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Abstract 

ONTOGENETIC ALLOMETRY UNDERLIES LIFE 

HISTORY PATTERNS OF CLEANING BEHAVIOR 

Vikram B. Baliga 

 

Studies have shown that ontogenetic shifts in ecology often drive adaptive 

changes in the scaling of musculoskeletal systems, resulting in differential 

performance. These support the idea that allometric changes in morphology often co-

occur with changes in feeding strategies, locomotor behavior or habitat use. Fewer 

studies, however, have compared the ontogenetic trajectories of functional traits 

across closely related species to better understand the extent to which such patterns of 

scaling may be specifically adaptive during a particular life history stage. A 

confound, however, is that phylogenetic information is inherently present in 

development; phenotypic evolution occurs via modification of ancestral development 

patterns. Thus, a phylogenetically-informed approach that makes comparisons among 

species’ ontogenetic scaling patterns can make important contributions to our 

understanding of morphological diversity among species. Presently, studies using 

such an approach are absent in the literature. I use the evolution of cleaning behavior 

as a model system to understand how ontogenetic scaling patterns contribute to 

macroevolutionary patterns of morphological and ecological diversity. I first identify 

general head and body characteristics that were associated with the evolution of 
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cleaning: an elongate body paired with an elongate head, and a terminal mouth that 

allows jaws with low mobility to bite rapidly on individually-targeted prey items. My 

“phylo-allometric” analyses then enable me to show evidence that the repeated 

evolution of facultative and obligate cleaning (in which taxa continue to clean as 

adults) is associated with the maintenance of characters over ontogeny that are 

conducive to cleaning in the juvenile phase. On the other hand, taxa that transition 

away from cleaning during ontogeny do not maintain such characters, and exhibit 

phenotypic trajectories that are distinct from those of other wrasses. This indicates 

that the recurring evolution of juvenile cleaning behavior in the Labridae has involved 

similar effects on developmental scaling patterns. The repeated evolution of each of 

these patterns shows that labrid scaling trajectories are fundamentally labile and 

appear to evolve adaptively to changing ecological pressures over ontogeny.  
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Introduction 

Across the Tree of Life, there is remarkable disparity among clades in both 

species richness and morphological diversity. A central goal of evolutionary 

morphology is to understand why some groups of species are phenotypically 

constrained while others are more variegated. Studies of ecomorphology provide 

valuable insights on the relationships among morphology, performance, and ecology 

in species, which in turn help us understand the generation and maintenance of 

diversity (Bock and Van Walhert 1965; Arnold 1983; Wainwright and Reilly 1994).  

Prey acquisition is a critical animal behavior, as vertebrate organisms must 

apprehend and consume food to survive. Through studies of ecomorphology, it is 

clear that the functional demands of feeding affect the evolution of diversity in the 

vertebrate skull (Bock 1977; Liem 1980; Wainwright and Reilly 1994; Herrel et al. 

1998; Santana and Dumont 2009; Collar et al. 2014). Additionally, the consequences 

of overall size on the structure and function of organismal systems are pervasive 

(McMahon 1984; Schmidt-Nielson 1984) and influence trophic niche. For example, 

in the North American fresh water clade, Centrarchidae, piscivory constrains 

morphological diversification of the skull while highly piscivorous fishes exhibit 

some of the largest maximum body sizes within the Centrarchidae. Therefore, it is not 

surprising that a central focus of functional morphology studies is to understand how 

the scaling of the musculoskeletal system influences the scaling of functional traits, 

such as the feeding apparatus, across ontogeny.  
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Several studies have argued that ontogenetic shifts in ecology often drive adaptive 

changes in the scaling of musculoskeletal systems, resulting in differential 

performance (McMahon 1984; Richard and Wainwright 1995; Deban and O’Reilly 

2005; Herrel and Gibb 2006; Pfaller et al. 2011). These studies, in turn, support the 

idea that allometric changes in morphology often co-occur with changes in feeding 

strategies, locomotor behavior or habitat use. Fewer studies, however, have compared 

the ontogenetic trajectories of functional traits across closely related species to better 

understand the extent to which such patterns of scaling may be specifically adaptive 

during a particular life history stage (but see Mitteroecker et al. 2004; Herrel and 

O’Reilly 2006; Frédérich and Sheets 2009; Wilson and Sánchez-Villagra 2010).  

A confound, however, is that phylogenetic information is inherently present in 

development; phenotypic evolution occurs via modification of ancestral development 

patterns (Gould 1977). Thus, a phylogenetically-informed approach that makes 

comparisons among species’ ontogenetic scaling patterns can make important 

contributions to our understanding of morphological diversity among species. 

Presently, studies using such an approach are absent in the literature and a central 

goal of this dissertation is to provide a framework in which both ontogeny and 

phylogeny are incorporated upon examining behavioral innovations. 

I use the evolution of cleaning behavior as a model system to understand how 

ontogenetic scaling patterns contribute to macroevolutionary patterns of 

morphological and ecological diversity. Cleaning behavior, otherwise known as 

“ectoparasitivory”, provides us with the opportunity to examine both the patterns of 
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scaling of phenotypic traits and shifts in feeding ecology within clades of fishes. In 

fishes, cleaning is a mutualistic behavior wherein an individual consumes 

ectoparasites (generally juvenile gnathiid or cymothoid isopods) off other organisms. 

The presence of cleaners in a habitat can have tremendous ecological consequences. 

For instance, experimental removal of the bluestreak cleaner wrasse (Labroides 

dimidiatus) has been shown to affect the behavior, recruitment dynamics, and sizes of 

client fishes (Waldie et al. 2011). This behavior not only relies on the ability of client 

species to recognize cleaners but also requires that cleaners possess morphological, 

functional and behavioral traits that are necessary to find and remove ectoparasites. 

Cleaner fishes can be categorized by whether they perform the behavior 1) 

predominately as juveniles, 2) facultatively throughout ontogeny, or 3) obligately 

(Côté 2000). Over two-thirds of fishes that clean do so predominately as juveniles 

(Côté 2000), exhibiting ontogenetic transitions away from cleaning behavior (Fig i.1). 

While these species are referred to as ‘facultative (juvenile) cleaners’ in the literature 

(e.g. Côté 2000), for simplicity I hereafter refer to these species as ‘juvenile’ cleaners.  

Obligate cleaners are more conspicuous (although infrequent from an 

evolutionary perspective) and most of what is known about cleaning behavior has 

been determined through observing species in the obligate cleaner genus Labroides. 

For example, L. dimidiatus commonly maintains “cleaning stations”, small areas that 

attract visiting “client” organisms (Youngbluth 1968). In L. dimidiatus, cleaning 

interactions often begin with the cleaner fish approaching a potential client and 

presenting itself by swimming in a vertical oscillatory pattern (Randall 1958; Gorlick  
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et al. 1978). A receptive client will then pose to solicit cleaning by holding still in the 

water column, spreading its pectoral and pelvic fins, opening its jaws, and flaring its 

opercula laterally (Losey 1972; Côté et al. 1998). The cleaner will dart around the 

client’s body as it picks off ectoparasites, most commonly gnathiid isopod larvae 

(Grutter 1996) that may be embedded in the fins, gills, buccal cavity, and pharyngeal 

chamber of the client (Grutter 1996; Côté 2000; Grutter 2010). 

Cleaning is not exclusive to labrids; in fact, at least 18 marine families of fishes 

include at least one member that cleans (Fig i.1). Côté (2000) provides an extensive 

list of cleaner fishes. Baliga and Law (2016) found 59 species of labrids engage in 

cleaning. This is four times as many species as in the next highest group the 

Gobiidae, within which 14 species of cleaners are recognized. This suggests cleaner 

fish species richness is not directly proportional to clade diversity, especially when 

considering the Gobiidae has close to 2,000 extant members. Furthermore, of the 

various groups of marine fishes in which cleaning is found, the overwhelming 

majority contain five or fewer species that clean (Côté, 2000). These metrics 

underscore the exceptional diversity of labrid cleaners, marking labrids as a model 

clade within which to explore the evolution of cleaning. 

