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Introduction 

The thirty-five thousand species of fishes make up over half of all vertebrate species 
diversity (Helfman et al. 2009). Thirty-one thousand of these species are within the 
Actinopterygii, or the ray-finned fishes. Recent fossil calibrations combined with molecular 
approaches in the largest available phylogeny of fishes place the origins of the Actinopterygii 
around 370 million years ago, or around the time of the end-Devonian mass extinction event 
(Rabosky, Chang, Title al et Alfaro 2018). In the last 370 million years, the Actinopterygii 
have diversified to fill nearly every imaginable trophic and habitat niche. They dominate the 
temperate and tropical oceans (Wainwright and Longo 2017), have evolved antifreeze 
proteins to live under the ice caps of Antarctica (Beers and Jayasundara 2015), and have 
novel subdermal gelatinous layers to swim more effectively at the high pressures of the deep 
Kermadec and Mariana trenches (Gerringer et al. 2017). One mechanism that underlies 
much of the diversification of these species is adaptation to different or complex habitats. 

The role of habitat complexity in the diversification of organisms is well-documented, 
as different components of a habitat promote resource partitioning, and therefore adaptive 
divergence, to differing resources (MacArthur and MacArthur 1961; Schoener 1974). 
Complex habitats promote evolution of both species as well as the morphological and 
functional diversity of those species. In fishes, coral reefs are sources of species diversity and 
of exceptional morphological diversity due to their complex topography and ecology, even 
increasing the rate of accumulation of ecological novelty in the large and well-studied family 
of mostly coral-reef associated wrasses (Alfaro et al. 2007; Price et al. 2011, 2013; though see 
Rabosky, Chang, Title al et Alfaro 2018). 

In freshwater environments, rivers provide an unusually complex habitat with diverse 
hydrodynamic topology, seasonal heterogeneity, and spatial variation in primary productivity 
(Wissmar et al. 1981; Winemiller and Jepsen 1998; Willis et al. 2005). Rivers are important to 
riverine species, but are also sources of environmental connections as they link the 
freshwater interior with marine habitats. Diadromous fishes migrate through and into rivers, 
often associated with reproductive shifts in their life cycles (Myers 1949). Over long time 
periods, rivers can be sources of lineage diversity for lakes, islands, and other rivers, in some 
cases repeatedly colonizing a lake and then iteratively radiating within the novel habitat 
(Malinsky et al. 2018). They also provide a range of prey items for hungry fishes. Rivers are 
home to algae, benthic and pelagic invertebrates, a diversity of zooplankton, and other 
fishes. Each of these prey types has different requirements for prey capture and processing 
within a fish’s feeding apparatus. 

While numerous lineages have made the transition from marine to freshwater habitats 
or inhabit both in their life cycles (Figure 1), one lineage of fishes has been successful 
primarily by dominating freshwater fish diversity. The Cypriniformes, with 3,000 species, are 
fully 10% of all ray-finned fish diversity and easily the most successful radiation of non-
spiny-rayed fishes. Just two of these species are truly marine, making this gigantic order 
essentially exclusively freshwater (Froese and Pauly 2018). In addition to their exceptional 



species diversity, Cypriniformes boast 8 or more morphological and functional novelties, 
many associated with the feeding mechanism (Hernandez and Cohen 2019). A number of 
these innovations are convergent with those in the other largest radiation of ray-finned fishes 
(the Acanthomorpha, ~14,000 species), but in several cases the Cypriniformes evolve the 
functional novelty slightly differently and sometimes to different effect. 

The Grand Canyon, a popular river canyon in American culture through which the 
Colorado River flows, is historically home to eight native species of fishes, all of which are 
Cypriniformes. While some are now extirpated and many are threatened by invasive species, 
the historic success of exclusively Cypriniformes implies that Cypriniformes are unusually 
capable of diversification in freshwater environments. In this paper, I will review three 
functional novelties of the Cypriniform feeding apparatus that may have contributed to their 
success in riverine environments and the Grand Canyon. 

We will follow the order of these innovations with the path of prey along its travels 
through the feeding apparatus of a hungry Cypriniform fish. First, prey is captured either by 
suction feeding or by scraping and biting actions of the oral jaws, made possible by the novel 
kinethmoid bone. Second, the prey is sorted and filtered within the pharynx by the palatal 
organ. Third, the pharyngeal jaws, a second set of jaws present in most fish in the back of 
the pharynx, breaks down the prey. With each innovation, I will describe one or more native 
species of the Grand Canyon who may be reliant on this innovation for effective feeding. 

