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Introduction  

 

 

Hypophthalmichthys molitrix, commonly known as silver carp, is a filter feeding 

species of Asian carp that has invaded the natural waterways of the upper Mississippi 

River basin (Solomon et al 2016). Silver carp were introduced in the 1970ôs as an 

aquaculture tool to help control algal blooms in federal and private fish farms (Cremer & 

Smitherman 1980). However, their ultimate escape into the natural waterways poses a 

major threat to the community structure of not only the Mississippi River basin, but also 

the Great Lakes (Freedman et al 2012, Walleser et al. 2014). Silver carp are incredibly 

efficient filter feeders and outcompete native species across the trophic 

hierarchy (Sampson et al. 2009) as they are able to feed on a broad range of particle sizes 

including particles as small as 4µm (Cremer & Smitherman 1980, Sampson et al. 2009, 

Zhang et al 2016). Recent studies demonstrate that silver carp invasions have led to 

destructive population declines within the Illinois river (Solomon et al. 2016). 

Surprisingly, many species that are the most affected by silver carp are non-planktivorous 

sport fish (Sampson et al. 2009, Solomon et al. 2016), because early in ontogeny, these 

sportfishes feed on small zooplankton and phytoplankton. Thus silver carp are able to 

outcompete juvenile sport fishes throughout their lifetime (Simon and Wallus 2006; 

Wallus and Simon 2006, 2008). We hypothesize that silver carp are able to consume this 

broad range of particle sizes with their highly modified feeding apparatus composed of: 

filtering plates, a fleshy palatal organ with folds that extend ventrally interdigitating the 

filtering plates, and paired epibranchial organs. Each of these structures is hypothesized 

to manipulate flow and maximize filtration efficiency.  
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Filtering fishes use a variety of mechanisms to separate out particles from the 

incoming streamline of fluid. Such mechanisms include dead end sieving, cross flow 

filtration, hydrosol filtration, and gravitational deposition (LaBarbera 1984). Many large 

suspension feeding fishes utilize cross flow filtration where either the filtering structures, 

mucus or both manipulate fluid in such a way that inertial forces cause particles to lift out 

of the streamline of fluid. The result is the aggregation of particles at the back of the 

pharynx with water leaving over the respiratory epithelium (Sanderson et al. 2001, Paig-

Tran et al. 2013, LaBarbera 1984). The filtering apparatus of bony fishes is composed of 

gill rakers. Gill rakers are morphologically diverse, and in teleostean fishes their 

morphology often correlates with diet (Almeida et al. 2013).  

Filter-feeding teleosts have elongated and tightly packed gill rakers with 

secondary bony or epithelial modifications to increase filtering efficiency (Almeida et al. 

2013, Friedman 1985, Sanderson et al. 2001). In many fishes the gill rakers accomplish 

both tasks of filtration and aggregation. However, in some fishes the task of aggregation 

is not accomplished exclusively by the filtering apparatus. The epibranchial organ is a 

specialized structureðfound in certain teleostean fishesðthat aggregates particles of 

food retained by the filtering apparatus.  Epibranchial organs have independently evolved 

at least six times and are morphologically diverse, with seven types described that range 

in anatomical complexity (Bertmar et al. 1969, Nelson 1967, Fishbase 2017). Food 

filtered by the gill rakers is moved to the epibranchial organ where particulate matter is 

combined with mucus into a bolus that will eventually be deposited onto the pharyngeal 

jaws at the back of the pharynx.  
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The trophic apparatus of Hypophthalmichthys molitrix, silver carp, is 

anatomically distinct from and more complex than the filtering apparatus of other 

teleostean fishes. The filtering apparatus is composed of serially arranged filtration plates 

rather than individual, comb-like gill rakers. Although these filtration plates are a 

characteristic feature of the adult silver carp, early in ontogeny the filtering apparatus 

appears similar to that of other bony filter feeders.  During early ontogeny the gill rakers 

quickly diverge from the stereotypical anatomy found in other teleostean filter feeders 

and develop into robust, fused filtering plates. Interdigitating with the robust filtering 

plates are muscular palatal folds extending from an enlarged palatal organ. The palatal 

organ, found at the base of Cypriniformes, is a large muscular expansion of pharyngeal 

tissue at the roof of the mouth. In carp and goldfish the palatal organ has been shown to 

play a role in food manipulation and processing. Based on the intricate relationship to the 

gill rakers, it is likely that the palatal organ assists in food manipulation in silver carp. 

The final structure of the silver carp feeding apparatus is the paired epibranchial organs. 

The epibranchial organ in silver carp is significantly more complex than the seven types 

of epibranchial organs previously described in the literature.   

The aim of this project was to describe the ontogeny and adult anatomy of the 

trophic apparatus in silver carp. Despite the incredibly detrimental effects the speciesô 

invasion has had on the freshwater ecosystem in the midwestern U.S., a detailed 

description of their functional morphology is absent from the current literature. Using an 

integrative approach ranging from development to experimental studies I present data on 

the ontogeny, adult morphology, and function of the filtration plates in silver carp, as 
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well as a functional hypothesis for aggregation of small particles within the epibranchial 

organs.  
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Chapter 1: The complex trophic anatomy of silver carp highlighting a novel type of 

epibranchial organ 

 

 

Introduction  

 

Fishes use a variety of mechanisms to move water through the buccal cavity and 

across their gills for respiration. In addition to respiration, filter-feeding fishes require a 

separate set of mechanisms to filter out and aggregate small particles of food from the 

incoming streamline of fluid. Many filtering fishes possess specialized structures that 

improve the efficiency of the filtration and aggregation tasks (Sanderson et al. 2001, 

Friedland 1985, Hoogenboezem & Boogaart 1993). The filtering apparatus of many 

filtering teleostean fishes is comprised of densely packed and elongated gill rakers 

(Almeida et al. 2013, Friedland 1985, Nelson 1967) that may be further specialized to 

capture a specific range of particle sizes (Almeida et al. 2013). Not all filtering fishes 

feed alike, some fishes utilize ram filtration where depression of the jaw and continuous 

swimming moves fluid and particles across the filtering apparatus. Paddlefish for 

example have densely packed comb-like gill rakers that increase particle capture rates 

during cross flow filtration (Sanderson et al. 2016) that occurs during ram filtration. 

Other fishes, such as silver carp, may use pump filtration to move fluid through the 

buccal cavity in a more pulsed fashion. In silver carp the filtering apparatus is greatly 

modified from that which characterizes other teleostean fishes. Fused filtering plates that 

form from individual gill rakers characterize this species. Regardless of the mechanisms 

used to move fluid past the gill rakers the filtering apparatus must manipulate flow so that 

particles are effectively filtered and aggregated.  



6 

 

Certain teleostean fishes possess separate structures that aggregate particles of 

food that are filtered by the gill rakers. Food-aggregating epibranchial organs, which are 

morphologically and phylogenetically diverse, are bilateral diverticula formed by 

invagination of pharyngeal tissue dorsal to the branchial basket. Epibranchial organs have 

evolved independently at least six times and are found in Characiformes, Cypriniformes, 

Gonorynchiformes, Salmoniformes, Osteoglossomorpha, and Cichlidae. These organs 

range in anatomical complexity from a small outpocketing of pharyngeal tissue extending 

beneath the ventral face of the neurocranium to conically shaped diverticula with multiple 

loops (Bertmar et al. 1969, Nelson 1967, Miller 1965). This breadth of morphological 

diversity and its distribution across teleostean fishes has been previously described by 

Bertmar et al. (1969) and Nelson (1967). These syntheses identified seven types of 

epibranchial organs based on the number of whorls within the organ, the degree of 

support from a hypertrophied 4th and 5th epibranchial, and gill raker involvement. The 

silver carp has large epibranchial organs and despite the significant morphological 

diversification in epibranchial organ structure that has been described, no current 

classification captures the anatomical complexity of the epibranchial organ in silver carp.  

Silver carp, a species of Asian carp that has successfully invaded the upper 

Mississippi River (Solomon et al. 2016), are filter feeders able to consume a broad range 

of particle sizes from 4-85µm (Cremer & Smitherman 1980, Zhou et al. 2009, Freedman 

et al. 2012) including phytoplankton, small zooplankton, and detritus (Sampson et al. 

2009, Zhang et al 2016). Their ability to consume this broad range of particle sizes at 

high rates has allowed silver carp to outcompete native planktivores (Sampson et al. 

2009). Similar invasions have occurred in Asia, Europe, and Israel where at high 
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densities silver carp (as well as their sister species bighead carp) have exhausted native 

species of fishes and invertebrates (Zhou et al 2011, Zhang et al. 2016). Recent studies 

investigating the community structure of the Illinois River pre- and post-  silver carp 

introduction have found significant declines in native fish populations (Solomon et al. 

2016). Interestingly, many species that have faced the greatest population decline are 

non-planktivorous sport fish (Sampson et al. 2009, Solomon et al. 2016). This 

relationship is hypothesized to be due to the fact that during early ontogenetic stages 

many of these sport fishes compete for the same resources (Simon and Wallus 2006; 

Wallus and Simon 2006, 2008, Solomon et al. 2016). We hypothesize that given their 

complex trophic anatomy silver carp are able to outcompete both larval sport fish and 

adult filter feeding fishes for resources since this specialized anatomy will largely 

determine how much, how fast, and what range of particles silver carp can consume. 

Although many filtering fishes possess greatly modified gill rakers, the high rate 

of consumption (Solomon et al. 2016, Zhou et al. 2011) suggests that the greatly 

modified filtering plates of silver carp may be even more efficient than any previously 

described. The filtering plates continue dorsally along the entirety of the branchial arches 

until they reach the epibranchial organs. At this point the modified gill rakers enter the 

paired epibranchial organs. Inside the epibranchial organs food is aggregated into a bolus 

that is moved to the triturating pharyngeal teeth and pharyngeal pad. The palatal organ, 

filtering plates, and paired epibranchial organs work together during filter feeding in 

silver carp. Here we present a detailed anatomical treatment of the trophic apparatus in 

silver carp highlighting the novel structure of the epibranchial organ. Using typology set 

by Bertmar et al. (1969) and Nelson (1967) we will both classify the epibranchial organ 
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in Hypophthalmichthys molitrix and propose a functional hypothesis based on anatomical 

features explaining how minute particles are aggregated and moved to the pharyngeal 

jaws. 

 

Material and Methods 

Sample collection and gross anatomy  

Frozen specimens of adult silver and bighead carp were received from James 

Lamer at the Kibbe Field Station, Western Illinois University. One juvenile sample 

(100mm) was provided by John Chick of National Great Rivers Research and Education 

Center. This specimen was used only for ease of CT scanning the entire head of a silver 

carp. Gross dissection of adult silver carp (N=20; 400-1200 mm SL) focused on the 

epibranchial organs and supportive musculoskeletal elements within the buccal cavity. To 

visualize morphological changes between the filtering plates on the branchial arches 

compared to those inside the epibranchial organ gill raker plates from the branchial 

arches and from inside the epibranchial organs were removed and cleared and stained 

following a modified Kimmel (2007) protocol and imaged with Keyence, vhx 5000.   

 

Histology  

One juvenile sample (190mm SL) was provided by Chris A. Taylor (curator of 

Fishes and Crustaceans at the Prairie Research Institute, and Illinois Natural History 

Survey) and collections manager Daniel Wylie and arrived fixed in a 10% formalin 

solution. Adult samples (>600mm SL) were provided by James Lamer at the Kibbe Field 

Station, Western Illinois University and arrived frozen. Histological samples of 
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epibranchial organs were taken from two late stage juvenile silver carp (190mm SL) and 

eight adult silver carp (600-1200mm SL). Samples were decalcified in Fisher Chemical 

Cal-Ex® solution for 2-6 hours depending on size. Specimens were then infiltrated with 

JB-4 following the protocol set out by Electron Microscopy Science Embedding media 

protocol.  Samples embedded in JB-4 were sectioned at 2Õm and stained with Leeôs 

methylene blue- basic fuchsin stain. Other samples were embedded in paraffin. 

Specimens were initially fixed in a 10% buffered formalin solution and brought through a 

graded ethanol series. Samples were then infiltrated with xylene until just transparent at 

which point samples were transferred to 100% warm paraffin. Samples underwent 4 

rounds of paraffin infiltration before embedding in fresh paraffin. Those embedded in 

paraffin were sectioned at 8µm and stained with Milligan's Trichrome, Hematoxylin and 

Eosin, and/or Cresyl Violet.  

 

Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to visualize the epithelial 

architecture of the filtering plates both inside and outside of the epibranchial organ. Gill 

arches and their attached gill raker plates were removed from silver carp specimens 

(N=2; 190 and 350mm SL).  Fixed gill rakers were bisected along the branchial arch in 

order to clearly visualize both the inner and outer epithelial topography. Modified gill 

rakers were removed from inside of the epibranchial organ.  Samples were fixed in a 2.5 

% paraformaldehyde /glutaraldehyde in 0.1M Cacodylate buffer (pH 7.4) solution. 

Samples were then placed in a dehydration series and left in 100% EtOH until processed 

soon thereafter.  Samples that had previously been fixed in formalin and placed in 70% 

EtOH were dehydrated through a graded series of ethanol.   
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MicroCT  

 ɛCT scans were used to visualize the craniofacial skeleton and epibranchial 

anatomy, illuminating the three dimensional structure that was impossible to visualize 

clearly with only dissection and histology. Epibranchial organs (N=4) dissected from 

silver carp >800mm were fixed and subsequently stained with 10% PTA for up to 3 

weeks. As the majority of the epibranchial organ is formed from soft connective tissues, 

contrast staining was required for the visualization and differentiation of said tissues. 

Individual samples were subsequently wrapped in cheesecloth soaked in 70% ethanol (to 

avoid drying out), packed tightly into a 3D printed PLA plastic cylinder, which was then 

fixed to a 3D printed stand. Specimens were scanned in a Bruker Skyscan 1173 at the 

Karel F. Liem Bio-Imaging Center at Friday Harbor Laboratories with a resolution of 

18um. Scans were then segmented using Mimics 20.  