In order to answer the question of how ecological (e.g. dietary) shifts can 

influence the evolution of scaling patterns, an informative suite of traits first needs to 

be determined. After all, the measure of a species’ ontogenetic trajectory is defined 

by the traits from which it is composed. While cleaner fishes have been examined as 

model system in behavioral economics and ecology, little is known about the 
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functional morphology of feeding in these species. Additionally, the topological and 

temporal patterns of cleaner evolution need to be established. In this dissertation, I 

employ studies of functional and evolutionary morphology and to ultimately carry out 

macroevolutionary comparisons of the evolution of scaling patterns.  

In my first chapter, I investigate the cranial morphology and kinematics of 

feeding in three species of labrid cleaner fishes. This investigation, which is the first 

to document the functional morphology of feeding in cleaners, provides an 

understanding of the characters associated with ectoparasitivory. The species 

investigated are Labroides dimidiatus (obligate cleaner), Larabicus quadrilineatus 

(juvenile cleaner), and Thalassoma lucasanum (juvenile cleaner). Through high-speed 

videography, I recorded prey capture in these taxa using two feeding treatments: 1) 

suspended client fishes and 2) attached invertebrates. 

My second chapter takes a macroevolutionary approach to examine shape 

diversity across cleaner fishes. In this chapter I compare shape evolution in members 

in the Labridae and Gobiidae. Labrids and gobiids provide an excellent comparison as 

these clades contain the only known evolutions of obligate cleaning. I first use 

Bayesian methods to infer a phylogeny for a clade of Western Atlantic gobies, and 

then using stochastic character mapping methods, I infer transitions in the evolution 

of cleaning behavior. Phylogenetic inference of taxonomic relationships between the 

Labridae, as well as inferences of the temporal and topological aspects of cleaning 

evolution, are covered in Baliga and Law (2016), which produced valuable 

phylogenetic background for this dissertation chapter. Some of the analyses in Baliga 
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and Law (2016), however, have been revised in this chapter in light of new 

information on labrid cleaners. I then use Bayesian methods to infer a single 

phylogeny for the Western Atlantic gobies and a group of 320 labrid fishes in order to 

aid me in analyses of gobiid and labrid morphology. Through geometric 

morphometrics, I quantify body shape in both gobiid and labrid taxa. I then use the 

gobiid and labrid phylogeny, along with the morphometric data, to generate a 

combined phylomorphospace for both families, along with separate, family-specific 

phylomorphospaces. Finally, I examine the extent of convergence among cleaners 

within and across each of these families. 

My third chapter provides methods for examining ontogenetic trajectories in a 

phylogenetically-informed framework. Using the evolution of labrid cleaning as a 

case study, I collect ontogenetic series of specimens for 33 labrids (18 cleaners and 

15 closely-related non-cleaners). Informed by the patterns I uncovered in Chapters 1 

and 2, I measure morphological traits of the body, fins, and cranial skeleton in each 

ontogenetic series. I then generate a phylogenically-informed allometric space, or 

“phylo-allometric space”, that captures the diversity of ontogenetic trajectories while 

accounting for relationships between taxa. I also use phylogenetic discriminant 

analysis to understand whether the trajectories of obligate cleaners, facultative 

cleaners, juvenile cleaners, and non-cleaners can be discerned from each other. These 

comparative methods ultimately allow me to assess whether the ontogeny of cleaning 

behavior in wrasses is concordant with ontogenetic patterns of morphology. 
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Abstract:  

Both body shape and size affect the locomotor behavior of organisms, but how 

these relate to other functional systems such as feeding requires an approach where 

independent origins of a trophic specialization can be examined. I use the evolution of 

cleaning behavior in clades within two marine fish families, Gobiidae and Labridae, 

to explore the extent to which specialization in this tropic strategy is associated with 

phenotypic evolution. While inference of how and when cleaning evolved in the 

Labridae has been established previously, I use similar methods to infer the temporal 

and topological trends of cleaning evolution in the Gobiidae. Curiously, I find that 

obligate cleaning in these families appears to have evolved contemporaneously (8 – 

11 MYA) in separate geographic regions. Through fitting evolutionary models, I 

explore the extent to which the evolution of cleaning has affected body size in these 

families, and find that certain smaller-bodied lineages within these families may have 

been historically “pre-adapted” to clean. I also infer a phylogeny for both families to 

generate a combined phylomorphospace of body shape using geometric 

morphometrics. Obligate cleaners exhibit significant morphological convergence in 

this phylomorphospace, while facultative and juvenile cleaner taxa show more varied 

patterns. Overall, the evolution of cleaning is associated with not just small body size 

but a reduction in body depth, elongation of the head, and a more terminal orientation 

of the mouth. These traits are presumed to enhance a cleaner’s ability to remove 

ectoparasites that inhabit tightly-confined places such as the gills and oral cavity of 

their clientele. 
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2.1 Introduction 

Body shape plays a crucial role in the movement of organisms. In the aquatic 

environment, the shape of the body, fins, and the underlying axial skeleton reflect the 

ability of organisms to propel and maneuver through water. Since body shape and 

size affects locomotor behavior, which is central to an organism’s ecology, they can 

strongly influence other functional systems such as feeding (Rice and Westneat 2005; 

Higham et al. 2007; Collar et al. 2008). An integrated perspective on shape, size and 

feeding may be especially insightful for feeding specializations that are novel or 

restricted to particular life history stages.   

Obligate cleaner fishes are exclusively found in the labrid genus Labroides (5 

species, all obligate cleaners) and gobiiid genus Elacatinus (6 species of obligate 

cleaners among 19 total) (Côté 2000; Baliga and Law 2016). These genera occupy 

geographically non-overlapping regions; Labroides species are found in the Red Sea, 

Indian Ocean, and Indo-Pacific, while Elacatinus species are exclusively Caribbean 

(Fig 2.1). Within each region, congeners within these genera overlap in range (GBIF 

2016), indicating that species may compete with each other for available parasite 

prey. Together, these patterns suggest that competition among obligate cleaners 

within geographic areas could promote morphological divergence as congeners 

partition niches. Alternatively, obligate cleaners may still exhibit phenotypic 

convergence as their fundamental niches (i.e. the reliance on ectoparasitivory) are 

inherently similar, indicating that these taxa may share similar functional constraints  
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Fig. 2.1 – Geographic distributions of obligate cleaner fishes. Observational data 
for obligate cleaners in Elacatinus (blue; 6 species) and Labroides (red; 5 species) 
were acquired from the Global Biodiversity Information Facility (GBIF 2016). Each 
point represents a single observation of an individual within a species; within genera, 
species’ distributions are pooled. Distributions for the two genera are non-overlapping: 
Elacatinus sp. are found in the Caribbean, whereas Labroides sp. are found in the Red 
Sea, Indian Ocean, and Indo-Pacific.  
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related to feeding and locomotion (e.g. traits that are necessary for the detection and 

capture of ectoparasites).  

Moreover, the observation that cleaning behavior is non-uniform in the extent to 

which taxa engage in the behavior begs the question of how convergent cleaner fishes 

are in overall size and shape. While we might anticipate obligate cleaners to show 

higher levels of phenotypic convergence, the evolution of cleaners that do not 

exclusively rely on parasites for food, facultative and/or juvenile cleaning, suggests 

imperfect convergence may be at play (Collar et al. 2014). While it may be expected 

that increased reliance on a particular feeding strategy may promote the evolution of a 

particular morphological “specialization”, ecomorphological studies of the Labridae 

indicate a loose relationship between morphology and diet (Wainwright et al. 2004; 

Bellwood et al. 2006). In fact, morphological specialization in labrids not necessarily 

equating to trophic specialization might be crucial to supporting their biodiversity on 

coral reefs (Bellwood et al 2006). Of particular note, however, is Bellwood et al. 

(2006)’s finding that morphological disparity is lower in the more extreme labrid 

dietary groups, including obligate cleaner fishes. This indicates that some trophic 

groups, including those that are more “specialized” in diet, might actually be 

functionally constrained to exhibit a particular phenotype thus possibly contributing 

to lineage–specific constraints.  