 
Prey capture: the kinethmoid 

Suction feeding is far and away the dominant mechanism of prey capture in aquatic 
vertebrates and is the ancestral feeding mode for ray-finned fishes (Wainwright et al. 2015). 
An effective suction strike leverages the viscous properties of water for rapid prey capture 
(Ferry-Graham et al. 2003; Wainwright and Day 2007). Rapid expansion of the skull creates a 
low-pressure region within the mouth that pulls in both water and prey item (Lauder 
1980a,b). This process relies on rapid cranial motion, made possible by the over 100 bones 
of the fish skull with many independently mobile elements (Schaefer and Lauder 1996; 
Westneat 2006). In most species, kinematics of suction feeding are very consistent, with a 
sequential anterior-to-posterior wave of expansion that maximizes peak flow into the jaws 
around the time of maximum gape (Gillis and Lauder 1995; Day et al. 2005; Higham et al. 
2006; Bishop et al. 2008; Olsen et al. 2019). 

One particularly crucial component of the mobile apparatus is protrusion of the 
upper jaws, which creates a planar mouth opening and can increase the forces suction 
feeders exert on their prey by up to 35% (Holzman et al. 2008). This anterior motion of the 
jaws is exceptional as there are no muscles attached to the primarily protruded bone of the 
upper jaw, the premaxilla—instead, muscles attached to the nearby maxilla, also an upper 
jaw bone, and the bones of the lower jaw pull the bones of the upper jaw anteriorly. Jaw 
protrusion is often mentioned as one of the primary innovations underlying the success of 
the largest radiation of ray-finned fishes, the Acanthomorpha (spiny-rayed fishes, ~14,000 
species) (Wainwright and Longo 2017), but it has evolved independently in the 
Cypriniformes. However, the mechanism by which Cypriniformes protrude their jaws is 
unique. Unlike Acanthomorphs, the Cypriniformes have developed an additional median 



bone of the upper jaws, the kinethmoid, that allows substantial flexibility of the feeding 
apparatus (Hernandez et al. 2007). 

The kinethmoid decouples the motion of the upper jaws from the lower so that the 
upper jaws can protrude when the mouth is open or closed—that is, the upper jaws can 
power their own protrusion (Hernandez et al. 2007). This reduction in kinematic constraint, 
as the upper jaws are no longer tied to the motion of the lower jaws, allows substantial 
flexibility in the use of the jaws (Hernandez et al. 2007; Hernandez and Staab 2015). With 
the kinethmoid, the jaws can modulate the timing of peak flow, with multiple instances of 
maximum flow within a single strike, creating a much more adaptable feeding mechanism 
than a standard Acanthomorph suction strike which has just one instance of peak flow 
through the jaws (Staab et al. 2012a). Increased flexibility in the kinematics of peak suction 
may be advantageous to picking and detritus feeding from the benthos for which a single 
burst of rapid flow may not be effective (Hernandez and Staab 2015). However, kinethmoid-
mediated jaw protrusion still confers a hydrodynamic advantage during prey capture (Staab 
et al. 2012b). The evolution of the kinethmoid also shows some signal with trophic evolution 
across Cypriniformes, with a shortened kinethmoid in species that may rely more strongly on 
ram feeding rather than suction (Hernandez and Staab 2015). 

Nearly any free-floating or evasive prey can be captured using suction feeding. Fishes, 
plankton, benthic or pelagic invertebrates, and even some molluscs can be captured with a 
suction strike, and the addition of the kinethmoid may makes suction more effective for 
benthic invertebrate pickers or detritivores (Hernandez and Staab 2015). These types of prey 
make up the bulk of the identifiable prey items of several juvenile and adult native fishes in 
the Grand Canyon: bluehead sucker, flannelmouth sucker, humpback chub, and speckled 
dace (Kaeding and Zimmerman 1983; Valdez et al. 2001; Taylor et al. 2011). Furthermore, 
these prey types, particularly evasive prey like insects and fish, make up a major dietary 
overlap between the endangered humpback chub and rainbow trout (Spurgeon et al. 2015).  