 

Results 

Palatal organ 

The palatal organ extends from the anteriormost end of the buccal cavity to the 

posterior pharynx, terminating just before the esophagus. The palatal organ covers both 

epibranchial organs and extends dorsally towards the back of the pharynx, wrapping 

underneath the infrapharngeobranchials surrounding the body of the epibranchial organ 

and providing a sling-like support. Each palatal fold extends ventrally and slots in 

between a set of two large filtering plates (extending from each branchial arch) into an 

intra-gill raker space (Figure 1.1A).  
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The palatal organ is composed of four elongated, bilaterally symmetrical palatal 

folds and one midline fold that expands posterolaterally into a triangular shape (Figure 

1.1B). The caudal base of this triangular structure abuts the pharyngeal chewing pad on 

the basioccipital (Figure 1.1B, arrow). These discrete palatal folds extend ventrally with 

each interdigitating a set of filtering plates (Figure 1.1A) with the triangular fold slotting 

between the bilaterally paired fifth set of filtering plates. The palatal folds are thinnest in 

depth at their anterior extremes, where they begin immediately posterior to the eye, and at 

their dorsal extremes as they enter the epibranchial organ. The interior of each fold is 

composed of thin, muscle fibers contained within loose connective tissue, while the outer 

layer is composed of stratified epithelium (Figure 1.1E).  

The muscular inner core of the palatal folds (Figure 1.1C) contains alternating 

layers of muscle fibers running in largely anteroposterior (longitudinal) and mediolateral 

(transverse) directions (Figure 1.1D, boxes). Anteroposterior arranged fibers run parallel 

to the filtering plates. The perimeter of the palatal fold where muscle fibers are adjacent 

to the epithelium shows a much more complex anatomy, with some fibers penetrating 

into the stratified epithelium. Moreover, the layer adjacent to the epithelium bears many 

long, kinked muscles running parallel to the epithelium (Figure 1.1E, arrow). Notably, 

the epithelium shows areas of localized thickening adjacent to where such kinked 

muscles are found.  

 

Modified filtering and epibranchial plates 

Silver carp are characterized by highly modified filtering plates extending along 

the entire branchial arch (Figure 1.2A) composed of fused adjacent gill rakers. Two sets 
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of gill raker plates extend from the branchial arches creating an acute V-shape (Figure 

1.1A). The inner face (adjacent to the palatal folds) and outer face (adjacent to water 

flow) of these gill raker plates are morphologically distinct. The inner face is composed 

of a net-like matrix and the outer face is composed of a porous epithelium containing a 

number of parallel channels studded with differently sized openings and pores. A food 

transport groove is formed where the filtering plates insert on to the underlying branchial 

arch (Figure 1.1A). Filtering plates extending from branchial arches 2-4 continue up the 

ceratobranchials to the epibranchials and enter the epibranchial organ along the 

dorsolateral edge of the pharyngeal cavity (Figure 1.1B, arrowheads). Unlike the filtering 

plates from arches 2-4, in the first branchial arch only the medial filtering plate extends 

into the epibranchial organ while the lateral plate terminates outside of the epibranchial 

organ. A small strand of connective tissue extending from the most dorsal aspect of the 

palatal organ separates the lateral filtering plate from the epibranchial organ.   

  As the filtering plates approach the epibranchial organ they shorten in height and 

begin to evert, turning the distinctive V-shape into an M-shaped structure bringing the 

food transport groove to a more dorsal, and exposed position within the epibranchial tube 

(Figure 1.2B & C). Filtering plates retain a similar bony morphology inside the 

epibranchial organ as they do on the branchial arches, albeit at a greatly reduced size. 

However, the epithelium on the outer face of the filtering plates extending from the 

branchial arches is porous (Figure 1.2D), whereas inside the epibranchial organ the outer 

epithelium is smooth (Figure 1.2E).  These modified plates spiral into the epibranchial 

organ via five discrete entrances at the dorsolateral extremes of the pharyngeal cavity 

(Figure 1.1B, arrowheads). Each set of modified gill rakers makes a characteristic 
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number of rotations with the first set making the shortest rotation and the fourth and fifth 

set making two complete rotations. The first two sets of modified gill rakers are 40 mm in 

length while the third, fourth, and fifth sets of modified gill rakers are 50mm in length 

(N=3).  After a set number of rotations these modified gill raker plates terminate into a 

blind-ended, mucus-secreting center deep within the body of the epibranchial organ. The 

largest of these terminal sacs are found at the end of the first two tubes. Both gross 

dissection and CT scans revealed that food particles are only ever found on food 

collection grooves of the gill rakers or within the blind-ended mucus secreting center; the 

greatest amount of food is found within the food transport groove of the third and fourth 

sets of epibranchial aggregating plates. Modified gill rakers that enter the epibranchial 

organ are held in place by a thin layer of connective tissue.  

 

Epibranchial organ morphology  

The epibranchial organs in silver carp are bilaterally paired, barrel-shaped 

structures formed by dorsal invaginations of pharyngeal tissue that make up discrete 

tubes, each surrounded by muscle, and supported by cartilaginous plates, penetrated by 

modified gill raker plates, with terminal sacs filled with mucus and food. Four 

independent invaginations create four independent blind ended tubes (into which each of 

the sequential gill rakers inserts). Each of these invaginated epithelial tubes is surrounded 

by skeletal muscle and supported by a partial casing of hyaline cartilage. The outer shell 

of the epibranchial organ is composed of four individual and interlocking extensions from 

the infrapharyngeobranchials of the first four branchial arches (Figure 1.3A) and is 

composed of thin hyaline cartilage. Importantly, the first four branchial arches support 
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the epibranchial organ. Based on several large adults (N=5) the anterior end of the 

epibranchial organ is approximately 3 cm wider than the posterior end. Since the 

epibranchial organs are bilaterally symmetrical we will describe the anatomy of a single 

organ. 

Four expanded and rigid infrapharyngeobranchials curve around the soft body of 

the epibranchial organ, creating an outer cartilaginous shell (Figure 1.3A). Importantly, 

the first infrapharyngeobranchial is further modified into a solid cartilaginous cap on the 

anterior face of this barrel-shaped organ (Figure 1.3B). Thin cartilaginous plates 

extending medially from the infrapharyngeobranchials into the body of the organ separate 

adjacent tubes from one another within the epibranchial organ (Figure 1.3C, box). While 

the peripheral infrapharyngeobranchials are composed of hyaline cartilage (Figure 1.4A, 

B), the sheets of cartilage acting as partial walls between adjacent, blind-ended epithelial 

tubes range from cell-rich to matrix-rich cartilage (Figure 1.4A). Cell-rich cartilage is 

present in between large pieces of hyaline cartilage and is connected to the large sheets of 

hyaline cartilage via thick connective tissue (Figure 1.4B, inset). Deep within the 

epibranchial organ the first three tubes are completely independent of one another 

however, at the far dorso-medial extreme of the epibranchial organ the adjacent 

infrapharngeobranchials and the gill raker plates that spiral into these tubes slightly abut.  

The blind-ended tubes of the epibranchial organ are lined with an epithelium rich 

in goblet cells (Figure 1.4F) and ultimately end within a mucus-secreting center with an 

even greater number of goblet cells, macrophages, mechanosensory cells, and eosinic 

granule cells (EGCs). Two discrete types of muscle tissue are found within the interior of 

the EBO. Immediately surrounding each epithelial tube is a thick layer of skeletal muscle 
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(Figure 1.4A, thick layer of cells stained blue surrounding lumens of epithelial tubes; 

1.4E individual muscle fibers showing sarcomeres inside the epibranchial organ). Packed 

between these tubes is muscular tissue that is histologically similar to that of the palatal 

organ characterized by abundant adipose tissue and muscle fibers running in different 

directions. The vagal nerve clearly innervates this fatty-muscular layer of the epibranchial 

organ. Finally, the fourth and fifth tubes and their associated modified gill rakers merge 

together deep within the epibranchial organ, forming a continuous tube that opens on to 

the pharyngeal chewing pad (Figure 1.4G, arrowhead within box).  

 

Overview of the entire feeding apparatus 

The trophic apparatus of silver carp is composed of three initially distinct 

elements that later become anatomically and functionally tied together: modified filtering 

plates that extend from the branchial arches (Figure 1.2A), a large and greatly modified 

palatal organ (Figure 1.1B), and a pair of epibranchial organs (Figure 1.3A). Each 

infrapharyngeobranchial creates the outer shell that covers the entrance into the body of 

the epibranchial organ for each modified gill raker plate. Five sequential filtering plates 

enter the epibranchial organs, completing a set number of rotations before terminating 

into blind-ended sacs completely lined with mucus-producing goblet cells. The largest of 

these blind-ended sacs are found at the ends of the first two tubes (Figure 1.5B box). 

Interestingly, the first two sets of modified gill raker plates within the epibranchial organs 

are the same length while the third, fourth, and fifth set of modified rakers are slightly 

longer and complete more rotations. The fourth and fifth plates are enclosed within one 
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continuous tube where the fifth plate leads directly to the triturating pharyngeal teeth and 

chewing pad (Figure 1.4G). 

The palatal organ wraps around the ventral surface of the paired epibranchial 

organs (Figure 1.5D) and extends to the anterior end of the buccal cavity. Nine large 

muscular folds (Figure 1.1B) extend ventrally from the organ and interdigitate with the 

intra-gill raker space (in the middle of the V-shaped plates) of the filtering apparatus 

(Figure 1.1A). The most dorsolateral aspect of these folds continue into the epibranchial 

organ (Figure 1.5D). Modified gill rakers spiraling into the epibranchial organ are 

initially connected to the most dorsal end of the palatal folds via connective tissues, 

however, this connection is broken once the gill rakers have fully entered into the body of 

the epibranchial organ.  

Enlarged and modified opercular muscles insert on the anterior cartilaginous cap 

of the epibranchial organ (Figure 1.6C) in silver carp. The two largest and most notable 

muscles are the levator arcus palatini (LAP) and the adductor arcus palatini (AAP). The 

levator arcus palatini originates from the sphenotic spine of the neurocranium and inserts 

on the entire lateral face of the hyomandibula (Figure 1.6A). Fibers from the dilatator 

operculi (DO), that originates from the dorsal extreme of the hyomandibular and frontal 

bones, also insert on the opercle and preopercle. The dilatator operculi continues to 

extend ventrally and fuses with the adductor arcus palatini (AAP). The adductor arcus 

palatini (AAP) originates from the neurocranium and inserts on the entire medial face of 

the hyomandibula (Figure 1.6B). The hyomandibula is tightly fused to the opercular 

elements via both taut ligaments and an overhanging bony process from the opercle 

(Figure 1.6A) with both skeletal elements attached to the epibranchial organ by the AAP 
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(Figure 1.6C double-headed arrows), creating a tight muscular connection between the 

opercular series and the epibranchial organ (Figure 1.6D). Thus movement of the 

hyomandibula and associated opercle would translate to expansion of the epibranchial 

organ. 

Finally, enlarged branchial muscles insert on the supporting 

infrapharyngeobranchials and epibranchials, anchoring the epibranchial organs to the 

neurocranium. Levator interni muscles attach to the levator process of the each 

epibranchial, while levator externi muscles insert on the antero-medial face of the 

infrapharyngeobranchials. The obliqui dorsales (OD) attaches adjacent epibranchials to 

the proceeding infrapharyngeobranchial in series. 

 

Discussion 

Overall trophic anatomy  

The trophic apparatus of silver carp is composed of three initially distinct but 

ultimately functionally coupled structures: bilateral epibranchial organs, hypertrophied 

palatal organ, and modified filtering plates. The filtering plates and epibranchial organs 

function as the filtration and aggregation apparatus respectively, however the exact 

function of the palatal organ remains unknown. The palatal organ, present at the base of 

Cypriniformes (Hernandez and Staab, 2015), is a thick cushion of differently-sized 

muscle fibers surrounded by a taste bud-studded epithelium located on the roof of the 

mouth (Sibbing, 1982). Within both goldfish and carp this structure has been shown to 

play an important role in sorting prey from substrate during benthic feeding (Finger 2007, 

Sibbing, Lamb & Finger 1993, Sibbing 1982, Callan & Sanderson 2002). The palatal 
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folds of silver carp are perhaps the most specialized elaboration of the palatal organ yet 

described within Cypriniformes.  

While other studies (Finger 2007, Lamb & Finger 1993, Sibbing 1982, Callan & 

Sanderson 2002) have described an increased topography of the pharyngeal roof within 

some cyprinids, the muscular folds seen in silver carp have not previously been described 

in detail. The combination of small packed fibers and open spaces filled with blood 

vessels suggests that these folds may be functioning as muscular hydrostats. Such 

hydrostatic folds could be used to move food along the food transport groove (formed 

where the filtering plates attach to the branchial arches) and into the epibranchial organ. 

Alternatively, movement of these folds may cause localized pressure differentials within 

intra-gill raker spaces (Figure 1.1A) that could manipulate fluid flow along the length of 

the filtering plates aiding in particle capture and/or retention. Of course these functions 

are not mutually exclusive. 

The filtering apparatus of silver carp is composed of serially arranged filtering 

plates extending from the branchial arches and continuing into the epibranchial organ. 

Small particles of food that enter the buccal cavity may be filtered out by any of these 

fi ltering plates and by extension, particles of food may enter the epibranchial organ at any 

of the five entrances that the modified gill raker plates spiral into. Once inside the 

epibranchial organs the filtering plates change in cross-sectional shape and epithelial 

morphology, suggesting a concomitant change in function. Plates that initially functioned 

as filters must now transport particles through the tubes of the epibranchial organ during 

aggregation. Particles of food are found within the food transport groove with most food 

within the third and fourth set of filtering plates. Although the lumen inside the 
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epibranchial tubes is rather large (Figure 1.3C, 1.4A) particulate matter is only ever found 

adhering by mucus to the modified epibranchial plates with the greatest amount of food 

consistently found within the third and fourth tubes.  

 After filtration particles of food are aggregated by the bilateral epibranchial 

organs that lie immediately dorsal to the branchial arches. Each epibranchial organ is 

composed of four discrete tubes created by the four infrapharyngeobranchials. The 

terminal end of each tube is a blind sac filled with abundant goblet cells with the first two 

sacs being the largest (Figure 1.5B). Contrary to results published by Hansen et al. (2015) 

no taste buds were found inside the epibranchial organ. The larger blind sacs at the end of 

first two tubes (coupled with the shorter modified gill rakers and lack of food within 

these tubes) suggests that the primary function of the first two tubes is mucus production 

required to effectively clear food from the epibranchial organ and on to the pharyngeal 

pad. This sort of division of labor among anterior and posterior epibranchial tubes may 

explain how such a complex epibranchial organ may have evolved.  

In most species with specialized aggregating organs only the posterior arches are 

involved in aggregation of particles, whereas anterior arches are solely involved in 

filtration. Here, we suggest that the anterior arches may have become incorporated into 

the epibranchial organ but have become specialized for more effectively moving food 

particles through this greatly expanded structure.  Additionally, in other epibranchial 

organs regardless of how many branchial arches are involved, elements from different 

arches have combined to form one continuous tube. In silver carp each tube is more or 

less independent, suggesting that during the evolution of this structure there was a 

concomitant division of labor and increasing modularity where the primary function of 
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the anterior tubes is mucus production and storage, while posterior tubes become 

specialized for food aggregation.  