Client taxa (generally other fishes) often allow cleaners to remove ectoparasites 

that may occupy vulnerable, tightly-confined, and hard to reach places, such as the 

gills and the oral cavity (Grutter 1996; Côté 2000; Grutter 2010). Furthermore, some 
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taxa, such as the obligate cleaner Labroides dimidiatus, often perform an oscillatory 

swimming “dance” to signal their presence to potential clientele (Randall 1958; 

Gorlick et al. 1978). More recently, it has been shown that a relatively low moment of 

inertia in the vertebral skeleton of cleaners gives them relatively lithe, flexible bodies 

when compared to non-cleaning congeners (Baliga and Mehta in review). Together, 

these observations imply that the evolution of cleaning may be associated with a 

particular body shape: one that is small, relatively elongate, and promotes flexibility. 

Previous efforts have suggested that there is a relationship between cleaning and 

body size. Feder (1966) may have been the first to observe that cleaner fishes tend to 

be small. Côté (2000) provided evidence that within the gobiid genus Elacatinus, 

cleaners were not significantly smaller than non-cleaner congeners, however this 

comparison did not consider relatedness among species as a phylogeny of the gobies 

was not available at the time. Using paired contrasts of maximum size in labrid 

juvenile cleaners and non-cleaner congeners, Côté (2000) also found that cleaners 

were significantly smaller than non-cleaners. Such comparisons are problematic, 

however, because these taxa clean predominately as juveniles. Thus, the effects of 

body size on cleaning are only comparable during the juvenile phase. Additionally, 

maximum adult size may not necessarily reflect maximum size in the juvenile phase. 

While maximal juvenile sizes are not readily available, a phylogenetically-informed 

analysis of facultative and obligate taxa in both families (i.e. cleaners who engage in 

the behavior throughout ontogeny) could shed light on the importance of body size in 

cleaning. 
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Here, I take a comparative approach in assessing the phenotypes of cleaners in the 

Gobiidae and Labridae. While a previous study has explored the topological and 

temporal patterns of cleaning evolution in the Labridae (Baliga and Law 2016), 

similar efforts have been largely absent in the Gobiidae (but see Côté and Soares 

2011), and are thus necessary to understand another independent evolution of obligate 

cleaning. Additionally, placing gobiid and labrid species in a common 

phylomorphospace (sensu Sidlauskas et al. 2008) would help assess whether similar 

morphological changes occur in the independent evolutions of cleaning. Such an 

effort, however, requires phylogenetic inference of both families combined. Once a 

common phylomorphospace is generated, the extent of convergence among gobiid 

and labrid cleaners can be quantified. 

My goals were to use a phylogenetically-informed framework to assess whether: 

1) the evolution of cleaning is associated with a reduction in body size, 2) cleaner 

fishes share a particular body shape, and 3) cleaner fishes, particularly obligate 

species, are convergent in phenotype.  

2.2 Methods 

2.2.1 Tree Inference 

Two sets of phylogenies were inferred in this study: one for a Western Atlantic 

clade of gobies, and the other for a combined labrid and Western Atlantic goby 

genetic dataset. For each analysis, gene sequences were obtained from GenBank. 
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For the Western Atlantic goby phylogeny, I obtained gene sequences for species 

of Elacatinus and close allies following Taylor and Hellberg (2005). Forty-four 

species were selected for the in-group, while the outgroup, comprising 10 species, 

incorporated various other goby lineages. Gene sequences were obtained for four 

mitochondrial (12S, COI, cytb, and trnT) and four nuclear (GPR85, RAG1, RHOD, 

and ZIC1) genes (see Tables S2.1-S2.5 in the Appendix for accession numbers), and 

the overall coverage was 49.32%. 

For the combined labrid and Western Atlantic goby phylogeny, sequences for 320 

labrids and 44 Western Atlantic gobies were obtained. Selection of the 320 labrids 

follows Baliga and Law (2016) while the 44 gobies follow specifications listed above. 

Additionally, several other taxa were included as outgroups to each specific ingroup. 

A set of 20 perciform taxa were included to serve as an immediate outgroup to the 

labrids. Two gobies, Microgobius microlepis and Zosterissor ophiocephalus, were 

specified as outgroup to the Western Atlantic goby clade. Finally, an additional set of 

5 taxa from toadfish, goatfish, and cardinalfish lineages were specified as members of 

an outgroup to all other taxa. Thus, a total of 391 species were included. Each 

outgroup specification follows the topological trends shown by previous phylogenies 

for gobies (Taylor and Hellberg 2005), labrids (Cowman and Bellwood 2011) and 

extensive teleost fish phylogenies (Near et al. 2013; Rabosky et al. 2013). In order to 

optimize the coverage of gene sequences for taxa, I used a set of sequences that 

differed from that which was used by Baliga and Law (2016) and the Western 

Atlantic goby phylogeny (above). Here, four mitochondrial (12S, 16S, COI and 
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CYTB) and three nuclear (RAG1, RAG2, and ZIC1) were used to attain an overall 

coverage of 50.57%. 

For each analysis, each gene was aligned separately using Geneious 4.8.5. Models 

of evolution for each gene were then fit and compared using jModelTest 2.0 (Darriba 

et al. 2012). For each gene, the best-fit model (assessed via AIC and BIC) was found 

to be GTR+I+Γ or a close variant thereof (see Table 2.1 for more). Gene sequences 

were then concatenated using SequenceMatrix 1.7.8 (Vaidya et al. 2011).  

I then simultaneously estimated topology, branch lengths, and divergence times in 

a Bayesian framework for each phylogeny using BEAST 2.3.1 (Bouckaert et al. 

2014). In each phylogenetic analysis, I employed a relaxed log normal clock model 

approach, partitioned the supermatrix by sequence, and fit a separate model for each 

partition based on the results from jModelTest. To estimate divergence times, I placed 

informative parametric priors on nodes of the tree (Table 2.2). I identified descendant 

members of each node based on the topology of Taylor and Hellberg (2005) and 

Baliga and Law (2016). These priors were informed by fossil data and historical 

biogeographical events that have been used by previous studies (Taylor and Hellberg 

2005; Kazancioğlu et al. 2009; Alfaro et al. 2009; Cowman and Bellwood 2011; Near 

et al. 2013; Thacker 2015; Baliga and Law 2016). 

For each analysis, I conducted 10 separate runs (each from a different random 

starting point) in order to ensure that each BEAST MCMC sampling converged on 

the target distribution. I ran the MCMC sampler for the Western Atlantic goby tree 
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for 20 million generations, while the combined labrid and Western Atlantic goby tree 

was run for 200 million generations. I also ran a similar analysis in which each 

supermatrix was not partitioned, but found that the MCMC runs had great difficulty 

attaining stationarity. I assessed convergence via Tracer 1.6 (Rambaut et al. 2014) 

and used this tool to estimate the effective sample size (ESS) of each parameter.  

Table 2.1 Information on model selection for each gene region in two 

phylogenetic analyses 

Model parameters were chosen based on results from jModelTest based on both AIC 

and BIC (i.e. both methods returned the same model within 95%) 

A) Model selection for the Western Atlantic gobiid phylogeny 

Gene Name Type 
Length 

(bp) 

% taxa 

sampled 
AICc/BIC* 

12s mitochondrial 2151 49.06% TIM2+I+G 

COI mitochondrial 661 64.15% GTR+I+G 

CYTB mitochondrial 1135 69.81% TrN+I+G 

GPR85 nuclear 990 30.19% GTR+I+G 

RAG1 nuclear 1290 69.81% TrN+I+G 

ZIC1 nuclear 849 32.08% GTR+I+G 

RHO1 nuclear 796 66.04% TPM1uf+I+G 

TRNT mitochondrial 537 28.30% TPM2uf+G 

* Both AIC and BIC returned the same model within 95% CI. 