The addition of the kinethmoid to the feeding apparatus adds substantial flexibility to 
the feeding apparatus of Cypriniformes, allowing them to take advantage of multiple prey 
types, particularly benthic and evasive prey, and to modulate the anatomy of their feeding 
apparatus to effectively prey on either elusive or benthic prey types. The innovation of jaw 
protrusion as an innovation is commonly hypothesized to underlie the major radiation of 
Acanthomorphs (Wainwright and Longo 2017) and may have had a similar effect supporting  
the 3,000 species of Cypriniformes. 

 
Prey selection: the palatal organ 

Particulate feeders are common in many environments. Many plankton feeders use 
complex topography of the gill rakers to filter prey from the water, or use mucous cells to 
retain and then transport their prey (Paig-Tran and Summers 2014). However, the 
mechanisms of prey capture that rely on filtration may be content-agnostic, or may not 
include any ability to distinguish prey from non-prey items.  

A second major innovation of the Cypriniform feeding apparatus, the palatal organ, 
facilitates prey sorting (Hernandez and Cohen 2019). The palatal organ is a muscular pad 
located on the dorsal surface of the pharynx, posterior to the oral cavity but anterior to the 
pharyngeal jaws, and holds numerous papillae of varying shapes and sizes (Matthes 1963). 



The muscular pad of the palatal organ depresses onto the edible particulate matter, and the 
fish then washes prey items that are inedible or prey that are very small through a branchial 
sieve (Sibbing et al. 1986; Sibbing 1988).  

Prey sorting in this case is accomplished using the sensitive papillae of the palatal 
organ. The many taste buds on the palatal organ are well-innervated by the vagus nerve, 
which enters the medulla and innervates the vagal lobe (Morita and Finger 1985; Finger 
2008). The vagal lobe is receives numerous taste-sensing inputs and, in goldfish (Carassias 
auratus; Cypriniformes: Cyprinidae), makes up nearly 20% of the volume of its entire brain, 
speaking to the importance of taste sensation some Cypriniformes (Kotrschal and 
Palzenburger 1992 in Finger 2008). This high density of taste-sensitive papillae allows the 
palatal organ to selectively identify edible prey items to retain, washing away inedible 
particulate matter with accuracy. 

Taylor and coauthors (2011) note that in the Grand Canyon, some juvenile 
catostomids (bluehead and flannelmouth suckers) disproportionately feed on inorganic 
matter in comparison to the nearby cyprinids (humpback chub and speckled dace). 
Humpback chub and speckled dace, in contrast, primarily prey on adult dipterans or other 
insects as juveniles and as adults in and out of the Grand Canyon, indicating resource 
partitioning between the two families (Schreiber and Minckley 1981; Kaeding and 
Zimmerman 1983; Angradi et al. 1991; Valdez et al. 2001; Taylor et al. 2011). Inorganic 
matter associated with the benthos is likely to require the type of filtration and prey sorting 
made possible by the palatal organ, making this likely a particularly useful innovation for the 
catostomids. 

Feeding on particulate matter and detritus is not unusual within fishes—many species 
feed on benthic particulate matter. However, the degree of specialization of the anatomy of 
the palatal organ of Cypriniformes for prey sorting is ‘exceptional’ (Matthes 1963). 
Cypriniformes are likely able to rely less on vision in potentially unclear water and use the 
many taste buds of the palatal organ to capture their prey, as the barbeled goatfish do 
(Kiyohara et al. 2002), which may be an advantage in past turbid, heavily sedimented waters 
of the Grand Canyon.  

 
Prey processing: pharyngeal jaws 

After the prey is captured and, in the case of particulate prey, once it has been sorted, 
it reaches its last obstacle on the way to a hungry Cypriniform’s swallow: the pharyngeal 
jaws. Pharyngeal jaws are modified gill arches in the pharynx of fishes used by most species 
to crush, crunch, or grind their prey (Wainwright 1989; Wainwright et al. 2012; Gidmark et 
al. 2014; Pos et al. 2019). The Cypriniform pharyngeal jaw apparatus is a highly diverse 
crushing and grinding mechanism. 

The above sections detail the role the upper jaws play in prey capture, which in a 
suction strike relies on rapid expansion of the jaws. This emphasis on mobility over stability 
leaves little opportunity for structurally sound oral jaws that can effectively crush or grind 
mechanically challenging prey items, and many suction feeders with high mobility eat solely 
evasive prey that requires less processing (Westneat 2003; McGee et al. 2016; Martinez et al. 
2018). However, it has long been hypothesized that evolution of very robust pharyngeal jaws 
can decouple the mechanisms of prey processing and prey capture (Liem 1973). 



