of hundreds of SNs on the head and

body of all 17 of the species she examined (Marranzino and

Webb, 2018). Based on this, we hypothesized that SN prolif-

erations are likely a unifying feature (synapomorphy) of all

400þ species in the order Stomiiformes, which is repre-

sented in all of the world’s oceans and is of global ecologi-

cal significance. This work now provides a strong rationale

for the future study of the LL system in these and other

deep-sea fish groups (especially the Myctophiformes). Most

importantly, it demands that any consideration of the ecol-

ogy of deep-sea fishes must include the potential contribu-

tion of flow sensing by the LL system in their behavior and

ecology.

IV. REFLECTIONS ON THE PAST AND LOOKING
FORWARD

My work on the LL system started quite serendipitously

in graduate school and my research continues to be pro-

pelled by the desire to understand the structural diversity

and evolution of the system. I remain fascinated by the inter-

play of the development and phenotypic evolution and its

link to functional evolution (which has required an increas-

ing number of exciting collaborations). Furthermore, I am

intrigued by the dual identity of the cranial LL canals as

components of the vertebrate skull (and scales) and as a sen-

sory system, and how this idea can be used to understand

how different (competing?) selection pressures and both

developmental opportunities and constraints can generate

the structural and functional diversity in the LL system that

we see among fishes.

The work in my lab has focused on a relatively small

number of taxa (<100 of the 34 000þ extant fish species;

Nelson et al., 2016). However, most of these (including

some not discussed here) belong to the largest families of

freshwater fishes (Cichlidae, Cyprinidae, Characidae) and

marine fishes (Gobiidae, Stomiiformes), which collectively

represent one-third of all bony fishes. Furthermore, the

fishes that we have studied occupy critical habitats—coral

reefs (Percomorpha: Chaetodontidae, Gobiidae), the deep-

sea (Stomiiformes), and both temperate (Cypriniformes,

Salmoniformes) and tropical (Cichlidae, Characidae) fresh-

waters. Thus, this work provides valuable insights into the

diversity and evolution of the LL system more broadly.

Nevertheless, there is still a great deal of work to be done.

Future studies of both functional (physiological, behav-

ioral, neuroethological) correlates of variation in cranial

canal and trunk canal morphology and work on the interac-

tion of LL and auditory inputs are needed, especially in spe-

cies that exhibit behaviors in which both acoustic stimuli

and flow sensing appear to be important (e.g., sound produc-

tion and complex locomotory behaviors; discussed by

Tricas and Webb, 2016), and in species that are active noc-

turnally and/or live in deep waters (e.g., Marranzino and

Webb, 2018). Further, the functional distinctions and

relative contributions to flow sensing by the two LL submo-

dalities—CNs (which act as accelerometers) and SNs

(which act as velocimeters)—need additional investigation

(see Engelmann et al., 2002; Montgomery et al., 2014; van

Netten and McHenry, 2014). Finally, structure-function

relationships at the level of the neuromast (with respect to

their size, shape, and orientation), and SN proliferations

(e.g., Nickles et al., 2020; Sato et al., 2021; Sato, 2022),

whose distributions are underestimated and functional roles

are not understood, require additional study.

The LL system of chondrichthyan fishes [elasmo-

branchs (sharks, skates, rays), chimaeras], provides a fasci-

nating contrast to the system in bony fishes, given

anatomical distinctions that arose more than 400 million

years ago with the origin of these two evolutionary lineages.

The LL canals of elasmobranchs are reported to contain

CNs that are either continuous (Johnson, 1917) or discrete

(Gillis et al., 2012; as in bony fishes), and sparsely distrib-

uted SNs have been reported to occur on the skin between

specialized dermal denticles in a limited number of species

(“pit organs,” Peach and Rouse, 2000; Maruska, 2001;

Peach and Marshall, 2009). Some preliminary work (Webb

and Gillis, 2013) has shown that the cranial LL canals and

the trunk canal in the little skate, Leucoraja erinacea (a new

and important model species), develop in a completely dif-

ferent way than they do in bony fishes (also see Johnson,

1917). In the absence of dermatocranial bones (with which

the LL canals of bony fishes are typically associated), the

narrow LL canals of elasmobranchs are found in the soft tis-

sue overlying the cranial cartilages that comprise the neuro-

cranium. They demonstrate a great deal of variation in their

distribution and course, which is correlated with head shape

in sharks (e.g., Chu and Wen, 1979; Maruska and Tricas,

1998; Maruska, 2001; Jordan et al., 2009). In skates and

rays, they are found on the dorsal and ventral surfaces of the

head and on the greatly enlarged pectoral fins. (Chu and

Wen, 1979; Jordan et al., 2009). Some species also have

non-pored canals or vesicles of Savi (Chu and Wen, 1979;

Maruska and Tricas, 2004; Wueringer et al., 2011), which

are considered to be part of the mechanosensory LL system

but whose development, morphology, and functional roles

deserve more attention. All of these fascinating fishes pro-

vide fertile ground for future studies of the structural and

functional evolution of the LL system.

Finally, all aquatic habitats on Earth are being affected

by global change with important implications for sensory

ecology and behavior of the fishes that inhabit them (Kelley

et al., 2018; Draper and Weissburg, 2019; Rivest et al.,
2019; Tigert and Porteus, 2023). Changes are already being

seen in the horizontal and vertical distributions of fishes

(due to changes in temperature profiles), as well as in light

environments (due to increased turbidity and changes in

color profiles), soundscapes (due to noise pollution and hab-

itat degradation), and flow regimes (due to damming, etc.),

in both marine and freshwater habitats. Thus, it is essential

that we understand structure-function relationships in the

LL system, as well as in the other sensory systems of fishes,
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so that we may understand, and perhaps mitigate, the chal-

lenges that fishes face in their natural (and not so natural)

habitats that may ultimately threaten their survival.

V. CONCLUSION

My work has contributed to our knowledge of the anat-

omy, development, and evolution of the LL and has

included discoveries that have enhanced our understanding

of the importance of the non-visual sensory biology of

fishes more generally. The study of anatomy has always

been and will continue to be the science of discovery that

is fundamental to our understanding of organismal biology

and biodiversity at all levels of organization. To make

appropriate predictions and test hypotheses about function

in a single species, structure must be understood first, as

we have shown in several instances. Anatomy must be stud-
ied unapologetically! New technologies are driving a

renaissance in the field (Gignac et al., 2016; Hilton et al.,
2019; Danos et al., 2022) and the integration of data from

classic and cutting-edge methods for visualization and

analysis of structure must frame the analysis of function.

The study of comparative morphology, which is informed

by taxonomy and systematics, is essential for the analysis

of both structural and functional evolution (Danos et al.,
2022; Ford et al., 2023). In addition, the considerable

knowledge acquired through the intense study of model

species (e.g., zebrafish, medaka, stickleback, cichlids, little

skate) needs to be placed into comparative and evolution-

ary contexts so that it may contribute to our understanding

of the larger taxonomic groups to which these model spe-

cies belong (see Webb and Shilling, 2006; Schilling and

Webb, 2007). Finally, all of these efforts will be meaning-

less unless the teaching of anatomy at all levels and thus

the training of anatomists (in both comparative evolution-

ary and biomedical contexts), which has been in decline for

decades, is valued, re-invigorated, and sustained into

the future (Collins et al., 1994; Singh et al., 2015; Danos

et al., 2022; Ford, 2023). We still have much to discover

and it is impossible to predict the impacts of serendipitous

discoveries.
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