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ABSTRACT 

Fishes have an incredibly wide range of feeding habits and behaviors and include some of the few vertebrate ectoparasites. Fish ectoparasites typically feed on the fins, scales, and slime coat of other fishes. Ectoparasitic fishes are most abundant in tropical South American freshwaters, and perhaps the best-known fin-feeders (pterygophagous) and scale-feeders (lepidophagous) are piranhas. While scales and fins are made from fundamentally homologous materials (i.e. hydroxyapatite, collagen, & mucus), the differences in how these materials are arranged on prey suggests that piranhas need different tools and/or strategies to obtain these prey resources. Therefore, consuming only the scales or fins of other fishes (and associated mucus), seems like a specialized or narrow niche, such that we might expect these fishes to have distinctive morphologies relative to other generalist carnivores. The goal of this study was to test whether there are differences in the feeding morphology of piranhas based on their particular prey resource (scales, fins, or flesh). This study used microCT scanning of 80% of the described piranha species to contrast feeding morphologies and jaw mechanics among ectoparasitic, carnivorous, and omnivorous taxa. We also examined how jaw mechanics and morphometrics have evolved across the serrasalmid phylogeny to account for whether jaw mechanics reflect convergence or novelty. We found that while some ecological specialists like Catoprion mento, an obligate lepidophage, were distinct from other piranhas in our analyses, most scale- and fin-feeding piranhas overwhelmingly resembled their carnivorous cousins.
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INTRODUCTION

	Across the animal kingdom unique diets are often associated with unique morphological features. One extreme example of the interaction between diet and morphology can be seen in the snout of the Giant Anteater (Myrmecophaga tridactyla). Their loss of teeth and reduced mechanical advantage in closing the jaw is correlated to an abandonment of chewing as a result of eating ant and termites that can easily be swallowed whole (Montgomery, 1985; Reiss, 2001). Their unique long tube-shaped jaw can thus be seen as a result of a specialized diet. This type of development is not limited to terrestrial mammals. 
	Fishes have developed many different feeding strategies over time, including piscivory, herbivory, and entomophagy. With over 35,000 species of fish, it’s unsurprising that unique characteristics would develop over time with diet. Cookie cutter sharks (Genus Isistius) feed on flesh plugs from larger organisms such as cetaceans and seals (Munroe et al, 2014; Dwyer, 2011). This specialized feeding behavior is referred to as ectoparasitism, where an organism feeds on the exterior rather than in interior of a host. Ectoparasitism is a diverse feeding strategy that several families of fish have transitioned to over time and includes fin-, scale-, and slime- feeding behaviors. Eating scales and fins has developed at least five times in freshwater fish families and at least seven times in marine families (Sazima, 1983). Additional research has found that this strategy has appeared about 4–6 times in both African cichlids and South American characoids (Géry, 1977; Sazima 1983). However, this food resource is usually exploited by juveniles who later grow out of the diet (Sazima and Uieda, 1980; Sazima, 1983). 
	Serrasalmids are characiform fishes, related to families like headstanders, halftooths, and payara (Bentacur, 2019). This family is composed of over 90 species distributed throughout the freshwater rivers and basins of South America (Lundberg et al., 2010). Serralmids are commonly broken into two groups: pacu and piranha. Pacus eat plant material, such as seeds and fruits, while the piranhas primarily rely on consuming all or parts of other fish (Correa et al 2007, Nico & Taphorn, 1988). In piranhas, ectoparasitic feeding has been reported several times in both juveniles and adults (Sazima 1983; Nico and Taphorn 1988). Fins and scales both contain important minerals such as calcium phosphate and have a high level of protein (Nico and de Morales, 1994) and are also covered in a lipid-rich mucus that predators may benefit from (Lewis, 1970). While fins and scales are very similar, their arrangement on the fish suggests that an ectoparasite would require specific tools to utilize this narrow niche that is wholly separate from piscivory and omnivory. Previous research hypothesizes that the scale-feeder Catoprion mento, a ram-feeder that literally slams into other fish to knock scales loose, has developed unique changes in their jaw musculature to assists in the force transfer and stabilization of the fish as it performs this feeding technique (Janovetz, 2005). This previous hypothesis leads us to ask the question: is the unique diet of ectoparasitism associated with unique morphological feeding characteristics that set ectoparasitic piranhas apart from the rest?
	My objectives for this study were to test for differences in the feeding morphology of piranhas relative to which diet guild they belong to, using morphometric measurements obtained through micro-computed tomography scanning (μCT). Using ancestral state reconstruction, we estimated how many times ectoparasitic, omnivorous, and piscivorous feeding niches have evolved through time and how frequent transitions are between these diets. Finally, we investigated the theory, proposed first by Sazima (1983) that ectoparasitic piranhas are always smaller than their more outright piscivorous cousins.