B) Model selection for the combined labrid and Western Atlantic gobiid phylogeny 

Gene Name Type Length 

(bp) 

% taxa 

sampled 

AICc/BIC* 

12S mitochondrial 1010 68.54 GTR+I+G 

16S mitochondrial 665 80.81 TPM2uf+I+G 

COI mitochondrial 675 79.79 GTR+I+G 

CYTB mitochondrial 851 50.12 GTR +I+G 

RAG1 nuclear 1370 17.90 TIM2ef+I+G 

RAG2 nuclear 831 40.41 TPM1uf+I+G 

ZIC1 nuclear 899 16.37 GTR+I+G 

* Both AIC and BIC returned the same model within 95% CI. 
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Once I discarded the burn-in from each run (the first 15-20%), I combined runs 

via LogCombiner 2.3.1 and assembled the maximum clade credibility (MCC) tree in 

TreeAnnotator 2.3.1 (Bouckaert et al. 2014). Within each BEAST run, the ESS of all 

parameters were generally >200, with the lowest ESS still >100. After I discarded the 

burn-in and combined the results of all 10 runs, the ESS of all parameters for each 

analysis were >600, but the vast majority of parameters had ESS >3000. 

I retained both the MCC tree as well as 100 trees from the posterior distribution 

from each analysis for use in the phenotypic analyses. For labrid-specific analyses, I 

obtained 100 trees from the posterior distribution of trees from Baliga and Law 

(2016). 

2.2.2 Inferring the evolutionary history of cleaning  

I categorized each species in the genetic datasets to one of four categories: 1) non-

cleaner, 2) juvenile cleaner, 3) facultative cleaner, or 4) obligate cleaner. Juvenile 

cleaners are those that clean predominately as juveniles or sub-adults. Facultative 

cleaner species clean throughout ontogeny, although they do not rely on cleaning 

behavior as their sole means of food acquisition. Obligate cleaners depend on 

cleaning to obtain nearly all sources of food. These categories were designed to be 

discrete and non-overlapping. 

Categorizations for gobies follow those made by Côté (2000) and White et al. 

(2006). Labrid categorizations follow Baliga & Law (2016), with two exceptions. 

Recent observations have shown Thalassoma amblycephalum to clean in the juvenile 
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phase (S. Gingins, personal communication). Additionally, while T. klunzingeri was 

listed as a juvenile cleaner in Baliga and Law (2016), its synonymy with T. rueppellii 

was missed. Thus, in the present analyses, both T. amblycephalum and T. rueppellii 

were re-categorized as juvenile cleaners. 

I then employed stochastic character mapping (Nielsen 2002; Huelsenbeck et al. 

2003; Bollback 2006) to simulate the evolutionary history of cleaning on gobiid and 

labrid phylogenies. I performed two separate sets of character mapping: one for the 

(44-taxon) Western Atlantic goby phylogenies and the other for (320-taxon) labrids (a 

re-analysis with updated information for T. amblycephalum and T. rueppellii). All 

outgroup taxa were pruned prior to mappings. Methods for stochastic character 

mapping largely followed those outlined in Baliga and Law (2016), however I 

sampled 100 stochastic character maps for each tree in each of the 100-tree posterior 

distribution sets. Thus a total of 20,000 character maps were sampled, 10,000 for each 

family. 

I did not seek to perform stochastic character mapping for the combined labrid 

and gobiid phylogenies for a variety of reasons: 1) the unequal sampling of taxa (320 

labrids vs 44 gobiids), 2) inherent differences between the families in life-history 

patterns of cleaning (there are no juvenile cleaners in Gobiidae), and thus 3) observed 

differences in the Markovian transition matrices for each family.  These combined 

differences would increase the error of character transitions across the phylogeny.    

2.2.3 Analyses of Size  
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Size data for all taxa were compiled from FishBase (Froese and Pauly 2016). The 

maximum total length (TL, in centimeters) was collected for each species on each 

phylogeny, wherever available. In (relatively uncommon) cases where only maximum 

standard length was available, the TL was approximated via species- or genus-

specific morphometric coefficients.  

To determine how the history of cleaning may have influenced body size 

evolution, I fit evolutionary models to the datasets using OUwie (Beaulieu et al. 

2012). The ‘flexible’ Ornstein Uhlenbeck (OU) models available via OUwie allow for 

the testing of hypotheses related to state-dependent diversification. Here, each dietary 

category represents a regime that can influence body size evolution. Flexible OU 

models can distinguish between these scenarios by estimating three parameters: θ (the 

optimal trait value), α (the strength of selection towards the optima) and σ (the square 

root of the Brownian motion evolutionary rate parameter). 

I fit evolutionary models to the evolution of TL separately for each family. To 

incorporate uncertainty from both stochastic character mapping and phylogeny, I fit 

models to each family’s 10,000 mapped trees (100 trees x 100 mappings). For each 

dataset, I fit four different models: two representing Brownian motion and two 

representing OU processes. The least complex model (BM1) fit a common σ for all 

lineages. A more complex model, BMS, allowed each dietary regime to have a 

separate σ. The more complex OU model (OUM) included separate optima for each 

dietary regime, while a single-optimum OU model (OU1) fit a common optimum for 

all dietary regimes. Other, more complex models (i.e. OUMV, OUMA, OUMVA) 
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were explored, but for these models eigendecomposition of the Hessian matrices 

yielded negative eigenvalues. Thus, I found the information in the datasets and 

phylogenies to be insufficient to fit these complex models. I also used functions in the 

pmc package (Boettiger et al. 2012) to estimate test power among models via 

parametric bootstrapping. 

2.2.4 Analyses of Shape 

I first collected lateral photographs for 1-10 specimens of 229 total species (188 

labrids and 41 gobies) from various online repositories and/or photographs taken by 

the authors (see Table S6 in the Appendix). This sampling included 49 of 59 labrid 

and 12 of 13 gobiid cleaners, as well as closely-related non-cleaners. Because a 

majority of labrid cleaners show an ontogenetic transition away from cleaning as 

adults, I collected photographs of juvenile specimens only for all labrid species. On 

the other hand, all photographs of goby species were of the adult form. Assessments 

of juvenile vs. adult form followed descriptions of size and phase-specific coloration 

patterns (Burgess et al. 1991; Randall et al. 1997; Myers 1999). 

I then used a geometric morphometric approach to analyses of body shape. I 

digitized 18 landmarks on each photograph (Figure 2.2) using tpsDig2 (Rohlf 2006). 

After landmarks were placed, I included an additional 32 semi-landmarks to capture 

additional contours of body shape. Procrustes superimposition (Gower 1975) was 

used to account for size, location and rotational differences between specimen  
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Fig. 2.2 – Landmarks used during geometric morphometric analyses. Eighteen 
landmarks (black, numbered) and 32 semi-landmarks (blue) were placed on each 
specimen in the present study. Landmark definitions: 1 – distal edge of the nasal bone; 
2 – dorsal edge of the neurocranium (margin of epaxial muscle); 3 – insertion of the 
first dorsal fin ray; 4 – insertion of the last dorsal fin ray; 5 – dorsal edge of hypural; 
6 – ventral edge of hypural; 7 – insertion of the last anal fin ray; 8 – vent; 9 – anterior 
insertion of the pelvic fin; 10 – ventral edge of skull (margin of hypaxial muscle); 11 
– proximal tip of lower jaw; 12 – (approximate) corner of mouth; 13 – distal edge of 
prefrontal; 14 – distal edge of dermosphenotic; 15 – dorsal tip of hyomandibula; 
posterior tip of operculum; 17 – dorsal insertion of pectoral fin; 18 – ventral insertion 
of pectoral fin.  
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photographs. After superimposition, average shapes were computed within each 

species, and all subsequent analyses were performed on species’ mean shapes. 

I then used phylogenetic Principal Components Analysis (pPCA; Revell 2009) to 

find the major axes of variation among taxa after accounting for relationships among 

taxa. All pPCAs were performed using functions available in phytools (Revell 2012). 

Family-specific pPCAs were generated using the Western Atlantic gobiid MCC tree 

and the labrid MCC tree from Baliga and Law (2016), respectively. A combined 

labrid and gobiid pPCA was performed using the combined labrid and Western 

Atlantic gobiid MCC tree. 