 

A novel type of epibranchial organ 

We suggest that the extent of morphological variation between the epibranchial 

organ of silver carp and all others so far described is sufficient to constitute a new type of 

epibranchial organ. Boulenger (1901) and Fang (1928) both noted the complex anatomy 

of the epibranchial organs in H. molitrix and H. nobilis however a clear description of 

their functional anatomy is still absent from the literature. In their synthesis, Bertmar et 

al. (1969) stated that the silver carp epibranchial organ was considerably different from 

those previously described but it was unclear whether this organ was homologous to the 

epibranchial organs found in other teleostean fishes. 

The synthesis of epibranchial organs in teleostean fishes provided by Bertmar et 

al (1969) identified seven types of epibranchial organs based on gill raker involvement, 

the shape and size of the supportive epibranchials, and the number of tubes (sensu whorls 

or channels of Bertmar et al. (1969) within the organ proper (Figure 1.7).  Remnant and 

Type 1 organs are considered to be the least complex and are described as an expansion 

of pharyngeal tissue that is supported by a slightly modified fourth epibranchial.  As 

epibranchial organs increase in anatomical complexity the fourth and fifth epibranchials 

become more robust and vary in their overall shape to support larger whorls. Such 

examples include the greatly hypertrophied fourth and fifth epibranchials of Brevoortia 

tyrannus (type 6) and the spiraling epibranchial organ of Heterotis niloticus (type 3) 

(Bradford et al. 1986, Bauchot et al. 1993, Bertmar et al. 1969). Despite anatomical 
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complexity epibranchial organs are intimately involved with the filtering apparatus and 

have been proposed to play a vital role in aggregation or storage, suggesting a similar 

function across epibranchial organs despite significant morphological diversity. 

Importantly, the óTypeô of epibranchial organ does not necessarily correspond to 

an increase in anatomical complexity, i.e. a Type 2 organ is not inherently more complex 

than a Type 5 organ. Moreover, there is no correlation between a particular type and 

when that organ may have evolved, thus these types convey neither implicit nor explicit 

phylogenetic information. It should be noted however that Clupeiformes has the most 

species with epibranchial organs and the greatest diversity of specific types (Figure 1.7; 

Bertmar et al. 1969, Nelson 1967, Nelson 1967). Remnant and Type 1 organs are small 

outpocketings of pharyngeal tissue that terminate just before the third branchial arch with 

gill rakers fully or partially incorporated, and the fourth epibranchial only slightly 

modified. Type 2 organs are characterized by a continuous tube that opens up into the 

pharynx with a distinct entrance and exit. Type 3 (or spiral type) organs are similar to 

Type 2 and have a continuous opening to the pharynx, however Type 3 organs are 

seemingly more complex characterized by the tubes completing at least one full rotation. 

The most notable Type 3 organ is that of Heterotis niloticus (Bertmar et al. 1967, 

Bauchot et al. 1993, Bradford 1986) which is characterized by multiple spiraling loops. In 

Type 4 organs the epibranchial bone is greatly expanded however the soft tissue 

components comprise merely a small slit or outpocketing of pharyngeal tissue. Type 5 

organs are described as blind ended canals with an anterior expansion of pharyngeal 

tissue dorsal to the third branchial arch, with the tube of the epibranchial organ ending 

blindly just before the pharynx with no clear exit. Gill rakers are either fully incorporated 
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or terminate just outside of the entrance. Type 6 organs are similar to both Type 1 and 

Type 5 organs; a large expansion of pharyngeal tissue that ends blindly with no exit to the 

pharynx. However, within Type 6 epibranchial bones and gill rakers that are incorporated 

are incredibly modified. Finally, Type 7 organs are the most distinct of those classified as 

they are composed of leaf-like lobuli and have only been found in Citharinus citharus 

(Bertmar et al. 1967).  

In fishes with an epibranchial organ the gill rakers extending from the fourth 

ceratobranchial continue into the organ proper (Bertmar et al. 1969) and tend to be 

shorter or otherwise modified compared to those present on the first three 

ceratobranchials (Bertmar et al. 1969, Bertmar 1961, Miller 1969). Each type of 

epibranchial organ is supported by modified fourth and/or fifth ceratobranchials and 

epibranchials (Bertmar et al. 1969, Nelson 1967, Pasleau et al. 2009, Bertmar 1961, 

Miller 1961, Balart 1985, Bradford 1986), with the epibranchials modified into axe-like 

shapes that vary greatly across species (Bertmar et al. 1969, Nelson 1967, Pasleau et al. 

2009, Miller 1969). The modified fourth epibranchials support the posterolateral to 

posterior edge of the epibranchial organ (Bertamar et al. 1967, Nelson 1967, Nelson 

1967, Miller 1969, Pasleau et al. 2009).  

The epibranchial organ of Hypophthalmichthys is distinct from those in other 

teleosts in a number of key aspects. Rather than being supported by the fourth and fifth 

epibranchials, the epibranchial organ of silver carp is supported by the first four 

epibranchials and infrapahrygeobranchials. The involution of pharyngeal tissue at each of 

the four infrapharyngeobranchials creates four discrete tubes inside the epibranchial 

organ. Unlike other epibranchial organs, such as those of Heterotis niloticus or 
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Brevoortia tyrannus where the tubes are continuous (similar to a snail shell; Bertmar et 

al. 1969, Bauchot et al. 1993, Bradford 1986), the first three spiraling tubes of the silver 

carp epibranchial organ are independent of each other (i.e. similar to a stack of snail 

shells). The final tube housing modified plates from branchial arches 4 and 5 do however 

form one continuous tube. Such a morphological pattern suggests that the EBO of silver 

carp likely evolved via incorporation of anterior tubes coupled with increased division of 

labor and thus increased functional modularity. Given this increased area of aggregation 

made possible by the addition of more branchial elements we suggest that the 

epibranchial organs of silver carp can more efficiently process small particles, explaining 

how they are able to outcompete native species for food. 

 

Functional model 

Very little is known about the mechanisms that control aggregation within any 

type of epibranchial organ. Particles of food that enter the epibranchial organs are 

hypothesized to do so via the modified gill rakers (Fang 1928, Boulenger 1901, Bertmar 

et al. 1969) and in silver carp abundant particulate matter is found within both the food 

transport groove with the greatest amount found within the epibranchial organ. The 

epibranchial organ then aggregates these particles into a bolus that is moved to the 

pharyngeal chewing pad and associated jaws. Aggregation is an integral component of 

efficient filtration and indeed many filtering fishes accomplish this task through flow 

manipulation. For example, paddlefish aggregate particles using cross-flow filtration  a 

mechanism in which particles of food are tangentially sheared from the incoming 

streamline of flow (Sanderson et al. 2001, Bott et al. 2000, Sibanda et al. 2001) resulting 
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in said particles being aggregated at the posterior end of the pharynx (Sanderson et al. 

2001, Bott et al. 2000, Sibanda et al. 2001) where they can be more easily swallowed. 

Indeed, filtration mechanisms such as cross-flow and hydrosol filtration effectively filter 

and aggregate particles of food towards the back of the pharynx (Smith and Sanderson 

2007, Bott et al. 2000, Sibanda et al. 2001). Modified gill rakers and adhering mucus 

work to increase inertial forces that lift particles out of the incoming streamline of fluid, 

effectively aggregating particles towards the back of the pharynx (Smith and Sanderson 

2007, Paig-Tran & Summers 2014).  

Mucus is thus considered an integral part of aggregation both during and after 

filtration. In addition to increasing inertial forces during cross-flow filtration mucus may 

act as a sticky surface increasing the encounter rate of particles with filtering surfaces 

within the buccal cavity, playing a key role in the capture of particles that are smaller 

than the filter (Sanderson 1996, Friedland 1985). Both pre- and post-filtration mucus 

works to aggregate particles of food. Similar examples of mucus involved in particle 

aggregation is seen in invertebrates where species are characterized by the unique ways 

that they go about pumping, filtration, and aggregation (Jorgensen et al. 1984, Riisgård 

1988). In mucus-net sieving chordates and mollusks particles suspended in water and 

pumped through the pharynx are trapped on a mucus net (Jorgensen et al. 1984, Riisgård 

1988). Cilia then transport this food-studded mucus net into the esophagus (Jorgensen et 

al. 1984, Riisgård 1988).  

Silver carp are hypothesized to be pump filter feeders, continuously pumping 

fluid through the buccal cavity by abducting and adducting the operculum (Solomon et al. 

2016, Drenner and Kettle 1982). Pump filtration requires pulses of negative pressure to 
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continuously bring particle-laden fluid through the buccal cavity (Sanderson and 

Wassersug 1990, Sanderson et al. 1994). Such pump filterers contrast with the ram-

suspension feeders that swim forward with their mouths held open while using this 

generated velocity to move fluid through the buccal cavity and over the filtering 

structures (Sanderson and Wassersug 1990, Sanderson et al. 1994, Paig-Tran & Summers 

2014). Importantly, such flow through the mouth is thought to be laminar and aid in 

reducing drag and saving energy in active suspension feeders (LaBarbera 1984). 

Alternatively, during buccal pumping pulsed water flow is created as opercular muscles 

contract causing pulsatile expansion and compression of the opercular series and 

hyomandibula, which is coupled with depression of the jaw (Lazzaro 1986).  

In silver carp, the same hypertrophied opercular muscles used in pumping not 

only stretch across the entirety of the hyomandibula and opercular series but also attach 

directly to the anterior cap of the epibranchial organ.  The levator arcus palatini (LAP) 

inserts along the entire lateral face of the hyomandibula, and the adductor arcus palatini 

(AAP) not only envelops the entire medial face of the hyomandibula but also connects 

the hyomandibula directly to the epibranchial organ. This strong muscular connection 

suggests that the force generated by these muscles during pumping may be transferred to 

the epibranchial organ thus compressing and expanding this organ (Figure 1.6D). We 

hypothesize that as silver carp abduct and adduct their operculum (and firmly affixed 

hyomandibula; Figure 1.6) the epibranchial organ is also abducted and adducted in an 

anteroposterior direction much like an accordian (Figure 1.8A). Given both the flexible 

nature of the internal cartilaginous sheets (formed from cell-rich cartilage) as well as the 

overlapping architecture of the external hyaline plates (that encase the epibranchial 
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organ) adjacent, particle-laden gill rakers could fully overlap and transfer food laterally 

along the dorso-medial edge of the epibranchial organ until reaching the fourth and fifth 

tube where food would spiral through a continuous tube and exit directly onto the 

pharyngeal pad (Figure 1.8C). Crucial to this functional hypothesis is the anatomical 

determination (Figure 1.4) that the epibranchial organ can be compressed in an 

anteroposterior direction similar to an accordion. 

Previous work on filter-feeding fishes has shown that aggregation condenses 

extremely small particles of food into a well-formed bolus effectively increasing filtration 

efficiency (Friedland 1985, Hoogenboezem & Boogaart 1993). Minute particles of food 

entering the epibranchial organ must be kept from re-entering the water flow within the 

buccal cavity which would cause these particles to become re-suspended in fluid. Indeed, 

the base of the triangular 9th fold of the palatal organ (Figure 1.1B) abuts the dorsal 

chewing pad of the silver carp effectively constraining the slurry of mucus and 

aggregated particles within a closed fleshy chamber where further trituration by the 

pharyngeal jaws can occur without risk of losing particles, again potentially increasing 

feeding efficiency. The guts of silver carp are commonly packed fully with particles of 

food and mucus (Cremer & Smitherman 1980) suggesting that the epibranchial organ is 

able to effectively aggregate particles before said particles are brought to the pharyngeal 

jaws, and the significant modifications of the palatal organ assure that these aggregated 

particles do not become resuspended in fluid.  
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Chapter 2: Making a master filterer: ontogeny of specialized filtering plates in silver 

carp (Hypophthalmichthys molitrix) 

 

 

Introduction  

 

The invasive silver carp, Hypophthalmichthys molitrix, has infested the natural 

waterways of the upper Mississippi River basin since the speciesô introduction in the 

early 1970s. Although initially introduced to help control algal blooms in federal and 

private fish farms (Cremer & Smitherman 1980) silver carp and its sister species bighead 

carp escaped and invaded natural waterways and currently pose a major threat to the 

Great Lakes (Freedman et al. 2012, Nico et al. 2017, Walleser et al. 2014). Silver carp are 

planktivorous filter feeders and consume particles from 4-20 ɛm as well as large 

zooplankton that are around 80 ɛm (Battonyai et al. 2015, Cremer & Smitherman 1980, 

Zhou et al. 2009); efficient consumption of this broad range of particles allows silver carp 

to outcompete both native vertebrate and invertebrate filter feeders (Freedman et al. 

2012). Competing directly with large native fish, such as paddlefish and gizzard shad, as 

well as with smaller invertebrate filter feeders, silver carp have the potential to cause 

enormous damage to native waterways by limiting available resources (Freedman et al. 

2012). 

The filtering apparatus in bony fishes is composed of gill rakers which are 

laterally-directed, bony comb-like structures that extend from the ceratobranchials and 

epibranchials (Bertmar et al. 1969, Lazzaro 1987). Variations in gill raker morphology 

correlate with feeding habit, ontogeny, and filtration mechanism (Almeida et al. 2013, 

Friedland 1985, Lazzaro 1987, Nelson 1967). Gill rakers initially develop as cartilaginous 

protrusions from the cerato- and epibranchial. Throughout ontogeny these structures 
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ossify, increase in density along the branchial arches, and change in their basic 

morphology (Almeida et al. 2013). Although there are broad similarities between the 

morphology of many filter feeders and among juveniles and adults of the same species, 

specific differences in morphology of the gill rakers arise throughout ontogeny and 

typically correlate with diet composition (Gibson 1988, Almeida et al. 2013).  

For example, many clupeiform filter feeders (sister to Ostariophysi) tend to have a 

single row of thin, evenly spaced, comb-like rakers with many species possessing 

secondary modifications such as denticles that aid in efficient prey capture (Lazzaro 

1987, Almeida et al. 2013). Similarly, bighead carp, the sister species of silver carp, as 

well as the unrelated paddlefish, have elongated gill rakers that filter by means of either 

direct sieve or cross flow filtration (Jennings 1988, Smith and Sanderson 2013).  The 

adult gill rakers of silver carp are complex, greatly elongated filtering plates composed of 

densely packed gill rakers that are stitched together via bone and covered by a thick 

porous epithelium. Furthermore, there are two sets of gill rakers extending from the 

branchial arches in silver carp; these two contralateral sets attach to the ceratobranchial 

and epibranchial bones and create a V-shaped structure (Figure 2.1A).  