METHODS

Specimen acquisition & computed tomography imaging
We examined 29 of the 36 species of piranhas from several museum collections (see Table 1). Adult and larger subadult specimens were selected in order to be able to accurately compare diet specialization to morphological traits without the confounds of ontogenetic changes in diet and anatomy. Specimen skeletons were imaged using micro-computed tomography scanning (µCT; Bruker Skyscan 1173; Bruker, Billerica, MA) at the University of Washington Friday Harbor Labs. Before scanning, specimens were given a radio-opaque label, then wrapped in ethanol-moistened gauze and sealed with plastic wrap in a 3D-printed PVA plastic tube to prevent desiccation. CT scanning used a 1mm aluminum filter to reduce beam-hardening artifacts with voltage and amperage values ranging from 65-70 kV and 114-123 uA, respectively. Scans ranged in resolution from 17.1-35.1 µm, and following Buser et al. (2020), were reconstructed as bmp image stacks, and then converted to DICOM (dcm; using Bruker software packages) and then to .nrrd file format, using the program ImageJ/FIJI (Schindelin et al. 2012). 

Functional morphometrics
	We used 3D Slicer’s (www.slicer.org; Fedorov et al., 2012) ruler and fiducial tools to take linear measurements between key morphological landmarks along the jaw (Figure 1). These traits represent functional proxies established by prior studies as relating to tooth function, bite force, and feeding kinematics in general (Anderson, 2009; Arbour & Lopez-Fernandez, 2013; Kolmann et al., 2018; Huie et al., 2019). We measured three types of mechanical advantage (MA), a proxy for jaw leverage or force transmittance from jaw-closing muscles to where prey is contacted. Opening MA was measured as the ratio between the opening in-lever (jaw joint to insertion of the sternohyoideus on posterior articular) to the anterior out-lever (jaw joint to base of tooth 1) (Westneat 2004). Anterior closing MA was measured as the ratio between the closing in-lever (jaw joint to the insertion of the jaw adductors) (Birch 1999) and the anterior out-lever. Posterior closing MA was measured as the ratio between closing in-lever and the posterior out-lever (jaw joint to base of rear-most tooth). Occlusion offset was taken to compare jaw strength during chewing (Anderson, 2009). We also measured jaw length and jaw width in order to capture general differences in jaw shape among carnivorous and more ectoparasitic taxa.  The shearing quotient was measured through the average of the tooth cusps divided by the tooth row length in order to look at tooth surface area relative to space in the jaw (Kay & Covert, 1984). Sagittal crest height and area was also obtained at this point due to the muscles that attach to the crest having the potential to be assisting in the movement of the jaw (Camp et al. 2015;  Westneat & Olsen, 2015). The corrected average values for each species to be used in the data analysis are describe in Table 2. 

Diet Meta-Analysis & Categorization
A literature meta-analysis was conducted to survey the gut contents across different piranha species. If multiple records existed, we preferentially used only volumetric or composite (i.e. Index of Relative Importance, IRI) data, as these are most representative of prey importance, and then averaged these values across seasons, sexes, and regions. If no volumetric (%V) data were available, we used what metrics were available (e.g. frequency of occurrence, %FO – 1/29 species) and assumed equal importance across prey categories (Buser et al., 2019). A couple species did not report volumetric data and thus we used qualitative data where necessary. Prey mechanics were analyzed based on the dominant item in the species diet, from obligate fin or scale feeding to purely flesh eating or omnivorous. We analyzed diet data in both categorical (discrete) and continuous fashions, respectively: (1) as ‘fin & scale feeders,’ ‘piscivores,’ and ‘omnivores’ (the last being those fishes whose diets are composed of  ≥ 30% plant materials); (2) or with respect to the %V of fins and scales, whole fish or fish flesh, or plant materials in the diet. It is possible that the obligate scale feeders differ from the obligate fin feeders, but there were not enough samples to separate those into distinct groups without compromising the statistical power of the analyses. Finally, we were curious as to whether ectoparasites were substantially smaller than other piranhas, according to the observations by Sazima (1983) and Sazima and Machado (1990), so we performed a linear regression on the phylogenetic independent contrasts of maximum recorded standard length (SL) and the % volume of fins and scales in the gut contents of each species.