To interpret morphological variation along axes in phylomorphospace, I adopted 

an approach that differs from common practices in the geometric morphometric 

literature. The centroid of phylomorphospace is a point in which the value on each 

pPCA axis is zero. To generate loadings for the ith pPCA axis, the maximum (or 

minimum) score was used as the ith value of a vector, the length of which equaled the 

total number of pPCA axes. All other values in the vector were then set to zero, and 

all such vectors were concatenated into a matrix, G. This matrix was then used to 

generate shapes corresponding to the maxima (or minima) of axes: 

𝑃 =  𝐺 𝑉−1 + 𝐴 

where P is a matrix of shape coordinates for the maxima (or minima) of axes, V is the 

matrix of eigenvectors from the original phylogenetic PCA, and A is a “vector of 



45 
 

phylogenetic means” (a vector containing the estimated ancestral states for each of 

the traits; Revell 2009).  

I then used the plotRefToTarget() function in geomorph to plot shape differences 

between the centroid of phylomorphospace and each pPCA axis’ maximum (or 

minimum) shape. Loadings were thus visualized as changes between the centroid and 

each maximum (or minimum) shape. 

2.2.5 Testing for convergence 

Convergence among cleaners was assessed using methods in Stayton (2015). 

Because obligate cleaners are monophyletic within each family, convergence between 

obligate taxa could only be assessed in a combined phylomorphospace for labrids and 

gobiids. Within the combined labrid and gobiid phylomorphospace, convergence 

among obligate taxa (in Labroides and Elacatinus) was measured using Stayton’s C2. 

Stayton’s C2 quantifies the amount that lineages have evolved to become more 

similar. It is measured by subtracting Dtip (the distance, here Euclidean, between 

putatively convergent taxa in phenotypic space) from Dmax (the maximum distance 

between any pair of taxa in the lineages). Larger values of C2 thus indicate greater 

amounts of convergence. Convergence among all cleaner fishes (including juvenile 

and facultative cleaners) in this phylomorphospace was also assessed and tested. 

Tests of significance in convergence (α = 0.05) were performed via functions 

available in conveovl, with 1000 simulations per test (Stayton 2014). 
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Additionally, convergence among cleaners was assessed within families. In each 

family-specific phylomorphospace, we employed Stayton’s C4, which is Stayton’s C2 

scaled by the total amount of evolution in the clade defined by the common ancestor 

to the putatively convergent taxa. This metric was chosen in order to make 

assessments of convergence comparable across analyses. Stayton’s C4 was measured 

at the following levels: 1) among all cleaners, 2) among facultative cleaners, 3) 

among juvenile cleaners (in the labrid dataset only). Convergence within families 

among obligate cleaners was not assessed, since obligate cleaning likely evolved only 

once in each family. Within each set of analyses for a particular phylomorphospace, 

p-values were adjusted for multiple hypothesis testing following Benjamini and 

Hochberg (1995). 

To determine the sets of characteristics that might aid in discriminating between 

members of the dietary categories, we used phylogenetic Flexible Discriminant 

Analysis (pFDA; Motani and Schmitz 2011). In order to avoid over-parameterizing 

the discriminant function, we used an iterative procedure wherein the number of 

pPCA axes fed into the discriminant analysis ranged from 1 to all 100. In the simplest 

case, only the first PC was used in pFDA. In each subsequent case, the next PC was 

added as a predictor. I then assessed how misclassifications within each dietary 

category (as well as overall misclassifications) varied with the total number of PCs 

used to inform my selection of the final pFDA model. As no single set of PC axes 

minimized misclassifications in all dietary groups, I opted to use the smallest set of 

PCs in which all obligate cleaners could be discriminated from each of the other 
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groups. Once the final pFDA model was selected, the loadings of discriminant axes 

(i.e. the correlations between each discriminant axis and each original PC axis) were 

useful in identifying trait combinations that could be used to discriminate among 

dietary groups. 

2.3 Results 

2.3.1 Phylogenetic Inference and Mapping the Evolution of Cleaning 

Bayesian analyses yielded a well-supported MCC phylogeny for the Western 

Atlantic gobies that was largely congruent with that produced by Taylor and Hellberg 

(2005). We found the origin of the ingroup to be approximately 46.45 MYA (95% 

HPD: 29.92 – 60.04 MYA), which is close to that found by Thacker (2015): 45.0 

MYA (95% HPD: 41.1-49.4 MYA). The majority of nodes were well-supported, with 

34 of 43 nodes showing Bayesian posterior probabilities above 0.90. The BEAST 

runs converged on a MRCA time for Western Atlantic Elacatinus species of 15.42 

MYA (95% HPD: 11.17 – 19.85 MYA).  Two other (non-cleaner) Elacatinus species 

(E. rubrigenis and E. panamensis) were generally found to clade with Tigrigobius 

multifasciatus and T. harveyi. The MCC phylogeny is shown in Figure 2.3A.  

In stochastic character mappings performed on 100 posterior-distribution gobiid 

trees, I found that cleaning likely evolved from non-cleaning 3 separate times (Mean: 

3.25, SD: 0.83) in Western Atlantic gobies (Figure 2.3A), with few secondary 

transitions back to non-cleaning (Mean: 2.29, SD: 0.91). In the majority of mappings, 

obligate cleaning evolved once within this group (Mean: 1.28; SD: 0.37), within a  
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Fig. 2.3 – The evolution of obligate cleaning. A) MCC phylogeny from the Western 
Atlantic gobiid analyses. B) Labrichthyne (and close allies) clade, pruned from the 
MCC labrid phylogeny in Baliga and Law (2016). A single stochastic character map 
has been superimposed on each phylogeny, while pie charts on nodes indicate the 
distributions of states from 1000 stochastic character mappings performed on each 
MCC tree. Colors indicate dietary group: purple – obligate cleaner; green – facultative 
cleaner; orange – juvenile cleaner; grey – non-cleaner. 
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monophyletic subset of Elacatinus. Stochastic character mappings on labrid trees 

yielded similar results to those found by Baliga and Law (2016); cleaning was found 

to have evolved 27-31 times in the present study, compared to 26-30 times in Baliga 

and Law (2016). This slight deviation is likely due to the fact that the one of species 

that was re-classified as a juvenile cleaner T. amblycephalum, has sister taxa that are 

cleaners. Thus, cleaning in this species likely arose through evolutionary events 

already inferred in Baliga and Law (2016). 

The combined labrid and goby MCC tree indicated a divergence time between 

labrid and gobies to be approximately 89.75 MYA (95% HPD: 73.15-107.65 MYA). 

This tree featured similar topology with each family compared to family-specific 

trees. Within the Western Atlantic goby portion, relationships among taxa, divergence 

times, and node support values were nearly identical those found in the goby-specific 

MCC phylogeny (see Figure S1 in the Appendix). Within the labrid portion, the 

topology…etc generally matched well against those found by previous studies 

(Westneat and Alfaro 2005; Kazancioğlu et al. 2009; Alfaro et al. 2009; Cowman and 

Bellwood 2011; Baliga and Law 2016). Within clades, topologies and divergence 

times were fairly similar to those found by other studies, but the organization of 

major groups did differ, largely among the julidines (for more see Figure S2 in the 

Appendix).  

2.3.2 Analyses of Maximum Body Size in Cleaner Fishes 



50 
 

In gobiid cleaner fishes, maximum body size was found to range from 3.30 to 

5.53 cm TL. Gobiid non-cleaners ranged from 1.90 to 8.50 cm TL. In labrids, 

facultative and obligate cleaners ranged from 9.00 to 58.49 cm TL. One facultative 

species, however, presented as an extreme outlier: the maximum TL of Labrus 

bergylta (58.5 cm) was nearly double that of the next largest facultative cleaner 

Thalassoma duperrey (28.0 cm). Aside from L. bergylta, labrid facultative and 

obligate cleaners ranged from 9.0 to 28.0 cm TL. Non-cleaner labrids ranged from 

4.10 to 229.0 cm TL.  