The filter feeding and condensing apparatus of silver carp is composed of three 

major structures all located immediately ventral to the neurocranium: (1) paired 

epibranchial organs (EBOs) (Boulenger 1901) surrounded by a (2) palatal organ with 

muscular folds that extend ventrally and interdigitate the (3) greatly modified, filtering 

plates composed of fused gill rakers (Figure 2.1). The epibranchial organs are bilaterally 

paired, barrel-shaped structures that condense food that has been captured by the gill 

rakers and releases a bolus of food onto the pharyngeal jaws (Nelson 1967, Miller 1969, 
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Bertmar et al. 1969). The greatly modified gill rakers extend throughout the entire buccal 

cavity lining the entirety of the ceratobranchial (CB) and epibranchial (EB) bones and 

ultimately winding into the EBO. Although previous research has described parts of the 

feeding anatomy of silver carp (Battonyai et al. 2015, Hansen et al. 2014, Jirasek et al. 

1981, Walleser et al. 2014) an ontogenetic study detailing the development of the 

filtering apparatus in silver carp has not been previously undertaken. 

 Here we describe the morphological development of the gill rakers of silver carp 

to understand how gill rakers that are initially reminiscent of many filter feeding teleosts, 

including bighead carp, can during development diverge into distinctive fused filtering 

plates. Gill raker anatomy has often been studied to understand the functional 

morphology and evolution of filtration mechanisms within filter feeding fishes (Lazzaro 

1987, Langeland & Nøst 1995, Nelson 1967, Ross et al. 2006). Based on the 

developmental pattering of gill rakers in other teleostean fishes we hypothesize that the 

gill rakers of silver carp will follow a similar pattern and begin as comb-like cartilaginous 

protrusions eventually diverging from that morphology to form fused filtering plates. 

This fused filtering plate has allowed silver carp to feed on a wide range of particle sizes 

(Battonyai et al. 2015, Cremer & Smitherman 1980, Zhou et al. 2009) outcompeting 

native species, allowing silver carp to become a destructive invasive species.  

Materials and Methods 

Sample collection and clearing and staining   

Specimens were provided by the Great Rivers Field Station in Grafton, IL. Specimens arrived 

fixed in a 10% unbuffered formalin solution and were transferred and held at 70% EtOH. silver 
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carp samples (15mm SL- 850mm SL) and bighead samples (162mm, 860mm, 900mm SL) 

were cleared and stained using a protocol modified from Walker and Kimmel (2007). Cleared 

and stained samples were imaged with Keyence VHX 5000 light microscope. A µCT 

scan of a 180mm SL silver carp specimen was obtained using a Bruker Skyscan 1173 at 

the Karel F. Liem Bio-Imaging Center at Friday Harbor Laboratories. Scans were then 

reconstructed and segmented using Amira. Lengths reported were taken from pictures 

using Image J. 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to visualize the epithelial 

elements of the first branchial arch within an ontogenetic series of silver carp. 

Ontogenetic stages chosen for SEM (20 - 850mm SL) were based on significant changes 

in skeletal anatomy as determined by specimens that had been cleared and stained.  

Samples were fixed in a 2.5 % paraformaldehyde /glutaraldehyde in 0.1M Cacodylate 

buffer (pH 7.4) solution. Fixed gill rakers were bisected along the branchial arch to 

clearly visualize both inner and outer faces for epithelial topography. Immediately before 

being dried samples were placed in a dehydration series and held in 100% EtOH.  

Samples that had previously been fixed in formalin and placed in 70% EtOH were 

rehydrated through a series of ethanol washes and placed in 2.5 % 

paraformaldehyde/glutaraldehyde in 0.1M Cacodylate buffer (pH 7.4) solution for several 

days, and subsequently dehydrated in 100% EtOH. Little difference was noted between 

the two methods. Samples were critical point dried with CO2, sputter coated with gold 

palladium, and visualized with a scanning electron microscope (Leo 1430VP). 
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Histology 

Histological samples were taken at key ontogenetic stages in silver carp (20mm, 

40mm, 80mm, 350mm SL) and adult bighead carp (1153mm SL) to examine differences 

in epithelial and bony composition.  Samples >300mm SL were decalcified in Fisher 

Chemical Cal-Ex® solution for 2-6 hours depending on size. Specimens were then 

infiltrated with JB-4 according to the Electron Microscopy Science JB-4, Embedding 

media protocol. 2µ sections were taken and stained with Leeôs Methylene Blue- Basic 

Fuchsin stain.   

Results 

General architecture of the adult gill raker plates 

Gill rakers of adult silver carp were composed of paired plates formed from the 

fusion of individual gill rakers. The medial and lateral gill raker plates attached at an 

acute angle to a food-transport groove that ran dorsal to the ceratobranchial and created a 

V-shaped structure (Figure 2.1A). Both ceratobranchials and epibranchials were greatly 

elongated and the distal tips of the epibranchials were curved to spiral into the complex 

epibranchial organs on the ventral face of the neurocranium (Figure 2.1B,C). Unlike for 

other branchial arches only one gill raker plate extended from the 5th ceratobranchial and 

epibranchial and thus did not create the same V-shape as seen in branchial arches 1-4. 

The fourth and fifth ceratobranchials were fused together at the antero-ventral portion of 

the buccal cavity. Paired epibranchial organs (EBO), situated on the ventrolateral side of 

the neurocranium, were surrounded by a muscular palatal organ. The palatal organ of 

silver carp had large folds that extended ventrally and interdigitated the intra-gill raker 
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space between the medial and lateral gill raker plates (Figure 2.1A, D).  

The inner and outer faces of the gill raker plates, as well as the medial and lateral 

plates themselves, were morphologically distinct (Figure 2.1A). The inner face of the gill 

raker plates was comprised of a net-like matrix formed of bone and connective tissue 

with the stitched gill rakers creating a filtering mesh with openings of about equal size, 

approximately 45um in diameter. The outer face of the gill raker plates was sponge-like 

in appearance with longitudinal and transverse dermal bone fusing together individual 

gill rakers creating a complex bony scaffold. A porous epithelium covered the bony 

scaffold, creating the distinctive fused filtering plates.  Epithelium covering this bony 

scaffold contained many mucus-secreting cells surrounding the differently sized pores 

found within channels throughout the outer face of the gill raker plates. Furthermore, at 

any point along the arch, contralateral gill raker plates were not even in height or width. 

Anteriorly, the lateral set of gill rakers, those closest to the operculum, were shorter in 

height while the more medial set, those closer to the midline, were taller in height. As the 

gill rakers continued caudally up the ceratobranchial towards the epibranchial, the lateral 

set became taller in height while the more medial set became shorter (Figure 2.1A). Gill 

raker plates were even in height only as they entered the epibranchial organ. This pattern 

of offset gill raker plates characterized all ontogenetic stages. Lastly, at the center of the 

branchial arch the lateral gill raker plate was consistently thicker than the medial plate. 

Early growth and development of the gill rakers (15- 25mm) 

By the late larval stage (15mm SL) the entire pharyngeal skeleton was ossified 

except for the cartilaginous elements at the junction between the ceratobranchials and 
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epibranchials as well as around the infrapharyngeobranchials that encased the 

epibranchial organ. During this early ontogenetic stage individual gill rakers (bony 

lamellae sensu Jirasek et al. 1981) were slender and lanceolate in shape. The rakers 

extended perpendicular to the food-transport groove (running along the dorsal aspect of 

the ceratobranchials) and continued up into the epibranchial organ (Figure 2.2A, B). Even 

at this early ontogenetic stage the biserially-arranged gill rakers formed an offset V-

shape, where the lateral set of gill rakers was initially taller than the medial set (Figure 

2.2C). As the gill rakers had yet to stitch together we refer to them as gill raker sets rather 

than plates.  

From 15-25 mm SL, individual rakers were covered by a thick epithelium that 

showed no indication of epithelial stitching (Figure 2.2C versus 3C). By 25mm SL the 

gill rakers had greatly elongated and increased in density along the arch. SEM and 

histological examination revealed that each individual gill raker was covered in a thick 

epithelium containing many mucus-secreting cells (data not shown). 

Juvenile growth and initial formation of the gill raker plates  (30-60mm) 

Individual gill rakers started stitching together to form a filtering plate at 

approximately 30mm SL (Figure 2.3). Initially, a thin string of epithelium on the outer 

faces of the V-shaped structure fused together several individual rakers (Figure 2.3C, 

arrowhead). There was no sign of epithelial stitching on the inner face of the gill raker 

plates. At 30mm SL small spicules of bone were found extending from individual gill 

rakers (Figure 2.3B). This sparse bone was the first indication of morphogenesis of fused 

gill raker plates. Consistent with the overlying pattern of epithelium (compare Figure 
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2.3B and 2.3C), bony stitching began at the center of the branchial arch (Figure 2.3B, 

arrowhead). By ~40mm SL the outer face of the gill rakers was covered by a thick, 

porous epithelium. This epithelium encompassed all gill rakers extending from the 

branchial arches, creating fused gill raker plates (Figure 2.4D). By the end of this 

ontogenetic stage, the inner face of the gill raker plates was composed of epithelial 

papilla (epithelial protuberances sensu Jirasek et al. 1981) that interlocked with one 

another (Figure 2.4E, arrowhead), while the outer face was covered with a continuous 

epithelium (Figure 2.4D).   

From 40-69mm SL secondary bone growth became increasingly robust 

completely stitching together adjacent rakers along the entirety of the cerato- and 

epibranchial (Figure 2.4A). Yet, this secondary bone did not completely span between 

adjacent rakers. Rather, the bony protrusions inserted on a thin stretch of connective 

tissue covering the gill rakers (Figure 2.4B, C), possibly allowing flexibility between 

adjacent gill rakers. By 69mm SL bone stitched together individual rakers from the most 

anterior portion of the ceratobranchial to the dorsoposterior portion of the epibranchial. 

The bony stitching ultimately formed a net-like matrix that persisted throughout 

ontogeny.   

 Later juvenile growth (70-130mm) reflected increased sculpturing of the filtering 

plates via dermal ossification   

By about 70mm SL growth of dermal bone longitudinally and transversally began 

to modify the outer faces of the gill raker plates (Figure 2.5A).  Specifically, longitudinal 

dermal bone modified every 8th individual gill raker in a dorso-ventral direction (Figure 
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2.5A, double-headed arrow) while transverse dermal bone connected to longitudinal 

dermal bone laterally. This growth of dermal bone created a rigid bony scaffold that 

supported the overlying epithelium and associated pores. Moreover, transverse dermal 

bone connected the dermal modifications of the outer face to the net-like matrix of the 

inner face (Figure 2.5B, arrowhead). Histological sections did not reveal any 

cartilaginous precursors to these secondary bony modifications, strongly suggesting that 

this bone was laid down through intramembranous ossification. Histological sections 

further revealed that the outer epithelium was studded with abundant goblet cells (Figure 

2.5E, arrows). Finally, mast cells/ eosinic granule cells (MCs/EGCs; Figure 5E, box) 

were present adjacent to the epithelium at the ventral end of the gill raker plates.  

 Throughout ontogeny differential growth of dermal bone continued to reshape 

the outer epithelial topography with which fluid would ultimately interact during feeding. 

The outer face of the gill raker plate consisted of differently sized openings that were 

obliquely-oriented in respect to the underlying bony scaffold (Figure 2.5D). Large 

column-like openings were supported by the growth of longitudinal dermal bone at every 

8th gill raker. Within the larger openings of the outer face were smaller groove-like 

perforations that varied in size along the entirety of the gill raker plate. Importantly, only 

the larger openings were supported by the buildup of longitudinal dermal bone, while the 

smaller perforations were supported only by epithelium. In contrast to the topography of 

the epithelium of the outer face, the epithelium that covered the inner face of the gill 

raker plates did not change from earlier ontogenetic stages and was still composed of 

epithelial protuberances (Figure 2.5D, arrowhead).  
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Anatomy of the adult fully functional filtering plates (>200mm) 

Gill raker plates in the adults were composed of five major parts: 1) the net-like 

matrix of the inner face, 2) the dermal bone of the outer face that attached to the net-like 

matrix of the inner face, 3) the outer porous epithelium, 4) the ventral food-transport 

groove and 5) the fused dorsal tips of the gill rakers. The inner face of the gill raker plates 

was composed of a bony net-like matrix covered by a thin epithelium (Figure 2.6A-D) 

containing many mucus-producing cells. The net-like bony matrix was composed of 

lateral bony spicules projecting from adjacent gill rakers; these abutting spicules were 

separated from each other by a thin layer of connective tissue (Figure 2.6C box). Unlike 

during earlier stages robust secondary bone inserted into the connective tissue (Figure 

2.6D) rendering the entire filtering plate rigid in comparison to the more flexible plates 

seen in juveniles. This rigid and organized inner matrix (Figure 2.6A) was composed of 

openings around 45ɛm in width that spanned the entirety of the filtering plate.  

Two types of dermal bone supported the epithelial topography on the outer face of 

the gill raker plates. Longitudinal dermal bone extended off every 8th individual raker (in 

the dorso-ventral direction). At the ventral end of the rakers, dermal bone was sword-like 

in shape. Alternatively, at the dorsal end dermal bone fanned out fusing together the tips 

of multiple gill rakers (Figure 2.7A, B asterisk). Longitudinal dermal bone supported the 

column-like epithelial openings that extended halfway down the exterior of the gill raker 

plate (Figure 2.7B, arrow). These column-like openings were slanted downward with 

respect to the underlying bone, suggesting that this dermal remodeling played a role in 

shaping the outer epithelial topography. The second type of dermal ossification was 

transverse bone that spanned across the longitudinal bone in the antero-posterior direction 
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(Figure 2.7 C-F), making the gill raker plates more rigid. Transverse dermal bone 

supported smaller more spherical epithelial openings (Figure 2.7D, arrow) that ranged in 

width from 15-20ɛm. Finally, the smallest openings were not supported by either type of 

dermal bone being entirely supported by the overlying epithelium.   

There was also variation among the gill raker plates regarding the epithelial 

openings and the relative thickness of the medial and lateral plates. Gill raker sets 2-4 had 

fewer column-like openings compared to the first gill raker set. Moreover, these column-

like openings were angled posteriorly with respect to the branchial arch. Gill raker plates 

2-4 were also thicker than the first gill raker plate with the medial plate always being 

thicker than the lateral plate (N=6, thickness of lateral and medial plates ranged from 

2.82-3.15mm and 3.8-4.8mm respectively). 