Statistical Analysis and Ancestral state reconstructions
We did not analyze in-lever or out-lever lengths, only mechanical advantage metrics, occlusal offset, and tooth morphometrics. All trait variables (except ratios, e.g. MA, shearing quotient) were size corrected, by dividing each individual’s trait values by the geometric mean of that individual specimen’s head length, head width, and head height (see Table 1). After size-correction, variables among individuals from the same species were then averaged together for phylogenetic analyses. All statistical analyses were performed in R (www.rproject.org).
We used two different manners of analysis of variance (ANOVA) to test for a relationship between feeding morphology and diet for each functional trait. First, we used the R function aov to test for differences in individual traits with respect to diet across my entire dataset. To examine how shared evolutionary history has affected any correlation among diet and morphological traits, we also conducted phylogenetically explicit ANOVAs using the phylANOVA function (phytools package; Revell, 2012) and the comprehensive dated serrasalmid phylogeny by Kolmann et al. (in review). This phylogeny was trimmed prior to analyses to include only the taxa in my dataset for phylogenetic ANOVAs. We constructed morphospaces from principal component scores, using princomp and phyl.pca functions, respectively (Revell, 2012). We used the broken-stick test to determine how many PC axes were significant and retained only these axes for analyses. 
We expected that scale- and fin- feeding taxa might be either converging in trait values or alternatively, using multiple phenotypes to access their prey (novelty or equifinality of form to function; Young et al., 2007). To explore whether scale- and fin- feeding taxa were exploring similar, adjacent, or non-overlapping regions of morphospace, we used the phylomorphospace function (Revell, 2012) on my PC axes and used convex hulls to represent each diet guild’s respective morphospace occupation. Finally, we used stochastic character mapping (Bollback, 2006) to reconstruct the evolution and the transition rates between lepidophagous, pterygophagous, omnivorous, and piscivorous diet states across the phylogeny using the function make.simmap in phytools (Revell, 2012). Finally, we used the compare.evol.rates function (geomorph; Adams & Collyer, 2014) to determine if there were significant differences in the multivariate rates of cranial evolution among ectoparasites, piscivores, and omnivores.


RESULTS
Functional morphometrics
	My statistical analyses found that only three morphological traits measured had significant differences between diet groups. Tooth aspect ratio was greater for the piscivores than the ectoparasites (p=0.023) and omnivores (p=0.002); however, omnivores and ectoparasites did not differ from each other significantly (p=0.79) (Figure 2). Similarly, the shearing quotient of the lower jaw teeth (Figure 1) was greater for piscivores than omnivores (p=0.029). In addition, the piscivores did not differ significantly from the ectoparasites in tooth surface area (p=0.11) (Figure 3). Omnivores and ectoparasites did not significantly differ in shearing quotient values (p=0.92). The third trait that had variation in significance across the different feeding groups was the standard length of the specimens. My analyses did not find any significant differences between trophic guilds for any of the traits that follow: Opening MA, Anterior closing MA, Posterior closing MA, jaw length and width, sagittal crest height and area, occipital offset and inclusion angle did not have any significant variation between the diet groups.

Diet Characters in Phylogenetics
Several patterns stood out when we mapped the diet states on a phylogenetic tree. The common ancestor of all extant piranha lineages was likely omnivorous (Figure 4). In fact, omnivory remains the most likely ancestral feeding strategy for most major clades within piranhas, with one notable exception being the ancestor of modern Pygocentrus, some of the largest piranha species. Ectoparasitism appears to have arisen at least four times in the last eight million years. Ectoparasites were 1.5 times as likely to transition from omnivorous feeding modes as piscivorous ones; however, ectoparasitic taxa were more likely to transition to piscivorous feeding modes than to omnivorous niches (2.22 vs. 1.78, respectively). Continuous mapping of ectoparasitism shows that their ancestor potentially consumed fins and/or scale as well (Figure 5). Finally, we found that the degree of ectoparasitism (% volume of fins and/or scales in piranha gut contents) is inversely proportional to standard length (R2 =  0.312; p = 0.007): scale and fin feeders tended to be smaller than their piscivorous and omnivorous cousins (Figure 6).