In both the gobiid and labrid analyses, I found that Ornstein-Uhlenbeck models fit 

better than Brownian motion models (Table 2.3). In the gobiid analyses, ΔAICc 

scores for OU models were only slightly lower than those for BM models; AICc 

scores for all models were within 10 units of each other. In the labrid analyses, 

substantially more support for OU models was found, as BM models were found to 

have AIC scores that were 98.02 – 102.72 units higher than those of the OU models. 

Between the two OU models, a slight preference was found for OU1. Among OUM 

models, cleaners in the Gobiidae were found to have higher optima than non-cleaners 

(1.605 for facultative cleaners; 1.520 for obligate cleaners; 1.343 for non-cleaners; all 

SEMs <0.005). Among labrids, non-cleaners had the highest optima (3.162, SEM: 

0.001), while facultatives (3.088, SEM: 0.024) and obligates (2.470, SEM 0.008) 

showed reductions in optima.  

Phylogenetic Monte-Carlo analyses indicated that each phylogenetic dataset 

contained sufficient information to discriminate between BM and OU models (Figure 
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2.4). The datatsets, however, did not provide sufficient power to distinguish between 

OU1 and OUM models.  

Table 2.3 Parameter estimates for models fit to log-transformed total length 

Model AICc ΔAICc Weight σ2 values α θ values 

Gobiids  

BM1 39.74 

(0.40) 

7.62 

(0.34) 

0.06 

(<0.001) 

0.012 

(<0.001) 

- - 

BMS 41.71 

(0.32) 

9.58 

(0.27) 

0.03 

(<0.001) 

0.013, 

0.016, 

0.006 

(all 

<0.002) 

- - 

OU1 32.13 

(0.08) 

0 

(0) 

0.81 

(<0.001) 

0.088 

(0.011) 

0.347 

(0.044) 

1.367 

(<0.001) 

OUM 36.44 

(0.09) 

4.31 

(0.02) 

0.10 

(<0.001) 

0.087 

(0.010) 

0.347 

(0.044) 

1.343, 

1.605, 

1.520 

(all 

<0.005) 

 

Labrids  

BM1 654.75 

(2.93) 

102.60 

(1.36) 

<0.01 

(<0.001) 

0.034 

(0.008) 

- - 

BMS 654.87 

(2.89) 

102.72 

(1.33) 

<0.01 

(<0.001) 

0.035, 

0.026, 

0.004 

 (all < 

0.001) 

- - 

OU1 552.15 

(1.57) 

0  

(0) 

0.90 

(<0.001) 

0.078 

(0.001) 

0.083 

(0.001) 

3.157 

(0.001) 

OUM 556.73 

(1.54) 

4.59 

(0.059) 

0.10 

(<0.001) 

0.080 

(0.001) 

0.087 

(0.001) 

3.162, 

3.088, 

2.470 

(0.001, 

0.024, 

0.008) 

All models were fitted on 10000 stochastic character maps generated for each family 

using natural log-transformed total length data (see Methods). Within each cell, mean 

values are listed followed by standard errors in parentheses. Where multiple 
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parameter estimates are listed, values correspond to the dietary categories in the 

following order: non-cleaner, facultative cleaner, obligate cleaner. Parameter 

estimates for models with the lowest AICc scores are bolded. 

Two phenograms (Evans et al. 2009) showcase the evolutionary history of 

maximum total length among taxa in the present study (Figure 2.5). Because OU 

models were found to fit each family’s data better than BM models, ancestral 

character estimates in each family were inferred through an OU process (Revell 

2012). 

2.3.3 Analyses of Shape 

In each family-specific phylomorphospace, elongation of the body was identified 

as a major axis of variation. Cleaner fishes generally tended to be more elongate than 

other non-cleaner taxa, but were not always the most elongate. Each family contained 

taxa that exhibited far more extreme elongation than the majority of other species. In 

the Gobiidae (Figure 2.6), Evermannichthys metzelaari showed extreme reductions in 

head, body and tail depth. This species also showed slight reductions in head length 

and an anterior shift in the insertion points of the pectoral fins. In the Labridae, 

(Figure 2.7) Cheilio inermis, Oxyjulis californica, Coris julis, and Hologynmosus 

annulatus each showed extreme elongation compared to the centroid shape. All four 

species showed large reductions in head, body, and tail depth, along with slight 

reductions in head length and an anterior shift in pectoral fin attachment points.  

In the combined gobiid and labrid phylomorphospace (Figure 2.8), elongation was 

again found to be the major axis of variation among taxa; species with higher positive 

scores on PC1 tended to have bodies and heads that showed reduced depth, primarily  
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Fig. 2.4 – Distributions of the likelihood ratio statistic for evolutionary model 
comparisons. In each case, the red distribution shows the distribution of δ values 
obtained by bootstrapping under the simpler of the two models (treated as a “null”), 
while the teal distribution shows the distribution under the more complex of the two 
models. A total of 2000 replicates were used to generate each distribution. The vertical 
lines indicate the observed value of δ when the models are fit to their respective 
datasets. All distributions were generated via phylogenetic Monte Carlo-based 
methods (Boettiger et al. 2012) using A) the gobiid body size data, and B) the labrid 
body size data. In both A and B, Ornstein-Uhlenbeck models compare favorably over 
those involving Brownian motion, but each dataset has insufficient power to detect 
differences between Ornstein-Uhlenbeck models (i.e. OU1 vs OUM).  
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Fig. 2.5 – Phenograms of body size evolution in gobiids and labrids (on following 
page). Traitgrams (Evans et al. 2009) provide a projection of the phylogenetic tree in 
a space defined by the natural log of total length (y-axis) and time (x-axis). Body size 
evolution for Western Atlantic gobiids is shown in A, while labrid size evolution is 
shown in B. On each phylogeny, a single stochastic character map is superimposed. 
Because the maximum body size of juvenile cleaners was not examined, stochastic 
character maps have been altered to combine juvenile cleaner character states with 
those of the non-cleaners. As models indicated the body size of each family to be 
better-fit by Ornstein-Uhlenbeck models, the plotted ancestral body sizes here follow 
reconstructions via an OU (single-optimum) process. Colors indicate dietary group: 
purple – obligate cleaner; green – facultative cleaner; grey – juvenile cleaner or non-
cleaner. 
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Fig. 2.6 – Phylomorphospace of Western Atlantic gobies (on following page). The 
first two principal components of a phylogenetic PCA (Revell 2009) are shown, with 
MCC phylogeny and inferred ancestral character states. Shapes along the ends of each 
axis indicate displacements of landmarks (i.e. loadings) along that axis (see Methods 
for more details). For clarity, only species in peripheral regions of the 
phylomorphospace are labeled. Colors indicate dietary group: purple – obligate 
cleaner; green – facultative cleaner; grey – non-cleaner. 
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Fig. 2.7 – Phylomorphospace of labrids (on following page). The first two principal 
components of a phylogenetic PCA (Revell 2009) are shown, with MCC phylogeny 
and inferred ancestral character states. Shapes along the ends of each axis indicate 
displacements of landmarks (i.e. loadings) along that axis (see Methods for more 
details). For clarity, only species in peripheral regions of the phylomorphospace are 
labeled. Colors indicate dietary group: purple – obligate cleaner; green – facultative 
cleaner; orange – juvenile cleaner; grey – non-cleaner. 
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Fig. 2.8 – Combined phylomorphospace of gobiid and labrid taxa (on following 
page). The first two principal components of a phylogenetic PCA (Revell 2009) are 
shown, with MCC phylogeny and inferred ancestral character states. Shapes along the 
ends of each axis indicate displacements of landmarks (i.e. loadings) along that axis 
(see Methods for more details). For clarity, only species in peripheral regions of the 
phylomorphospace are labeled. For convenience, Fig. 2.2 is reproduced in the bottom 
right corner. Colors indicate dietary group: purple – obligate cleaner; green – 
facultative cleaner; orange – juvenile cleaner; grey – non-cleaner. 
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along the ventral aspects of the body. Along PC 2, species with higher positive scores 

possessed mouths that were more terminally-oriented along with additional reduction 

in body depth, predominately along the dorsal aspect of the body. In this 

phylomorphospace, gobies as a group had higher positive scores on PCs 1 and 2, 

indicating that members of this family tended to exhibit more extreme patterns of 

elongation than labrids. These PCs also showed significant correlation (Pearson’s r: 

0.75; p < 0.001), indicating that shape changes occurring along these axes are related. 