There were several conserved traits between the adult filtering apparatus of silver 

and bighead carp. Gill raker sets in both species were offset in height. The lateral set of 

bighead gill rakers was consistently shorter than the medial set along the entire length of 

the arch. Although the gill raker sets of silver carp were also offset, the medial and lateral 

plates varied in height along the length of the arch. In both species, the development of 

secondary bone modified the outer face of the filtering plates/gill sets, causing the inner 

and outer faces to be morphologically distinct. In bighead (N=5, 850-1153 mm SL), gill 

rakers were comb-like in shape with secondary bone growth modifying every 8th 

individual gill raker (Figure 2.8A, B). This pattern was consistent with the development 

of longitudinal dermal bone in silver carp where every 8th individual raker was modified. 

Since bighead gill rakers were never stitched together, there was no growth of transverse 

dermal bone. Finally, histological sections revealed that the epithelium that covered gill 
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rakers in both species was similar with abundant mucus-secreting goblet cells (Figure 

2.8C, E). Epithelium as well as the surrounding connective tissue covering gill rakers in 

both species contained abundant mast cells/eosinophilic granule cells (MC/EGCs) 

(Figure 2.8D).  

Discussion 

The adult gill rakers of Hypophthalmichthys molitrix (silver carp) are greatly 

modified from the more comb-like gill rakers seen in most filter-feeding teleosts. In many 

teleosts, gill rakers begin as cartilaginous extensions of the cerato- and epibranchials that 

ossify later in development during the juvenile stage (Freidland 1985). In silver carp gill 

rakers ossify much earlier in ontogeny (by 15mm SL). Throughout ontogeny teleostean 

gill rakers may develop secondary bony modifications (such as denticles or 

branchiospines), increase in density, and/or become coated in mucus or cilia (Almedia et 

al. 2013, Freidland 1985, Lazzaro 1987, Guinea & Fernandez 1992) yet individual gill 

rakers do not fuse together. Gill rakers are morphologically diverse and often correspond 

to body size and diet of the individual throughout ontogeny (Almeida et al. 2013, Lazzaro 

1987, Hoogenboezern et al. 1991). Despite possible elaborations such as addition of 

mucus cells or secondary bony structures, specialized gill rakers of teleostean filter 

feeders are stereotypically tightly packed, elongated and, comb-like (Friedland 1985, 

Almeida 2013) and create a fine filtering mesh able to capture small particles. In contrast, 

the gill rakers of the silver carp diverge early in ontogeny from this stereotypical filtering 

anatomy as individual rakers stitch together via first epithelium and then bone. The gill 

rakers are modified into filtering plates able to capture, retain, and transport particles as 

small  as 4ɛm (Battonayai 2015, Cremer & Smitherman 1980, Zhou et al. 2009).  
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Ontogeny and evolution of the filtering plates in silver carp  

Early in ontogeny the gill rakers of silver carp diverge from the stereotypical 

rakers of many filter-feeding teleosts, including those of its sister species bighead carp. In 

filter-feeding teleosts gill rakers begin as comb-like cartilaginous protrusions from the 

branchial arches (Almeida et al. 2013, Gibson 1988). Although the gill rakers in silver 

carp initially develop in this manner with comb-like individual rakers these rakers ossify 

very early. Moreover, in silver carp gill rakers undergo constant modification beginning 

at around 30mm SL when individual rakers begin to stitch together via epithelial 

connections. By 80mm SL dermal bone modifies the outer face of the filtering apparatus, 

and by adulthood, the bony stitching and overlying epithelium have formed rigid filtering 

plates. 

Secondary bony modifications to gill rakers used in filter feeding are rather 

common. Clupeiformss such as Brevoortia tyrannus (Lazzaro 1987, Friedland et al. 

2006) and Engraulis mordax (Nelson 1967), as well as various mobulid species (Paig-

Tran et al. 2013), have complex elaborations of the gill rakers that aid in food particle 

capture. Typically, secondary bony modifications, such as additional denticles or 

branchial spines, occur on all rakers within the filtering apparatus (Almeida et al. 2013, 

Friedland 1985, Ross et al. 2005). However, in silver carp longitudinal dermal bone 

modifies every eighth individual raker rather than uniformly modifying all the rakers 

along the arch. Moreover, there is constant bony modification to the original gill rakers 

throughout ontogeny. This pattern of dermal bone modification, where every 8th raker is 

modified, is conserved between adult bighead and silver carp suggesting that the sister 

species of silver carp may have already had dermal modifications that served to buttress 
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additional dermal ossification in silver carp.   

The gill rakers of bighead carp are reminiscent of those in other teleostean filter 

feeders more than those of its sister species, silver carp. Nonetheless, there are key 

anatomical similarities between the adult filtering structures that suggest how the filtering 

plates of silver carp may have evolved. For instance, previous literature notes that in 

bighead carp there are ñwideò and ñnarrowò gill rakers, with ñwideò referring to gill 

rakers that have been modified by growth of longitudinal dermal bone (Walleser et al. 

2014, Battonyai et al. 2015, Fang 1928, Verigin 1957). In our adult bighead specimens, 

longitudinal dermal bone modified every 8th individual gill raker, a pattern conserved 

between silver and bighead carp. However, previous literature is not consistent in 

reporting the specific pattern seen in anatomy of these gill rakers. Fang (1928) notes that 

in juveniles elaboration of dermal bone is found every 3-5 gill rakers and that in adults, 

dermal bone modifies every other gill raker. Other authors note that in adult bighead, 

extra dermal bone appears on every 6th or 7th raker (Jirasek et al. 1981). However, 

previous work examined adults that were significantly smaller than the specimens used in 

this study, suggesting that the adult dermal bone patterning in bighead carp occurs much 

later in ontogeny than in silver carp. Importantly, only longitudinal dermal bone modifies 

the gill rakers of bighead carp, yet the precise pattern of this modification is conserved. 

Although dermal bone modifies the outer face of the gill rakers in both bighead and silver 

carp (Fang 1928, Verigin 1957, Jirasek et al. 1981), dermal modifications occur much 

later in bighead carp (~160mm SL) than in silver carp (80mm SL). Thus, heterochronic 

changes in the extent and timing of dermal remodeling are likely the developmental 

mechanisms involved in the evolution of these gill rakers. 
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Even though dermal modifications vary between bighead and silver carp 

histological examination revealed that the epithelium covering the gill rakers in both 

species is similar. Mucus-secreting goblet cells line the perimeter of the epithelium 

suggesting that in both species mucus plays an important role in filtering, regardless of 

their disparate morphology. Additionally, MC/EGCs were found at the base of the 

filtering apparatus in both species. MC/EGCs are commonly found along branchial 

arches, in gill tissues, and in the intestine of many teleostean species however the exact 

function of these cells is not clear. It is possible that the MC/EGCs found in the 

epithelium of the gill raker in both species aided in mediating infection or damage during 

filtration.    

In silver carp, epithelium initially covering individual gill rakers ultimately fuses 

creating the porous epithelium that characterizes the outer face of the filtering plates. 

However, in bighead carp the epithelium surrounding individual gill rakers never fuses 

together thus there is neither development of bony stitching between adjacent gill rakers 

nor development of transverse dermal bone. We therefore hypothesize that it was early 

epithelial fusion among individual gill rakers in silver carp that ultimately drove the 

significant dermal ossification responsible for the creation of the fused filtering plates in 

the silver carp.  

Functional hypothesis 

Silver carp capture and retain a range of particles that are often much smaller than 

the filtering mesh (Battonyai et al 2015). Filter feeding that exploits a wide range of 

particle sizes has contributed to their success as an invasive species, outcompeting both 
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native invertebrate and vertebrate filter feeders (Freedman et al. 2012). However, silver 

carp face a mechanical challenge in filter feeding on particles as small as 4ɛm given that 

the openings of the adult filtering mesh measure 45ɛm. To overcome these challenges 

species have adapted a wide range of filtering morphologies that often correspond to 

specific filtration mechanisms and diet (Lazzaro 1987). The addition of goblet cells, 

denticles, cilia, and changes to overall gill raker shape influence how particles entrained 

in fluids interact with the filter inside the oropharyngeal cavity (Lazzaro 1987, Langeland 

& Nøst 1995, Ross et al. 2006, Paig-Tran et al. 2013, Paig-Tran & Summers 2014, Smith 

& Sanderson 2007).  

Different filtration mechanisms correspond to how certain sized particles interact 

with and are retained by a filter. Such mechanisms include dead-end sieving, inertial and 

direct interception, gravitational deposition, diffusion deposition, cross-flow filtration, 

and hydrosol (or vortex) filtration (Lazzar 1987, Paig-Tran et al. 2011). Although no 

functional data has been presented here, there are certain filtering mechanisms that 

cannot be used by silver carp as they do not fit the requisite morphological criteria. For 

example, during dead-end sieving water moves perpendicular to the filtering apparatus, 

as water passes through the filtering mesh particles larger than those openings are 

retained while water, sediment, and smaller particles exit over the respiratory epithelium 

(Friedland et al. 2006, Smith & Sanderson 2007, Paig-Tran et al. 2011).  As silver carp 

consume particles smaller than the filtering apparatus dead-end filtration can not be the 

mechanism used with these modified filter plates. In contrast to dead-end filtration, 

biological cross-flow filtration is utilized by many piscine filter feeders, such as mobulids 

and paddlefish (Paig-Tran et al. 2013, Sanderson et al. 2001), that consume particles 
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smaller than the width of the filtering mesh. During cross-flow filtration, fluid moves 

parallel to the filtering mesh generating shear that traps and concentrates these particles at 

the posterior end of the filter (Paig-Tran et al. 2011, Sanderson et al. 2001). Particles 

need not come in contact with the surface of the filter (Paig-Tran et al. 2011, Sanderson 

et al. 2001, Callan & Sanderson 2003). Alternatively, during vortex or hydrocyclonic 

filtration water (and entrained particles) enter the buccal cavity and contacts the filter 

causing vortices to form near the filter openings. This increased vorticity resuspends 

particles inside the buccal cavity increasing the probability that these minute particles 

will contact a sticky surface (mucus-coated gill raker plates). 

The filtering anatomy of silver carp is distinct from and significantly more 

complex than the filtering anatomy present in any other type of bony or cartilaginous 

filter-feeding fish. However, the filtering apparatus of Mobula tarapacana, a large 

cartilaginous suspension feeder, has specialized gill rakers that are also fused together, 

allowing them to serve as a functional comparison. The gill rakers of Mobula tarapacana 

are formed of fused filtering lobes, equivalent to the lateral extensions of bone that 

extend from individual gill rakers in silver carp. The mobulid lobes are fused by a dense 

connective tissue covered in denticles, cilia, and an epithelium studded with goblet cells 

that produce mucus and importantly allow for particles of food smaller than the filtering 

mesh to be retained (Paig-Tran & Summers 2014). These particles initially adhere to the 

fused filtering lobes before being tangentially sheared and transported to the back of the 

buccal cavity (Paig-Tran & Summers 2014). This type of cross-flow filtration is different 

from that observed in other species of fish as particles come in direct contact with the 

filter (Paig-Tran & Summers 2014, Sanderson et al. 2001). Although the orientation of 
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the gill rakers in M. tarapacana and silver carp is different, biomechanical similarities in 

function may be extrapolated from anatomical similarities given that ultimately particle 

size selectivity and filtration mechanism are affected by the anatomy of the filter and the 

presence of mucus. 

Mucus is a dynamic component of prey capture, retention, and transport during 

filter feeding (Sanderson et al. 1996, Lazzaro 1987, Smith & Sanderson 2007). Not only 

does mucus act as a sticky surface in which tiny particles are captured, mucus may also 

increase cross-flow speed (Smith & Sanderson 2007) thus increasing encounter rate as 

well as the probability that particles will be retained by the filtering apparatus (Paig-Tran 

et al. 2013, Sanderson et al. 2001, Smith and Sanderson 2007). Specifically, mucus plays 

a key role during hydrosol filtration where it functions to retain and transport small 

particles that have left the streamline of the fluid within the oropharyngeal cavity (Smith 

& Sanderson 2007, Paig-Tran & Summers 2014). As stated earlier, the epithelium of the 

gill raker plates contains many goblet cells, and small phytoplankton is often found inside 

the openings of the gill raker plates adhering to mucus. The preponderance of mucus-

producing cells suggests that mucus may play a large role in filter feeding in silver carp 

by potentially increasing shear rate, increasing encounter rate, and/or by producing a 

sticky surface for particle retention and transport. 

We hypothesize that silver carp use a modified form of hydrosol filtration during 

feeding as this filtration mechanism accounts for: (1) direct contact with the filtering 

plates, (2) capture and retention of exceedingly small particles, and (3) involvement of 

mucus. It has been previously suggested that silver carp are pump filter feeders, meaning 

that they actively pump water into the buccal cavity. As water and particles flow into the 



45 

 

buccal cavity and across the outer face of the filtering plates, particles may become 

entrained by the various sized openings. The complex epithelial topography and various 

sized openings would then increase the vorticity of the particles, forcing small particles of 

food out of the streamline of fluid and through the filtering plates. Ultimately the 

particles would adhere to mucus and be moved down to the food transport groove. 

Moreover, we propose that the various sizes and different orientations of the openings 

along the outer face of the filtering plates may help organize flow. 
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Chapter 3: Channeling vorticity: modeling the filter -feeding mechanism in silver 

carp using ɛCT and 3D PIV 

 

 

Introduction  

 

Silver carp, Hypophthalmichthys molitrix, is a filter feeding species of Asian carp 

that has become incredibly invasive throughout the freshwater rivers of the upper 

Mississippi River basin (Solomon et al. 2016, Cremmer & Smitherman 1980) within the 

USA. Silver carp and its sister species bighead carp (Hypophthalmichthys nobilis) pose a 

significant threat to these freshwater ecosystems since they outcompete native species 

across the trophic hierarchy (Solomon et al. 2016). In particular, silver carp feed on a 

broad range of particle sizes from 4-85 µm (Cremer & Smitherman 1980, Battonyai et al. 

2015, Zhou et al. 2009) making them a fierce competitor for food resources in this 

eutrophic ecosystem. It has been previously hypothesized that silver carp are able to 

effectively capture such a broad range of particle sizes due to their greatly modified 

filtering apparatus.   