Morphospace
When we plotted the phylomorphospace using the morphometric loadings described in Table 3, we found that there was high overlap of trait values among species from different diet guilds (Figure 7). On the positive side of the PC1 axis (the x-axis) loaded opening mechanical advantage, anterior mechanical advantage, sagittal crest height, shearing quotient, occlusional offset, and tooth aspect ratio. Posterior mechanical advantage and the jaw length and width loaded on negatively on PC1. On the PC2 axis (y-axis) opening mechanical advantage, occipital offset, jaw length and width, occlusional angle, and tooth aspect ratio loaded positively and anterior mechanical advantage, posterior mechanical advantage, sagittal crest height, and shearing quotient loaded negatively (Table 3). 
The species with the lowest opening mechanical advantage are in the lower left corner and include the fin feeding Serrasalmus elongatus as well as the omnivorous Pristobrycon aureus and Serrasalmus cf eigenmanni. These are also the species with the highest posterior mechanical advantage. The species with the highest opening mechanical advantage are in the top right corner. Pygocentrus piraya, an ectoparasite, is one of the species with the highest opening mechanical advantage. 
Finally, regarding morphological rates of evolution, the ectoparasite rate (0.734) was about half that of omnivores (1.263) or piscivores (1.467) (Figure 8). 


DISCUSSION
Previous research found that among two distinct lineages of ectoparasitic characiforms, one of which were piranhas, there were few shared feeding traits and higher morphological diversity than expected (Kolmann et al., 2018). My research supports these previous findings, i.e. that there is considerable variation in the functional anatomy of ectoparasitic piranha skulls, and this variation does not set them apart from piscivorous or omnivorous piranhas. In fact, if you exclude Serrasalmus elongatus, there is almost a perfect overlap between the piscivores and ectoparasites. However, this study could not look at overt differences in feeding anatomy between pterygophagous and lepidophagous piranhas due to (1) low resolution of diet data (i.e. fins and scales are frequently combined together in analyses) and (2) the relatively few either scale-feeding or fin-feeding species, if kept as separate categories. The diversity of cranial characteristics among outliers (Figure 7) like Serrasalmus elongatus, Catoprion mento, and Pygocentrus piraya for instance, might be artificially inflating the variation among ectoparasitic taxa.

The tooth of the matter: differences in dentition among piranhas
The higher tooth aspect ratio (AR) in piscivores is indicative of the trade-offs between having teeth well suited to puncturing flesh vs. the overall strength of these teeth in general. Taller teeth in piscivorous piranhas require less force in order to penetrate their prey, as tooth forces are concentrated over a smaller area (i.e. lower tooth pressures). However, taller and narrower teeth are also inherently more fragile and so there is a greater likelihood of tooth loss or breakage. A paper by Freeman and Lemen (2007) found that the ideal tooth aspect ratio for carnivores would be around 2.5, a ratio that is found in many wild cats. Piscivorous piranhas have tooth shapes which are much closer to this “ideal ratio” than the other diet groups, making their teeth better at both puncturing flesh, withstanding breakage, and slicing through tough materials (Lucas and Luke, 1984). 
Conversely, both omnivores and ectoparasites had shorter, stouter teeth, which are more suitable for promoting primary and secondary fracture in stiffer materials as well as resisting breakage themselves (Crofts & Summers, 2014; Crofts, 2015). Considering that the primary prey found in the diets of those piranhas consuming plant materials are almost ubiquitously seeds (Goulding, 1980; Prudente et al., 2016), it stands to reason that these piranhas have more robust teeth for crushing stiffer, shelled prey. It also stands to reason that some scale-feeders have squatter teeth: the lepidophage Catoprion rams into the flanks of prey with its jaw entirely open, so that teeth are loaded in a compressive fashion (Janovetz, 2005). These stouter teeth in lepidophages may resist spalling or fracture when impacting or leveraging scales from prey.
The other significant difference in feeding morphology among piranha diet guilds was the more saw-like (higher shearing quotient) nature of the dentition as a whole, which was greater for piscivores than either omnivores or ectoparasites. This means that piscivores engage prey with greater tooth surface areas than more herbivorous or ectoparasitic taxa. Importantly, this also suggests that piscivores have higher concavity between individual tooth cusps, which reduces the frictional forces generated while slicing through flesh (Lucas and Luke, 1984). Vertebrate flesh is a tough composite structure, composed of fibrous collagen, stiff bone, and tough cartilage and tendinous sinew. Dentitions which are saw-like, and yet have more scalloped edges to tooth cusps, are more capable of both penetrating and tearing through tough flesh without binding of prey material between teeth (Moyer & Bemis, 2017). Piscivorous piranhas appear to have dentitions well-suited for both puncturing and shearing through other fishes.