Among gobiid taxa (Table 2.4, Figure 2.6), I found cleaner fishes as a group (12 

species from 2 genera) did not show significant convergence (Stayton’s C4: 0.0051; 

p-value: 0.105). Furthermore, facultative gobiid cleaners did not show significant 

convergence (Stayton’s C4: 0.0052; p-value: 0.282). 

Within the labrid phylomorphospace, I found that cleaner fishes as a group 

showed significant convergence (Stayton’s C4: 0.0066; p-value: 0.002; Table 2.4, 

Figure 2.7). While juvenile cleaners similarly did not show significant convergence 

(Stayton’s C4: 0.0030; p-value: 0.126), facultative taxa (8 species from 8 genera) did 

(Stayton’s C4: 0.0066; p-value: 0.002).  

Cleaner fishes (combined juvenile, facultative and obligate) in the Labridae and 

Gobiidae did not show significant convergence (Stayton’s C2: 0.0450; p-value: 

0.293) in a combined phylomorphospace for both groups (Table 2.4, Fig 2.8). When 

convergence was assessed among obligate taxa only (in Labroides and Elacatinus), I 

found significant convergence (Stayton’s C2: 0.0696; p < 0.001). Among facultative 
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taxa (14 total species hailing from 8 labrid and 2 gobiid genera), I also found 

significant convergence (Stayton’s C2: 0.050; p < 0.001).  

Table 2.4 Metrics of convergence among cleaners within each phylomorphospace 

Phylomorphospace Group Stayton’s 

C2 

C2 p-

value 

Stayton’s 

C4 

C4 p-

value 

Gobiid All Cleaners - - 0.0051 0.105 

Gobiid 
Facultative 

Cleaners 
- - 0.0052 0.282 

Labrid All Cleaners - - 0.0068 0.011 

Labrid 
Facultative 

Cleaners 
- - 0.0066 0.002 

Labrid 
Juvenile 

Cleaners 
- - 0.0030 0.126 

Gobiid + Labrid All Cleaners 0.0450 0.293 - - 

Gobiid + Labrid 
Obligate 

Cleaners 
0.0696 < 0.001 - - 

Gobiid + Labrid 
Facultative 

Cleaners 
0.0500 < 0.001 - - 

Definitions and procedure for hypothesis testing for Stayton’s C2 and C4 follow 

Stayton (2014). Within each set of analyses for a particular phylomorphospace, p-

values were adjusted for multiple hypothesis testing following Benjamini and 

Hochberg (1995). 

Iteratively varying the number of principal component axes as inputs to pFDA 

allowed us to determine that 100% of obligate cleaner taxa could be correctly 

classified with a minimum of 56 pPCA axes (Figure 2.9). Thus, using the first 56 

pPCA axes provided information on how obligate cleaners could be discriminated 

from taxa in other dietary groups. Correlations between the original pPCA axes and 

pFDA discriminant axes provide information on how shape changes along axes 

informed the discriminant function (Table 2.5). Obligate taxa were separated from all 

others along the third discriminant axis (DA3). Among the primary axes of variation 

in the dataset, PCs 2, 7, 8 and 9 were especially informative in discriminating obligate  
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Fig. 2.9 – Group-specific misclassifications (on following page). An iterative 
procedure, wherein the number of phylogenetic PCA axes used as input to 
phylogenetic FDA ranged from 1 to 100, was used to avoid over-parameterizing the 
final discriminant function. The overall misclassification (black) and the proportion of 
taxa within each dietary group that were misclassified by each discriminant analysis 
is shown. As no single set of PC axes minimized misclassifications in all dietary 
groups, the smallest set of PCs in which all obligate cleaners could be discriminated 
from each of the other groups (PCs 1-56; dashed vertical line) was used to generate 
the final model. 
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taxa from other cleaners and non-cleaners. Loadings of these PCs are plotted in 

Figure 2.10. Along these axes, obligate species tended to show more elongate bodies 

(predominately via a reduction in body depth), have more terminally-located mouths, 

and more elongate heads (by an increase in head length and a slight decrease in head 

depth).  

Using pPCA axes 1 through 56, I also found that misclassifications among non-

cleaner and juvenile cleaner taxa were low: among non-cleaners 5 of 168 species 

were misclassified (3.0% error) and among juvenile cleaners 4 of 36 were 

misclassified (11.1% error). Facultative cleaners experienced an elevated 

misclassification rate: 7 of 14 species were misclassified (50% error). Cleaner fishes 

(including obligate, facultative and juvenile cleaner taxa) could largely be 

discriminated from non-cleaners along DA1.  

 

 

 

 

Table 2.5 Loadings of PC axes in pFDA (on following page). Correlations between 

original phylogenetic PCA axes and the axes of the phylogenetic Flexible 

Discriminant Analysis. The proportion of variance for which each discriminant axis 

accounts is listed in the column headings. Bolding indicates significant correlation (α 

= 0.05). A heatmap effect has been added over cells with significant correlation: 

warmer colors indicate higher positive correlations, while cooler colors indicate 

stronger negative correlations. 
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DA1 

(55.41%) 
DA2 

(26.17%) 
DA3 

(18.42%) 
PC1 -0.26 -0.40 0.24 
PC2 -0.18 -0.50 0.31 
PC3 -0.23 -0.05 0.11 
PC4 0.09 -0.17 0.05 
PC5 0.03 0.50 -0.15 
PC6 0.33 -0.25 -0.21 
PC7 -0.11 0.15 -0.30 
PC8 -0.16 0.02 -0.25 
PC9 -0.09 -0.06 0.26 

PC10 -0.16 0.28 0.00 
PC11 0.11 0.29 -0.24 
PC12 0.09 -0.23 0.18 
PC13 -0.02 0.04 0.01 
PC14 0.25 -0.13 -0.14 
PC15 -0.05 0.24 0.12 
PC16 0.20 -0.24 0.02 
PC17 0.18 -0.49 0.21 
PC18 0.08 -0.24 0.11 
PC19 0.06 -0.31 0.19 
PC20 -0.12 -0.21 0.08 
PC21 0.20 0.01 -0.05 
PC22 0.17 0.08 -0.04 
PC23 0.18 0.30 0.13 
PC24 -0.30 -0.21 0.30 
PC25 -0.18 0.04 -0.03 
PC26 -0.16 -0.05 0.00 
PC27 -0.19 0.24 -0.29 
PC28 0.09 0.22 -0.22 
PC29 -0.03 0.19 -0.07 
PC30 0.27 0.09 -0.42 
PC31 -0.03 0.11 -0.07 
PC32 0.01 0.36 -0.19 
PC33 -0.09 -0.36 0.25 
PC34 0.03 -0.03 0.20 
PC35 0.09 -0.28 0.22 
PC36 -0.19 0.39 -0.17 
PC37 0.16 0.34 -0.29 
PC38 -0.05 0.15 -0.31 
PC39 0.03 -0.28 0.23 
PC40 0.15 -0.41 0.34 
PC41 -0.21 0.01 -0.12 
PC42 0.09 0.37 -0.23 
PC43 -0.12 0.27 -0.21 
PC44 0.22 0.08 -0.12 
PC45 -0.03 -0.02 -0.13 
PC46 0.24 0.07 -0.29 
PC47 -0.13 -0.16 0.12 
PC48 0.17 -0.12 0.20 
PC49 -0.01 -0.26 0.12 
PC50 -0.04 0.22 -0.20 
PC51 0.07 0.34 -0.15 
PC52 0.20 0.03 -0.11 
PC53 -0.22 -0.20 0.21 
PC54 -0.13 -0.25 0.29 
PC55 -0.10 0.31 0.13 
PC56 -0.12 0.30 -0.17 
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Fig. 2.10 – Phylogenetical Flexible Discriminant Analysis of geometric 
morphometric data (on following page). Using the first 56 axes from the 
phylogenetic PCA (pPCA) of gobiids and labrids, dietary group information, and the 
MCC phylogeny of these taxa, a phylogenetic Flexible Discriminant Analysis (pFDA; 
Motani and Schmitz 2011) was performed. The pFDA yielded three axes, which are 
plotted here. A confusion matrix is shown and indicates that most taxa were correctly 
classified. Obligate cleaners are clearly separated from the other dietary groups along 
DA3. Shape changes captured along the third discriminant axis (DA3) are plotted 
using representations of shape change along the pPCA axes that show strongest 
correlations with DA3. 
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2.4 Discussion 

In the present study, I first inferred phylogenies for a set of Western Atlantic 

gobies and then a combined labrid and Western Atlantic gobiid taxon set. I used 

stochastic character mapping to infer how cleaning evolved within labrids and gobies. 