The filtering apparatus of silver carp is composed of modified filtering plates 

formed from individual gill rakers that have become stitched together during early 

ontogeny. Stereotypical teleostean gill rakers are bony protrusions that extend from the 

branchial arches (Almeida et al. 2013), much like the teeth on a comb, that have 

morphologically diversified to correspond with diet and feeding mechanisms (Almeida et 

al. 2013, Friedlan 1985). Elongated and densely packed gill rakers along the branchial 

arches (Friedland 1985) increase the efficiency of filtration in these individuals. Bighead 

carp, the sister species of silver carp (Howes 1981), represent a more stereotypical 

teleostean filter feeder and have gill rakers that are long and comb-like with secondary 
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bony modifications that appear early during ontogeny. While in both bighead and silver 

carp two sets of modified gill rakers extend from each branchial arch creating an acute V-

shape (Jirsek et al. 1981, Boulenger 1901), the underlying anatomy of their gill rakers is 

quite different. 

The gill rakers of silver carp are morphologically distinct from those of either 

chondrichthyan or bony fishes, including those of its sister species bighead carp. The 

filtering apparatus of silver carp is comprised of two solid filtering plates that extend 

dorsally from the branchial arches. These solid plates are formed from individual gill 

rakers that stitch together during the course of early ontogeny, creating a mesh-like plate. 

In addition, the inner and outer faces of the filtering plates are morphologically distinct 

from one another. The inner face is composed of a net-like matrix with uniform pores 

(~45 µm wide) spanning the surface. Alternatively, the outer face (over which water 

flows) is comprised of long parallel channels containing different sized openings. These 

channels and associated openings are supported by layers of dermal bone and epithelium 

and make up three distinct regions dorsal to ventral.  

Fishes use a variety of mechanisms for moving fluid into the mouth for feeding, 

some fishes use ram-suspension while others may be selective or pump filter feeders 

(Lazzaro 1986). During filtration fluid enters the buccal cavity through the mouth, comes 

into contact with the filtering apparatus and then exits over the respiratory epithelium. 

Ram filterers swim forward with their mouth wide open, continuously moving fluid over 

their filtering apparatus. Alternatively, pump filterers use opercular pumping to bring 

fluid into the buccal cavity and over the filtering apparatus. Silver carp and bighead carp 

are pump filter feeders (Solomon et al. 2016), suggesting that filtration occurs under a 
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morphologically-defined range of fluid speeds. In addition to filtering, the filtration 

apparatus (or gill rakers) must also aggregate particles of food. In many ram suspension 

feeders the task of aggregation is accomplished via hydrosol or cross-flow filtr ation 

(Sanderson et al. 2001, LaBarbera 1984, Paig-Tran et al. 2013). However, in several 

teleostean fishes aggregation is not solely accomplished by the filtering apparatus, rather 

epibranchial organs act as a secondary aggregation structure enhancing bulk transport to 

the pharynx. Importantly, silver and bighead carp both possess large epibranchial organs. 

Moreover, the filtering apparatus of these two species terminates into these structures. It 

is hypothesized that food retained by the filtration apparatus is then brought into the 

epibranchial organs for aggregation (Bertmar et al. 1969) before particles of food are 

deposited onto the pharyngeal jaws for trituration and subsequent consumption.  

We hypothesize that the highly modified filtering plates of silver carp are able to 

effectively filter out a broad range of particles using a heretofore undescribed filtering 

mechanism. Using volumetric particle image velocimetry (3D PIV) we visualize how the 

atypical anatomy of the silver carp filtering plates manipulate flow to maximize 

extraction efficiency. Here we examine the three dimensional fluid dynamics of bighead 

and silver carp gill rakers under steady flow conditions. By comparing results between 

silver carp and bighead carp we can see how two incredibly invasive species can 

effectively manipulate flow despite having very different filtering apparatuses.  
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Materials and Methods 

 

Sample collection and gross anatomy  

Adult silver and bighead specimens were provided by James Lamer of the Kibbe 

Field Station, Western Illinois University. All specimens arrived frozen and were then 

fixed in 10% buffered formalin solution. Juvenile bighead sample was provided by Chris 

A. Taylor (curator of Fishes and Crustaceans at the Prairie Research Institute, and Illinois 

Natural History Survey) and collections manager Daniel Wylie and arrived fixed in 10% 

formalin solution. Gill raker sets from both bighead and silver carp were removed and 

either prepared for histology or for computed microtomography (µCT) scans. For 

specimens that were µCT scanned, the third arch was removed from similarly sized 

bighead and silver carp and the gill raker sets were trimmed at the ceratobranchials 

leaving just the center portion (~ӎ) of the arch to be scanned. Hybrid specimens (N=3) 

were dissected, imaged and cleared & stained following Walker and Kimmel (2007).  

 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to visualize the epithelial 

elements of the gill rakers. Gill arches were removed from silver carp specimens (N=2; 

840 and 860 mm SL).  Fixed gill rakers were bisected along the branchial arch to clearly 

visualize the inner and outer epithelial topography.  Samples were fixed in a 2.5 % 

paraformaldehyde /glutaraldehyde in 0.1M Cacodylate buffer (pH 7.4) solution. Samples 

were then placed in a dehydration series and left in 100% EtOH.  Samples that had 
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previously been fixed in formalin and placed in 70% EtOH were rehydrated through a 

stepwise procedure. 

µCT scanning  

X-ray computed microtomography (µCT) was used to visualize sections of fixed 

gill arches from a silver carp (880 mm SL) and a bighead carp (1153 mm SL). The 

specimens were scanned on the Bruker Skyscan 1275 located at Microphotonics Inc. 

(Allentown, PA) at 80 kV and 125 µA with 50 ms exposure time and a 1 mm Aluminum 

filter.  Voxel size was 15.2 µm for the silver carp gill raker plate and 17.0 µm for the 

bighead carp gill raker set. Mimics Innovation Suite (Materialise Inc., Leuven, Belgium) 

version 18 was used to create digital stereolithography models of the gill structure which 

were then printed with a FormLabs Form1+ resin printer. A juvenile bighead carp head 

(140 mm SL) was scanned on a Bruker Skyscan 1275 at the New Jersey Institute of 

Technology (Newark, NJ) with a resolution of 25um. Scan parameters were 80kV, 

125uA with 46 ms exposure time and a 1mm Al filter. The specimen was packaged in a 

sealable plastic container for scanning. 

3D- Particle image velocimetry  

Fixed gill rakers and 3D printed models based on 10 µm and 28 µm µCT scans of 

adult silver carp and its sister species bighead carp were placed into a recirculating flow 

tank (Figure 3.1) within the volume imaged by the volumetric imaging camera system 

(V3V, TSI Inc.). For each specimen, three runs each of two orientations at four different 

speeds (0.25 BLs-1, 0.5 BLs-1, 0.75 BLs-1, 1.0 BLs-1) were collected for fluid dynamic 

analysis (Table 1). Neutrally-buoyant 50 µm nominal size particles within the volume of 
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interest were illuminated by a 100 mJ Nd:YAG dual-head pulse laser, pulsed at a 

frequency of 50 Hz. The V3V camera system has three independent lenses and CCD 

arrays (2,048 x 2,048) that were calibrated by traversing a known target across the 

transverse (z) plane of the flow tank, in the volume and downstream of where the models 

were located. Groups of image pairs (one pair per camera ï 3 pairs total) were captured at 

50 Hz with a time of 1.2 ms in between each image pair, at 12 bit resolution. The volume 

imaged was 14*14*12 cm, and for each image pair approximately 80,000 particles were 

identified in all three images, and from these approximately 40,000 triplets representing 

three views of the same particle were identified and tracked between laser pulses. These 

particles were gridded to give a final volumetric matrix of 57*57*48 vectors (=155,952 

total vectors within the volume). The resulting vector files were imported into Tecplot 

360 (Tecplot, Inc., Bellevue, WA, USA) to reconstruct three-dimensional fluid structures 

for analysis. Vortical isosurfaces were defined using vorticity magnitude and colored by 

z-vorticity.  For statistical analysis of flow results, we used an additive linear model (in 

R) to describe the effect of species and flow tank speed on mean maximum vorticity 

magnitude. A T-test was used to compare mean maximum vorticity between bighead and 

silver carp.  

Results 

Bighead carp  

Gill raker morphology  

 The filtering apparatus of bighead carp is composed of bi-serially arranged sets of 

gill rakers that extend from the ceratobranchial and epibranchial and ultimately terminate 

in the epibranchial organ (Figure 3.2A). The two sets of gill rakers attached to the 
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branchial arches to create a food transport groove where the majority of particles were 

found. The gill raker sets were not equal in height with the lateral set of gill rakers shorter 

than the medial set, however they were even in height as they entered the epibranchial 

organ.  

Each filtering set was composed of tightly packed and elongated comb-shaped gill 

rakers that were covered in an epithelium rich with mucus-secreting goblet cells. Every 

8th-9th gill raker was further modified into a blade-like shape where the edge of the blade 

was oriented away from the intra-gill raker space.   

 

Volumetric PIV 

The filtering model was oriented in the flow tank as it would be in situ with the 

dorsal ends of the filtering sets facing at an angle towards the oncoming flow resulting in 

fluid moving across the filtering plates in an anteroposterior and dorsoventral direction 

(Figure 3.1B, 3.2A). At 0.25 BLs-1 the mean maximum vorticity magnitude was 0.12 s-1 ± 

0.003.  At 0.5 BLs-1 the mean maximum vorticity was 0.19 s-1 ± 0.007.  The greatest mean 

maximum vorticity magnitude (0.297 s-1 ± 0.013) occurred at a flow velocity of 0.75 BLs-

1; when flow velocity was increased to 1.0 BLs-1 the mean maximum vorticity magnitude 

decreased to 0.279 s-1 ± 0.013. All bighead carp experimental data sets were isosurfaced at 

a threshold of 0.035 s-1 to produce the most complete vortical ring structures.  

At 0.25 BLs-1, the slowest speed in our data set, there was almost no development 

of vortical structure across the model, rather only partial vortices were formed. These 

vortices were slow moving and characterized by the ricochet of particles away from the 

filtering model (Figure 3.2B, first row). Flow appeared largely disorganized and was not 
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obviously impacted by the morphology of the filter. At 0.75 BLs-1 we observed the 

development of vortices traveling lengthwise along the gill raker model (Figure 3.2B, 

second row). Similar to data collected at 0.25 BLs-1, at 0.5 and 0.75 BLs-1 vortices did not 

exhibit an organized flow pattern, instead particles ricocheted away from the filter if their 

trajectory did not a permit them to pass opportunistically between gill rakers (Figure 

3.2B, second row). Finally, at 1.0 BLs-1 fluid was moving too quickly to be meaningfully 

impacted by the filtering apparatus, again showing no development of strong vortical 

flow (Figure 3.2B, third row).  

 

Silver carp  

Gill raker morphology  

The gill rakers of silver carp were also composed of two bi-serially arranged gill 

raker plates extending from each branchial arch in series (Figure 3.3A), except for the 

fifth branchial arch which contains only one filtering plate. Each set of filtering plates 

creates a distinctive V-shape as they connect to the branchial arches (Figure 3.3B). These 

paired plates have morphologically distinct faces with the inner face composed of a net-

like matrix and the outer face being more topographically complex.  

Characterized by long parallel channels pitted with round openings of different 

sizes, the outer face can be divided into three discrete regions. The first region (Figure 3.3 

C&D, blue box) is made up of tightly fused dorsal tips of individual gill rakers which 

forms a solid and flat leading edge of the filtering plate. The second region includes a 

significantly more topographically complex series of parallel canals riddled with holes 

ranging in size from 20-85 ɛm in diameter and also in depth (Figure 3.3 C,D, white box). 
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Importantly, there is a change in depth between the first region (made up of fused dorsal 

tips) and the second region (characterized by channels with holes) that may be 

hydrodynamically relevant during feeding. Finally, the third region of the filtering plate is 

located ӏ of the way from the dorsal extreme of the plate. This final region is still 

composed of channels, however the openings of these slightly curved channels are angled 

away from incoming flow. Water enters the buccal cavity through the mouth moving 

antero-posteriorly as well as dorsoventrally over the filtering apparatus. The epithelium 

that covers the filtering plates was filled with an abundance of mucus-producing goblet 

cells.  

 

Volumetric PIV 

Mean vorticity magnitude of vortices interacting with gill raker plates of silver 

carp was an order of magnitude larger than that seen in bighead carp (P = 1.26 x 10-13). All 

silver carp experimental data sets were isosurfaced at a threshold of 0.35 s-1 to produce the 

most complete vortical ring structures. At 0.25 BLs-1 the mean maximum vorticity 

magnitude was 1.23 s-1 ± 0.09. Vortices began to develop at the interface of region two 

and three where the channels harboring differently sized openings change in orientation 

along the filtering plate (Figure 3.4). Initially, vortices developed in the direction of flow, 

however they were slow moving, and as fluid came in contact with the third region of the 

filtering plate the flow became disorganized (Figure 3.4). Vortices did not lose 

momentum along the filtering model, as indicated by rings of the same proportional size 

and color, and maintained interaction with the filtering plate instead of being shed as was 

seen with the bighead model.   
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Beginning at 0.5 BLs-1, the mean maximum vorticity magnitude increased to 1.37 

s-1 ± 0.09. At this speed, vortical flow developed primarily along the second region of the 

filtering plate. Some of the vortices began to change in direction at the interface of region 

two and three, rotating perpendicular to the free stream flow, albeit at a relatively low 

vorticity (Figure 3.5). We found significant main effects of species (P = 0.001) and flow 

tank speed (P<0.05) in an additive linear model of species and flow tank speed on mean 

max vorticity. 

 Peak vortical flow occurred at 0.75 BLs-1; at this speed the mean maximum 

vorticity magnitude was 1.46 s-1 ± 0.12, the highest for any speed from either species. 

Vortical flow was first initiated at the interface of regions one and two where the 

morphology of the filter changes from a relatively flat surface (where the dorsal tips are 

fused) to a porous surface with pronounced topography (Figure 3.6). Fluid moved quickly 

from region one to region two and changed from laminar to vortical flow. This transition 

was characterized by the development of large fast-moving vortices seen at the upstream 

end of the model. Vortical flow continued to develop through region two in the 

dorsoventral and anteroposterior direction and did not decelerate due to shearing forces, 

rather we saw that vorticity was maintained throughout the length of the model. At the 

interface of the second and third regions of the filtering plate, roughly ӏ of the way 

downstream on the plate, vortices turn nearly 90° (Figure 3.6, box). This change in 

vortical flow was concurrent with a change in the direction of the channels between 

region two and region three where the differently sized pores were oriented at an angle 

with respect to upstream flow.   
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At 1.0 BLs-1 the mean maximum vorticity magnitude was 1.21 s-1 ± 0.06. Vortices 

were aggregated towards the downstream half of the filtering apparatus with some 

vortices being well developed and spinning into channels (Figure 3.7). Moreover, some 

vortices changed in direction concomitant with a change in the aforementioned 

underlying anatomy.   