A size threshold for ectoparasites?
My results show that adult ectoparasites tend to be some of the smallest piranhas, indicating that they are potentially constrained with respect to maximum body size. This body size difference has been noted before, as a function of the relative size of prey to the size of their predators. Sazima (1983) observed that most juvenile piranhas stop eating scales as they transition to adults, possibly because they literally outgrow their initial prey resources (Sazima, 1983). In a study on the gut contents of several species of piranha by Nico and Taphorn (1988), it was found that the largest Serrasalmus elongatus individuals caught were eating small whole fish and chunks of fish flesh, in addition to their usual diet of fish fins. This could be because at a certain point the predatory fish is (a) no longer able to sustain itself on an ectoparasitic diet or (b) unable to avoid consuming the flesh of the prey either because of the teeth or of the jaw becoming to large to grab the scales or fins without also removing the flesh of the prey. 
The slow rate of morphological evolution in ectoparasites also suggests that they are likely under strong constraints, but the reasons for this are currently not understood. Similarly, slow rates of morphological evolution have been documented before in piscivorous centrarchid fishes (Collar et al., 2009), with piscivory interpreted as an evolutionary dead-end for some taxa. Conversely, the higher rates of evolution in larger-bodied piranhas like Pygocentrus and Serrasalmus do not seem to suggest constraints are acting on the evolution of these biting piscivores (centrarchids are suction feeders). While certainly limited to taking bite-sized chunks out of prey, piranhas are able to capture and process prey both smaller and much larger than themselves, an insurmountable obstacle for gape-limited suction-feeding or ram-feeding piscivores like basses or sunfish. However, it appears that in this case, those fish predators that feed on part of prey (fins, scales) are more constrained phenotypically than their hypercarnivorous cousins.
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Figures and Tables

Table 1. List of the specimens used in this study and their associated catalogue number and diet. 
	Name
	Specimen ID
	Diet