The pharyngeal jaws of fishes are a set of modified bones in the back of the throat, or 
the back of the pharynx, present in numerous fishes. They facilitate processing complex prey 
by providing a grinding, shearing, or tearing surface, often with ‘teeth’ on them—essentially, 
they are how most fishes “chew” their food (Gregory 1933). In fact, the kinematics of the 
mechanism by which grass carp grind their prey by occluding the jaws and prey against a 
dorsal bony process and chewing pad converges with the mastication of other vertebrates 
(Gidmark et al. 2014). These pharyngeal jaws in Cypriniformes are well articulated, with large 
and beefy muscles supporting their motion (Sagemehl 1884 in Gregory 1933). 

Notably, few currently present native fishes in the Grand Canyon feed primarily on 
algae or other hard prey, though the hard shells of insects may require some processing 
(Taylor et al. 2011). Humpback chub do eat substantial amounts of algae except in recently 
in flooded environments, indicating that the pharyngeal apparatus may allow them some 
dietary flexibility in the modern Grand Canyon environment with some water flow variability 
(Valdez et al. 2001). However, up to 47% of the diets of rainbow trout were made up by 
algae in one study, indicating that rainbow trout may be the dominant feeders of algae in the 
modern Grand Canyon (Marsh and Douglas 1997).  

 
Why the Grand Canyon? 

The Grand Canyon is home to both immense flows of water and immensely varying 
flows, which have undergone substantial shifts in the last 50 years. This magnitude of 
variation creates a diverse habitat that offers many opportunities for fishes of different sizes, 
shapes, and trophic niches to take advantage of. In the case of Cypriniformes, their many 
novelties associated with the feeding apparatus likely allowed them to occupy diverse 
habitats and eat many or all of the available prey items, and they are known to iteratively 
converge to similar dietary requirements (Pos et al. 2019). However, the diversity of habitats 
with different flow regimes in different regions of the Grand Canyon likely also allows 
invasive fishes to easily take hold once introduced to the region, and changing invasive 
terrestrial flora alters native fish habitats—so much so that removing Tamariz substantially 
increases the frequency of native fishes (Kennedy et al. 2005). 

Some functional innovations of the Cypriniform feeding apparatus may also 
contribute to their decline when competing against invasive species. With reductions in 
sediment of the water due to Glen Canyon Dam, the crucial role of the palatal organ as a 
mechanism for prey sorting in turbid waters may become less important, lending native 
Cypriniformes less of an advantage in the Grand Canyon against invasive species. Likewise, 
the highly modified pharyngeal jaws of cichlids in East African Rift Lakes cause limited 
gapes that constrained their ability to feed on large prey, and when a non-pharyngognathous 
predator was introduced, it easily outcompeted the cichlids and may now be eating them to 
extinction (McGee et al. 2015). Though Cypriniformes do not have the most extremely 
modified pharyngeal jaws, it is possible that a pair of large and beefy pharyngeal jaws of 
some Grand Canyon Cypriniformes may be causing similar gape limitation and reducing the 
competitiveness of native species when compared to predators like the rainbow trout or 
channel catfish that routinely prey on native fishes (Marsh and Douglas 1997). 

Overall, the many functional innovations of Cypriniformes make them formidable 
competitors in any riverine system, and the many functional innovations of the feeding 



apparatus have likely contributed to their historic success. In the future, the pace of the 
changes associated with climate change and human-powered changes to water flows in the 
Grand Canyon may exceed the ability of fishes to adapt, but standing interpopulation 
variation and phenotypic plasticity could provide lifelines for rapid evolution of these species 
(Scoville and Pfrender 2010; Reid et al. 2016). Furthermore, the many functional innovations 
of Cypriniformes set them up for success in many different feeding scenarios, which may 
give them an advantage in a changed habitat. Dynamic fish communities in rapidly changing, 
complex, coral reefs highlight the role of fine-scale niche partitioning to create functional 
space for many species (Brandl and Bellwood 2014), indicating that there may be a high 
degree of fine-scale partitioning underlying current fish patterns of diversity in the Grand 
Canyon that we may not understand. However, due to its high profile, the Grand Canyon 
may be one of the best opportunities for understanding the effects of anthropogenic change 
on fish functional diversity in a freshwater system. Well-studied flow experiments and 
predator removal experiments provide opportunities for comparative studies of the effects 
of shifting water regimes and predators on the habits of the native species (e.g., Valdez et al. 
2001). 
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