Overall, 0.75 BLs-1 appeared to be the optimal speed for both organization of flow 

and development of strong vortical flow. At this speed, flow was tightly correlated with 

the channel structure of the filtering model. As fluid crossed over the flat, smooth region 

one and moved into the channels of region two it established a vortical flow that was 

laterally constrained by the walls of the channels. These vortices maintained vorticity 

magnitude while traveling through the channels and did not appear to decelerate as a 

result of shear forces. The results indicated a significant effect of freestream fluid speed 

on vortical flow production and fluid-structure interactions (P < 0.001). The variance in 

max vorticity between bighead and silver carp was 0.01 and 0.42 respectively.  

 

Discussion 

Silver carp and their sister species, bighead carp, are invasive species of Asian 

carp that currently pose a major threat to the upper Mississippi River Basin ecosystem 

(Zhou et al. 2009, Zhang et al. 2015, Solomon et al. 2016). Both species are effective 

filter feeders that consume a wide range of phytoplankton and zooplankton (Cremmer & 

Smitherman 1980, Solomon et al. 2016, Sampson et al. 2009) and have had a prominent 

effect on the overall community structure by outcompeting native species for resources 

across the trophic hierarchy (Solomon et al. 2016, Zhang et al. 2016). Even though silver 
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and bighead carp are sister species and both are effective filter feeders, their filtering 

apparatuses are morphologically distinct.  

The silver carp filtering apparatus is characterized by rigid filtering plates formed 

from individual gill rakers stitching together during early ontogeny. The outer 

morphology can be separated into three regions where the first and most dorsal region is 

relatively flat and composed of fused gill raker tips. The second region is composed of 

various sized channels filled with pores that open up into the inner net-like matrix on the 

inside of each filtering plate. The third and final region is composed of channels that are 

oriented at an angle to incoming fluid. The stitching together of individual gill rakers 

seen in silver carp is not present in the filtering apparatus of any other teleostean fish. In 

contrast, the filtering apparatus of bighead carp is reminiscent of a stereotypical 

teleostean filter feeder. Two sets of elongated gill rakers extend from the branchial arches 

creating a V-shape. Moreover, every 8th individual raker is further modified with dermal 

bone into a blade-like shape that points away from intra-gill raker space. Importantly, the 

filtration apparatus of teleostean filter feeders often corresponds to not only diet but type 

of filtration mechanism (Almeida et al. 2013, Friedland 1985). As the bighead filtering 

morphology is similar to that of other teleostean filter feeders, it is possible that bighead 

carp may manipulate flow similar to other pump filtering teleosts.  

Our data suggest that the bighead carp filter method of cross-flow filtration may 

haphazardly obstruct efficient filtering as was apparent by vortices indicating particles 

tumbling away from the filtering model. During cross-flow filtration particles of food are 

tangentially sheared from the incoming streamline of flow (Sanderson et al. 2001, Bott et 

al. 2000, Sibanda et al. 2001) resulting in said particles being aggregated at the posterior 
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end of the pharynx (Sanderson et al. 2001, Bott et al. 2000, Sibanda et al. 2001).  In the 

bighead model as fluid interacts with the filter, particles rebound away from the filtering 

model as described for other teleosts (Figure 3.9 A, B). As bighead carp possess a similar 

filtration apparatus to other teleostean filterers it is not unreasonable that the filtration 

modeled here may be extrapolated to how other pump filter feeding fishes manipulate 

flow. Alternatively, the novel filtering anatomy of silver carp presents an opportunity to 

study a potentially novel or specialized filtration mechanism.   

Results from this study suggest that the outer morphology of the filtering plates in 

silver carp initiates strong, organized vortical flow and that this organization is best 

developed and maintained at 0.75BLs-1; at slower and faster speeds strong vortical flow is 

neither developed nor maintained (Figure 3.8). We suspect that at slower speeds 

(0.25BLs-1) the change in depth from the first region of the model to the second region 

does not create a strong enough pressure change to induce strong vortical flow.  As a 

result, vortices that develop across region two are slow moving and do not accelerate 

across the model. As flow speed increased to 0.5BLs-1, there was an increase in the 

number and strength of vortices generated at the shelf break between regions one and 

two. Additionally, some vortices undergo a directional change concomitant with the 

underlying anatomy in region three. At slower freestream speeds such as 0.25 and 0.5 

BLs-1, vortical flow decelerates as it moves downstream along the filtering model. 

Conversely, at faster speeds (1.0BLs-1) fluid is moving too quickly to be entrained by the 

underlying morphology of the filter, resulting in fluid shearing quickly past regions one 

and two without building organized vortical flow. Therefore as fluid encounters the third 
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region of the filtering plate vortices aggregate and rebound before reaching the posterior 

region of the filtering plate. 

Only at 0.75 BLs-1 did we find that vortical flow was tightly organized and highly 

correlated with the morphology of the filtering plate (Figure 3.8). Upstream, fluid 

initially crossed the fused dorsal gill raker tips that create a relatively flat leading edge of 

the model. At this stage (region one) flow is laminar; however, as fluid moves from 

region one to region two there is a change in depth of the filtering model when the flat 

shelf ends abruptly above the deeper channels (Figure 3.1D).  It is at this interface 

between region one and two that we see the development of strong vortical flow as a 

consequence of fluid moving across a relatively flat surface and falling into a trough that 

is larger in constrained volume and more topographically complex. Vortical flow 

developed as fluid rolled from the shelf break and into the channels, where the narrow 

channel walls act to increase the velocity of the fluid. We hypothesize (Figure 3.9) that 

the channels on the outer face of the filtering plates constrain the fluid and produce a 

decrease in pressure within the channels, thereby increasing the velocity of flow.  As 

vortices interact with the bottom surface of the channels, they are subject to deceleration 

as a result of friction and shearing forces. We hypothesize that in this moment the 

velocity-reduced particles of food may be released from the vortical flow and drop into 

the different pores found within the channels (Figure 3.9E). Finally, at the interface of 

region two and three we find a stark directional change in the vortical flow concomitant 

with a change in the underlying anatomy. Importantly, this directional change is in the 

direction of food transport, towards the epibranchial organ (Figure 3.9F).  
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The epibranchial organ is a secondary food aggregating organ that takes particles 

captured by the filtering apparatus and aggregates said particles into a bolus for transport 

to the esophagus (Bertmar et al. 1969, Nelson 1967). The filtering plates of silver carp 

and the gill raker sets of bighead carp terminate into epibranchial organs. Additionally, 

particles of food are consistently found along the food transport groove (where the two 

filtering plates attach to the branchial arches) and inside the epibranchial organ, 

supporting the hypothesis that food captured by the filtration plates is somehow 

transported dorsally into the epibranchial organs. We hypothesize that the dramatic 

directional change in flow observed at the interface of regions two and three of the silver 

carp filtration model aid in the movement of particles along the filtering plates dorsally 

towards the epibranchial organ. This could potentially increase filtration efficiency by 

increasing bulk transport of particles to the pharynx.  

   Results presented herein suggest that the filtering plates of silver carp directly 

manipulate fluid to maximize particle transport, while the morphology of the filtering gill 

raker sets in bighead carp result in haphazard cross flow filtration (Figure 3.9). Silver 

carp consume a greater diversity of particle sizes than their sister species bighead carp 

(Battonyai et al. 2015, Cremmer and Smitherman 1980), including particles as small as 4 

ɛm. Moreover, absolute vorticity magnitude for silver carp was an entire order of 

magnitude greater than that in bighead carp (0.35 to 0.035 respectively) showing that the 

silver carp filter creates much greater vortical flow than observed in a typical teleostean 

model. Despite having lower vorticity than silver carp, the most organized vortical flow 

was also at bighead carp 0.75BLs-1 suggesting that this speed may be an optimal speed for 

efficient filtering in Asian carp in general. Current literature suggests that the differences 
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seen in the bighead and silver carp filtration apparatuses does not account for the 

difference in diet composition or filtration efficiency (Battonyai et al. 2015). However, 

our results suggest that the direct manipulation of flow by the filtering plates in silver 

carp may increase filtration efficiency through the development of strong, organized 

vortical flow and potentially accounts for why silver carp are more efficient feeders and 

consume smaller particles of food than bighead carp (Cremmer & Smitherman 1980, 

Battonyai et al. 2015). 
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Conclusion  

 

 

The trophic apparatus of the silver carp is composed of a large and modified 

palatal organ, paired epibranchial organs that function to aggregate particles of food, and 

serially arranged filtration plates that filter out a broad range of particle sizes. In silver 

carp the palatal organ is composed of nine large muscular folds that interdigitate with the 

filtering apparatus. The intimate relationship between the palatal organ and both the 

filtration plates and epibranchial organs suggests that the palatal organ likely plays an 

important role in food manipulation. 

The epibranchial organs of silver carp are formed from five involutions of the five 

sequential infrapharyngeobranchials into pharyngeal tissue creating four distinct tubes. 

Sequential gill rakers spiral into these tubes and complete a set number of rotations 

before terminating into a mucus sac deep within the organ proper. Particles of food 

retained by the filtering plates are brought into the epibranchial organ for aggregation and 

food is only ever found adhering by mucus to the food transport groove of the filtration 

plates. Importantly, the terminating sacs in the first two tubes are larger than the last two 

tubes and there is consistently more food found on the modified gill rakers inside of the 

last two tubes. This suggests that there may be a division of labor within the epibranchial 

organ where the first tubes are primarily in charge of mucus production (key to effective 

aggregation of particles) while the last two tubes perform the bulk of particle aggregation. 

Inserting onto the anterior face of the epibranchial organs are large opercular muscles. 

These muscles attach the epibranchial organ to a hypertrophied hyomandibula. We 

hypothesize that during buccal pumping (used to bring in water during filtering) the 



63 

 

hyomandibula compresses the epibranchial organ in the anteroposterior direction. This 

would support the movement of food laterally throughout the epibranchial organ.   

The third structure of the trophic apparatus in silver carp is the fused filtration 

plates that develop from individual gill rakers being stitched together throughout 

ontogeny. Early in ontogeny (15-25mm SL) the filtration apparatus is reminiscent of 

what is seen in other teleostean filter feeders, including their sister species bighead carp 

and is formed of individual comb-like gill rakers. At 30mm SL individual rakers begin to 

stitch together via bone and epithelium and by late juvenile stages the entire filtering 

plate is stitched together with bone and covered in a porous epithelium. The adult 

anatomy of the filtration plates can be separated into three distinct regions. Flow studies, 

using particle image velocimetry, indicated that the regionalization in anatomy has a 

direct effect on the flow regime. The fused and topographically complex filtration plates 

initiate strong and organized vortical flow that moves particles across the entire plate and 

redirects particles in the direction of food transport, towards the epibranchial organs.    

Silver carp are effective filter feeders that are able to outcompete native species 

across the trophic hierarchy by feeding on a broad range of particle sizes. Bighead carp, 

the sister species to silver carp, are another invasive filter feeder however they are unable 

to consume the same broad range of particle sizes as silver carp. Importantly, the filtering 

apparatus of bighead carp is distinct from that seen in silver carp and is more reminiscent 

of other teleostean filter feeders, suggesting that filtering anatomy may account for the 

difference in particle size diversity that silver carp can consume. By studying the 

development of the filtration plates in silver carp we may better understand how this 

modified anatomy evolved. Moreover, the epibranchial organ of silver carp is distinct 
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from that of any other epibranchial organ. It is most notably different in the fact that all 

five infrapharyngeobranchials are involved in the structure rather than the 

infrapharyngeobranchials from only the last two arches. Other types of epibranchial 

organs are solely supported by the fourth and fifth epibranchial and are one continuous 

tube. Finally, by investigating the trophic apparatus of silver carp we can model the 

mechanism that makes this species such a successful filter feeder. Understanding the 

distinct differences between bighead and silver carp filtering morphology and the way 

that they can manipulate flow may help to create more targeted mitigation efforts for the 

silver carp invasion. 
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Figure Legends 

 

 

Figure 1.1: Morphology of the modified palatal folds and their relationship to the solid 

filtering plates in silver carp.  A: Schematic of the relationship between the filtering 

plates and the palatal folds. Each palatal fold slots into the intra-gill raker space (adjacent 

the inner net-like matrix) of the filtering plates. B: Ventral view of palatal organ (located 

on the roof of the mouth) with branchial arches and cleithrum removed. The palatal organ 

(composed of nine muscular folds) extends from the anterior portion of the buccal cavity 

to the end of the pharynx where it abuts the pharyngeal jaws (arrow). Eight of these folds 

(1-8) slot into the intra-gill raker space of the filtering plates extending from the first four 

branchial arches. The final triangular fold slots in between the fifth set of filtering plates 

laterally and the pharyngeal jaws caudally. The main body of the palatal organ covers the 

ventral side of the epibranchial organs. Modified gill rakers continue from the branchial 

arches and spiral into the epibranchial organ along dorso-lateral face of the palatal organ 

(arrowheads). C: Histological section showing both the inner muscular structure and 

thickened epithelium that characterize these palatal folds. Inset refers to D & E. D: 

Orientation of muscle fibers within the palatal folds. Solid box shows longitudinal fibers, 

while dashed box highlights transversely oriented muscle fibers. E: Arrow points to 

kinked muscle fibers adjacent to a thickened outer stratified epithelium. 

 

Figure 1.2: Incorporation of the modified gill rakers (i.e filtering plates) into the 

epibranchial organ. A: Modified gill raker plates on the epibranchials (EB) enter the 

epibranchial organ (EBO). As the gill raker plates enter the EBO they change in shape 

from a V-shaped structure (B) to an M-shaped structure (C). During this transition the 
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food transport groove (FTG) is brought upwards. The outer epithelium changes in overall 

topography as the filtering plates move from the branchial arches into the epibranchial 

organ. D: SEM of small adult (190mm SL) showing the morphology of the modified 

filtering plate. E: SEM of adult (350mm SL) morphology of the modified filtering plate 

once inside the epibranchial organ. 

 

Figure 1.3: Anatomy of the adult epibranchial organ (EBO) in silver carp. A: Modified 

cartilaginous infrapharyngeobranchials (IFB) in purple create the outer cartilaginous shell 

of the EBO by wrapping around the muscular body of the epibranchial organ. B: the first 

IFB is further modified into the anterior cap of the epibranchial organ (arrow). C: 

Coronal slice through the epibranchial organ. Outlined in purple is cartilage stemming 

from the infrapharyngeobranchials, in blue is the modified gill raker plate fully embedded 

in the epibranchial tube, and in red is muscle oriented circumferentially around the 

individual tubes. The box highlights a strip of cell-rich cartilage separating adjacent 

tubes. Dark grey in center of the scan is less dense fatty muscle that is a continuation with 

the palatal organ. The black space filling the individual tubes (asterisk) is where mucus is 

found. 