	Catoprion mento
	ROM 85951
	Ectoparasite

	Pristobrycon aureus
	UMMZ 250945
	Omnivore

	Pristobrycon maculipinnis
	UMMZ 219203
	Omnivore

	Pristobrycon striolatus
	ANSP 166906
	Omnivore

	Pristobrycon striolatus 
	ANSP 188672
	Omnivore

	Pygocentrus cariba
	FMNH 10365
	Piscivore

	Pygocentrus cariba
	ANSP 198959 bar
	Piscivore

	Pygocentrus cariba
	ANSP 198959 D
	Piscivore

	Pygocentrus nattereri
	ROM 85941N
	Piscivore

	Pygocentrus nattereri
	ROM 85941X
	Piscivore

	Pygocentrus nattereri
	ROM 85941Y
	Piscivore

	Pygocentrus piraya
	ROM 67437
	Ectoparasite

	Pygopristis denticulata
	CAS 20208
	Omnivore

	Serrasalmus aff. rhombeus
	ANSP 197730
	Piscivore

	Serrasalmus altispinis
	ROM 85776
	Piscivore

	Serrasalmus altuvei
	UMMZ 215066b
	Piscivore

	Serrasalmus altuvei
	UMMZ 215066a
	Piscivore

	Serrasalmus brandtii
	FMNH 56945Y
	Piscivore

	Serrasalmus brandtii
	FMNH 56945P
	Piscivore

	Serrasalmus brandtii
	FMNH 56945P
	Piscivore

	Serrasalmus cf eigenmanni
	ANSP 1627
	Omnivore

	Serrasalmus compressus 
	MK 1853
	Ectoparasite

	Serrasalmus compressus 
	UMMZ 250776
	Ectoparasite

	Serrasalmus eigenmanni 
	ROM 86351
	Omnivore

	Serrasalmus eigenmanni 
	ROM 97245
	Omnivore

	Serrasalmus elongatus
	ANSP 196874
	Ectoparasite

	Serrasalmus elongatus
	FMNH 111314
	Ectoparasite

	Serrasalmus geryi
	ROM105321
	Ectoparasite

	Serrasalmus gouldingi
	AUM 43510
	Omnivore

	Serrasalmus hastatus
	UMMZ 258358
	Ectoparasite

	Serrasalmus hastatus
	UMMZ 258358
	Ectoparasite 

	Serrasalmus humeralis
	FMNH 56969
	Omnivore

	Serrasalmus irritans
	ANSP 202290
	Ectoparasite

	Serrasalmus irritans
	AUM 545065
	Ectoparasite

	Serrasalmus maculatus
	ROM 103433
	Omnivore

	Serrasalmus maculatus
	ANSP 196873
	Omnivore

	Serrasalmus marginatus
	FMNH 71030
	Piscivore

	Serrasalmus medinai
	ANSP 165387
	Ectoparasite

	Serrasalmus medinai
	AUM 53950
	Ectoparasite

	Serrasalmus rhombeus
	ROM 97470_S8
	Piscivore

	Serrasalmus rhombeus
	ROM 100577
	Piscivore

	Serrasalmus sanchezi
	ANSP 119852
	Ectoparasite





Table 2. Loadings for the phylomorphospace.  
	
	           PC1
	           PC2
	           PC3

	Open.MA
	0.05
	0.92
	0.17

	Ant.MA
	0.24
	-0.39
	-0.82

	Post.MA
	-0.82
	-0.12
	-0.46

	Jaw.length
	-0.69
	0.13
	0.06

	Jaw.width
	-0.32
	0.3
	0.18

	SagCrestH
	0.61
	-0.25
	0.39

	OccOff
	0.44
	0.49
	-0.31

	ShearQuo
	0.81
	-0.1
	-0.05

	InclAngle
	0.05
	0.52
	-0.27

	Tooth.AR
	0.29
	0.43
	-0.49
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Figure 1. Anatomical schematic outlining the functional morphometrics measured along the lower jaw and associated dentition. Open in lever is the Opening in-lever (jaw joint to insertion of sternohyoideus. Close in-lever is the closing in lever (jaw joint to the insertion of the jaw adductors). Ant. Out Lever is the anterior out-lever (jaw joint to base of first tooth). Pos. Out Lever is the posterior out-lever (jaw joint to base of rear-most tooth). Tn CuspL is the cusp length of the n tooth.  
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Figure 2. Comparison of tooth aspect ratio (Tooth AR) across the different piranha diet groups. Piscivores were significantly different from omnivores (p = 0.002) and ectoparasites (p = 0.023).
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Figure 3. Comparison of the shearing quotient (serratedness of the dentition) across the different piranha diet groups. Piscivores were significantly different from omnivores (p = 0.028) and did not significantly differ from the ectoparasites (p = 0.11).
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Figure 4. Phylogenetic tree of piranhas (Kolmann et al., in review) overlain with diet transitions among piscivores, omnivores, and ectoparasites. There are at least four independent instances of fin- or scale- feeding across the five piranha genera.
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Figure 5. Continuous character state maps of % volume of prey items present in published gut content studies. A) omnivory, B) ectoparasitism, and C) piscivory. 
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Figure 6. Comparisons of maximum body size (SL) across different piranha diet groups. Piscivores were significantly different from omnivores (p = 0.092) and ectoparasites (p = 0.008).
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Figure 7. Morphospace comparing the tree diet groups. Axis values described by Table 3. 
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Figure 8. Comparisons of the rate of morphological evolutionary change across different piranha diet groups. Asterisks represent where there is a significant difference among pairwise comparisons, i.e. between brackets.  
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