 

Figure 1.4: Histological structure of the entire EBO. A: parasagittal section of adult 

(190mm) epibranchial organ (EBO) displaying three of the five tubes that make up the 

EBO. Based on dissection and histology we do not expect the morphology of a 190mm 

fish to differ from that of an 800mm fish. B: Histology of the infrapharnygeobranchials 

that create the outer cartilaginous support of the entire organ from a 350mm SL specimen 
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show that the IFBs are composed of hyaline cartilage. C: Inset of connective tissue (CT) 

between sheets of cartilage. D: coronal section of the epibranchial organ shows the 

morphology of a singular tube. Skeletal muscle is oriented circumferentially around the 

individual tubes of the EBO. E:  inset of the skeletal muscle surrounding the tubes of the 

EBO. F: the epithelium of the epibranchial organ tubes are lined with abundant goblet 

cells (GC) G: coronal section of the bilateral epibranchial organs in a juvenile (21mm SL) 

silver carp. Although this is a juvenile specimen the anatomical connections between the 

tubes of the epibranchial organ do not change throughout ontogeny. Juvenile image 

shown for ease of imaging. Box highlights the merged fourth and fifth tube that create a 

continuous exit out of the epibranchial organ, arrows point to the outlet of the 

epibranchial organs onto the pharyngeal jaws. 

 

Figure 1.5: Relationship between the gill raker plates, internal tubes of the epibranchial 

organ, and palatal organ. A: CT scan shows the modified gill rakers (blue) spiraling into 

the tubes of the epibranchial organ. Each set of gill rakers terminates at a mucus secreting 

center deep within the epibranchial organ. The first two terminal mucus centers (box in 

B) are much larger than the rest of the sacs in the epibranchial organ (C ), moreover the 

last three tubes complete more rotations than the first two tubes. D: the palatal organ 

surrounds the ventral face of the epibranchial organs like a sling. Extending ventrally are 

the palatal folds (PF), these folds continue into the entrances of the epibranchial organ 

tubes.  
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Figure 1.6: Relationship between musculoskeletal elements and the epibranchial organ. 

Silver carp have a large opercle (OP) and hyomandibula which are tied together via 

taught ligaments. A: Inserting on the lateral face of the hyomandibula is an enlarged 

levator arcus palatini (LAP). This robust muscle originates from the neurocranium and 

inserts along the entire lateral face of the hyomandibula. B: Inserting along the medial 

face of the hyomandibula is the adductor arcus palatini (AAP). C: CT scan (dorsal view) 

highlighting the tight muscular connection (AAP, represented by the double headed 

arrows) between the hyomandibula and anterior cap of the epibranchial organ. D: CT 

scan showing coronal slice through the skull of the silver carp skull. The bilateral 

epibranchial organs are tightly connected to the opercular series on both sides of the skull 

(see dotted line running through EBO) 

 

Figure 1.7: Cladogram showing the distribution of epibranchial organs across teleostean 

fishes. Numbers refer to type of epibranchial organ. R: remnant, Type 1: primitive 

expanded sac, Type 2: Continuous tube with rakers, Type 3: Continuous tube with 

several loops/spiral type, Type 4: Vestigial tube, Type 5: well-developed blind-ended sac, 

Type 6: Large sac type, Type 7: well developed sac with leaflike lobuli. Epibranchial 

organs are morphologically diverse and have independently evolved at least six times 

with the greatest diversity appearing within Clupeiformes. Silver carp and bighead carp 

are the only cypriniforms documented to have an epibranchial organ. Distribution data 

gathered from Bertmar et al. 1967. 
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Figure 1.8: Functional model for aggregation of particles within the epibranchial organ 

(EBO) in silver carp.  A: an enlarged levator arcus palatini inserts along the entire lateral 

face of the hyomandibula (HM). When this muscle contracts it abducts the 

hyomandibula. Inserting on the medial face of the hyomandibula is an enlarged adductor 

arcus palatini (dashed semi-circle) that connects the HM to the anterior face of the EBO, 

suggesting that when the HM is moved, motion is transferred to the epibranchial organ 

compressing and expanding the EBO. During the compressive cycles the adjacent 

overlapping cartilage allows for food in parallel whorls to be moved laterally. B:  CT 

scan, note overlapping cartilaginous shell and gill rakers. During compression these 

sheets further overlap, allowing for particles to be moved laterally across the epibranchial 

organ. C: CT section highlighting a singular tube and functional schematic. Blue: 

modified gill raker, Red: muscle surrounds individual tubes, Green: particles of food. 

Lower schematic shows aggregation of particle into a bolus before said bolus exits the 

epibranchial organ.  

 

Figure 2.1:  Gross morphology of the modified gill raker plates of silver carp. A) On the 

left, stereotypical (simple) teleostean gill rakers attached to the ceratobranchial (CB). On 

the right2, paired gill raker plates attach to the ceratobranchial creating a V-shaped 

structure into which fits the muscular palatal organ. Inner and outer faces of each gill 

raker plate are morphologically distinct. B) MicroCT scan shows the anatomy and 

relative positioning of the gill rakers and epibranchial organ (EBO, in box) within the 

head of silver carp. C) Silver carp with the first four gill raker plates dissected illustrating 

how the EBO is located on the ventral face of the neurocranium. D) Muscular palatal 
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folds on the roof of the mouth interdigitate with gill raker plates.  

 

Figure 2.2: Cleared & stained and SEM of early juvenile gill rakers of silver carp. A) 

Branchial arch (ceratobranchial and epibranchial) of 15mmSL silver carp showing two 

sets of gill rakers creating an offset V-shape. B) Close-up showing lanceolate-shaped, 

individual gill rakers. C) SEM showing individual gill rakers covered by epithelium.  

 

Figure 2.3: Early ontogenetic formation of gill raker plates by epithelial and bony 

stitching in Silver carp. A) Branchial arch 1 of 30mm SL with B) inset showing bony 

extensions that initiated stitching of the inner net-like matrix ultimately seen in adult 

specimens. C) SEM showing a thin strip of epithelium (arrowhead) fusing together 

multiple individual rakers.  

 

Figure 2.4.: Continuation of ontogenetic formation of gill raker plates. A) 69mm SL 

cleared and stained specimen shows the completion of the inner net-like matrix. B) 

Close-up of the secondary bone stitching together individual gill rakers, box surrounds 

the lateral bony extensions inserting on a small bridge of connective tissue. C) 

Histological section from (B) showing secondary bone inserting on connective tissue 

bridge. D) SEM shows increasing epithelial topography on the outer face of the filtering 

plates. E) SEM of the inner face of the filtering plate comprised of small epithelial papilla 

(arrowhead). 
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Figure 2.5: Later ontogenetic elaboration of epithelial and bony stitching in 80mmSL 

silver carp. A) More robust ossification with longitudinal dermal bone modifying every 

8th individual gill raker (double-headed arrow). Inset shows general area of arch 

examined in this figure. B) Close-up of box in (A) showing longitudinal dermal bone 

(arrow) and transverse dermal bone (arrowhead). C) net-like matrix of the inner face at 

this stage. D) SEM showing increased epithelial topography as underlying dermal bone 

pushes out the epithelium, creating obliquely oriented openings. E) Histological section 

reveals many goblet cells (arrows) and MC/EGCôs (black box) surrounding gill raker 

plates.  

 

Figure 2.6: Inner face of the adult filtering plates in silver carp. A) SEM showing 

epithelium covering inner face of the filtering plate reflecting bony scaffolding, no longer 

containing papillae. B) Clear and stain of inner net-like matrix. C) Close-up of net-like 

matrix, double headed arrow points to what were previously individual gill rakers, box 

indicates the inter-gill raker stitching inserting on a bridge of connective tissue. D) 

Histological section of box in (C) shows bone (asterisk) and a thin layer of connective 

tissue (arrow). 

 

Figure 2.7: Anatomy of the outer face of the adult filtering plates in silver carp. A, C, E) 

Cleared and stained gill raker plates from 850mm SL individual. B, D, F) SEM 

displaying epithelial topography at similar dorsoventral levels shown in A, C, E. A) 

Dorsal tips (asterisk) show modified and fanned out dermal bone. B) SEM showing 

epithelium covering underlying fanned out dermal bone (asterisk). Directly underneath 
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these fused tips are long column-like openings (arrow) created by the addition of 

longitudinal dermal bone. C) Along the middle of the filtering plate longitudinal 

(asterisk) and transverse (box) dermal ossification modifies the outer face of the filtering 

plate fusing it to the inner net-like matrix and providing a scaffold for the overlying 

epithelium. D) SEM showing middle portion of the outer face of the filtering plate with 

complex topography formed from variously sized openings nested within each other. E) 

Gill rakers attach to the food transport groove (dorsal to the ceratobranchial) at the 

ventral end of the filtering plate. F) Ventral most portion of the outer face shows how the 

filtering plate attaches to the ceratobranchial.  

 

Figure 2.8: Gill rakers of bighead carp. A) Cleared and stained gill rakers extending from 

the branchial arch, note the biserial arrangement that creates a V-shaped filtering 

apparatus. B) Cleared and stained gill rakers, double headed arrow points to every 8th gill 

raker modified by dermal bone. This pattern is conserved between bighead and silver 

carp. C) Histological section showing composition of epithelium covering individual gill 

rakers. D) Close-up histological section of the MC/EGCs located near the ventral end of 

the gill raker in Bighead carp. E) Close-up of epithelial histology revealing mucus-

secreting cells. 

 

Figure 3.1: Experimental set-up of 3D particle image velocimetry (PIV). A: Camera 

(arrow) is pointed towards the flow tank which has been seeded with 50ɛm particles. B: 

Gill raker model situated within the flow tank during experiments. The model is oriented 

as the gill rakers exist in-situ. 
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Figure 3.2: PIV results from bighead carp gill raker model. A: Bighead carp represent the 

stereotypical teleostean filter feeder as the filtering apparatus is composed of individual 

comb-like rakers extending from the branchial arches (clear and stained arch from 

200mm SL Bighead carp). In addition to the individual rakers, during ontogeny 

outgrowth of dermal bone modifies the outer edge of every 8th individual raker. µmCT 

scans of 1153mm SL bighead carp. B: PIV results indicate that the bony modifications of 

the bighead gill raker set create turbulence as fluid moves across the structure. Vortices 

roll away and are rebounded from the filtering 

 

Figure 3.3: Anatomy of the filtering plates in silver carp.  A: CT scan of juvenile silver 

carp (100mm SL), there is no significant change in the morphology of the filtering plates 

from 100-900mm SL. The gill raker plates extend from the most anterior portion of the 

buccal cavity and curve upwards as they approach the pharynx. B: CT scan of adult 

(860mm SL) silver carp filtering plate. Two filtering plates attach to a food transport 

grove (asterisk) dorsal to the branchial arches and form an acute V-shape. C & D: CT and 

SEM (respectively) of adult filtering plate (860mm SL) showing the outer dermal 

topography. The outer topography can be separated into three morphologically distinct 

regions. Region 1: fused dorsal tips (blue box), region 2: significant increase of 

topography created by channels and various sized openings (white box), and region 3: 

channels oriented at an angle to the incoming streamline of flow. 
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Figure 3.4: Particle volumetric data from flow speed of 0.25BLs-1. Three-dimensional 

capture of vortices moving across the filtering model at the slowest speed of 0.25BLs-1. 

Lateral view of model, isosurface value of 0.35s-1. Vortices were slow moving and flow 

became disorganized as particles came into contact with the third region of the filtering 

plates. 

 

Figure 3.5: Particle volumetric data from flow speed of 0.5BLs-1. Lateral view of model 

showing three dimensional snapshot of fluid interaction with the filtering model 

isosurfaced at 0.35s-1. Increase in flow speeds is correlated with an increase in vortices 

however, these vortices are slow moving and as fluid interacts with the third region flow 

becomes disorganized and vortices are shed away from the model.   

 

Figure 3.6: Particle image velocimetry from flow speed of 0.75Bls-1. Strong vortical flow 

develops at the transition from region one (that is a flat surface composed of fused gill 

rakers) to region two where the topography of the filter increases. This vortical flow is 

developed and maintained along the entirety of the model and does not decelerate as 

indicated by vortices of the same proportion. At the interface of regions two and three we 

see a stark directional change in the vortices (box). This directional change is 

concomitant with a change in the underlying anatomy where the channels are oriented at 

an angle with respect to the incoming flow. 
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Figure 3.7: Particle image velocimetry from flow speed of 1.0BLs-1. Data set from fastest 

speed, isosurfaced at 0.35s-1, lateral view.  Vortices are aggregated towards the back half 

of the model. At this speed fluid is moving too quickly across the model for flow to be 

entrained by the filtering model. 

 

Figure 3.8: Comparison of flow data across experiments, top-down view. A: At slower 

speeds the pressure drop between region 1 and 2 does not induce strong vortical flow. As 

a result vortices do not develop or become as robust across region two and flow becomes 

disorganized as it changes direction concomitant with a change in the underlying 

anatomy. B: at 0.75 BLs-1 strong vortical flow is developed and maintained across the 

entirety of the filter even as there is a stark directional change at the interface between 

regions 2 and 3. C: At faster speeds flow is moving too quickly to be entrained and 

organized by the underlying anatomy. The topography of the filtering plates acts as an 

obstruction to flow and as a result, flow rebounds away from the filter. 
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Figure 3.9: Functional hypothesis of the filtration mechanisms in bighead and silver 

carp:  A: CT scan of bighead carp showing the filtering apparatus B: proposed filtration 

mechanism of bighead carp. PIV results indicate fluid  is haphazardly rebounded away 

from the filter. As fluid moves across the filtering apparatus it can either enter through 

the individual rakers and release particles into the intra gill raker space or particles are 

rebounded away from the filter. C: CT scan of silver carp. D: strong vortical flow is 

initiated at the transition between region 1 and 2 where there is a significant change in the 

topographraphy of the filtering plates. Vortices continue to accelerate across the filtration 

plates. We notice slight moments of deceleration as vortices touch the model, however 

these vortices quickly accelerate and continue to spin. We hypothesize that during these 

moments of deceleration particles may be released from the streamline of flow and pass 

through the various openings on the other face of the filtering plates. Moreover, as flow 

interacts with the third region of the filtering plates there is a dramatic directional change 

in vortical structure towards the epibranchial organ.  
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