Using a phylogenetic comparative approach, we then analyzed whether the evolution 

of cleaning is associated with particular patterns of body size evolution. Finally, I 

examined body shape to understand the extent to which cleaner fishes in these 

families exhibit morphological convergence.  

2.4.1 Phylogenetic Inference 

The Western Atlantic gobiid maximum clade credibility (MCC) phylogeny is 

largely congruent with previously published phylogenies (Taylor and Hellberg 2005; 

Thacker 2015) The Bayesian phylogenetic analyses converged on divergence times 

among taxa that are similar to those in previous findings. Similarly, the combined 

labrid and Western Atlantic gobiid MCC phylogeny showed congruence with 

previously published phylogenies that have incorporated both families (Near et al. 

2013; Rabosky et al. 2013).  

Stochastic character mappings revealed that cleaning likely evolved three separate 

times in the Gobiidae, with two additional transitions back to non-cleaning. Obligate 

cleaning in Elacatinus appears to likely have arisen from a single evolutionary event, 

which is similar to the singular transition inferred in the evolution of obligate 

Labroides wrasses. Not only do these transitions occur in geographically distinct 
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areas (Figure 2.1), but they also appear to have evolved nearly concurrently: the 

transition to obligate cleaning likely occurred between 8 and 11 MYA in each group 

(Figure 2.3). Thus the evolution of obligate cleaning evolved in parallel in the 

Caribbean and Indo-Pacific within similar spans of time. 

Unlike the labrid transition, however, obligate cleaning in Elacatinus is 

immediately preceded by non-cleaning; obligate cleaning in Labroides likely evolved 

from a juvenile cleaning state (Baliga and Law 2016; present study). Furthermore, 

obligate taxa in Elacatinus form a paraphyletic group, as there are three transitions to 

facultative cleaning and two transitions away from cleaning within the clade of 

obligate taxa. This is in stark contrast to the condition seen in Labroides, in which no 

secondary transitions to other states occur after the onset of obligate cleaning. 

Moreover, the pattern and process by which cleaning evolved in each family appears 

to be fundamentally different; no cleaner gobies are classified as juvenile cleaners, 

and thus transitions involving a juvenile cleaning state are not apparent. Whether non-

cleaner gobies are perhaps “pre-adapted” to cleaning compared to non-cleaner labrids 

can be addressed by scrutinizing both size and shape among taxa.  

2.4.2 Cleaning and the evolution of maximum body size 

I found marginal evidence that the evolution of cleaning behavior influenced 

patterns of maximum body size for those species that clean, albeit to different degrees 

throughout their lives. In both the gobiid and labrid analyses, a single-optimum model 

was favored over diet-specific models, indicating that it was more likely that within 
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each family, the evolution of facultative and obligate cleaning is not associated with 

shifts in optimal body size. Because all known gobiid cleaners (14 taxa) and all labrid 

facultative and obligate cleaners (14 of 14 total species) were incorporated into the 

analyses, it is unlikely that incorporating body size data for additional species would 

affect my findings. On the other hand, nearly all facultative and obligate taxa are 

smaller than 23 cm total length, and occur in lineages in which body size trends are of 

a similar magnitude. The finding that the evolution of facultative and obligate 

cleaning itself does not affect body size optima, yet nearly all such species are 

nevertheless small indicates that these forms of cleaning are limited to arising in 

relatively smaller-bodied non-cleaner lineages.  

Only in the case of Labrus bergylta do we find a facultative labrid cleaner that 

measures, at maximum, larger than 23 cm. L. bergylta presents a particularly 

interesting case, as observations of cleaning behavior in this species have largely 

involved their removal of sea lice (Lepeophtheirus salmonis) on farmed Atlantic 

salmon (Leclercq 2013). The extent to which this species cleans in nature is less 

established. Moreover, suites of traits which enhance sea lice removal may differ 

from those that are optimal for other forms of ectoparasitivory, as sea lice are 

substantially larger than gnathiid isopods found in the Indo-Pacific. 

2.4.3 Shape diversity and the extent of convergence in cleaners 

I found that the major axis of variation within the Labridae and Gobiidae involved 

elongation of the body, with gobiids as a group showing higher elongation than 
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labrids. This pattern of shape reinforces what has been show in a larger dataset of 

marine fish taxa (Clavarie and Wainwright 2014). In using phylogenetic PCA, I found 

that pPCA axes often showed correlations, which is a recognized phenomenon when 

conducting these analyses (Revell 2009). These correlations capture an interesting 

facet of body shape evolution in labrids and gobiids: reductions in body and head 

depth appear to be evolutionary concordant with anterior shifts in pectoral fin 

attachment points and the possession of a more terminally-oriented mouth. 

In a shared phylomorphospace, I found that labrid and gobiid cleaner fishes, as a 

group, did not exhibit morphological convergence. In scrutinizing patterns among 

juvenile, facultative, and obligate cleaners separately, my finding that facultative and 

obligate taxa each show convergence suggests that a lack of convergence among 

juvenile cleaner taxa drives the overall pattern. This hypothesis was confirmed by the 

labrid-specific phylomorphospace – juvenile cleaner fishes did not show significant 

convergence. Indeed, in both the labrid-specific phylomorphospace as well as the 

combined labrid and gobiid phylomorphospace, juvenile cleaners generally showed a 

diversity of body shapes, and in some cases occupied the most peripheral regions of 

each morphospace. While some labrid juvenile cleaners are extremely elongate (e.g. 

Coris julis) others (e.g. Pseudocheilinus hexataenia, Centrolabrus caeruleus) show 

an opposite trend: these taxa are more deep-bodied than their inferred ancestral states. 

Why the evolutionary patterns associated with these taxa do not conform to the 

patterns seen in the majority of other cleaners remains unknown.  
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Facultative cleaners in these families also show diverse patterns of convergence. 

Within the gobiid-specific phylomorphospace, facultative cleaners did not show 

significant convergence, which may be an important driver for the observation that 

gobiid cleaners (facultative + obligate) do not exhibit convergence. Facultative 

cleaning arose from disparate lineages and their starting points are diverse. Within 

labrids, however, facultative taxa showed significant convergence. In general, these 

taxa appear to have evolved towards a more elongate body shape, as the majority of 

these taxa show increases in scores along PC 1 of the labrid phylomorphospace.  

Obligate cleaners show significant convergence in the shared labrid and gobiid 

phylomorphospace, indicating that the Labroides and Elacatinus lineages have 

evolved towards similar phenotypes over time. The discriminant analysis revealed 

that a reduction in body depth, elongation of the head, and a more terminal placement 

of the mouth are key hallmarks of obligate cleaner morphology. While the selection 

of PC axes as inputs to the discriminant analyses was informed by optimizing the 

classification of obligate cleaners, distinctions between all cleaners and non-cleaners 

could still largely be discerned along DA 1. Along this axis, species with more 

negative scores (i.e. cleaners) showed reductions in body depth, more terminal mouth 

positions, and slight elongation of the head. Together, these findings suggest that 

selection for cleaning largely operates on similar axes, regardless of whether taxa 

perform the behavior obligately. High phenotypic convergence in obligate cleaners 

that have evolved around the same evolutionary time scale but in different marine 
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clades suggests strong selection pressures on body features that are integrated with 

this tropic strategy.  

2.5 Conclusions 

In both the Gobiidae and Labridae, I found limited evidence that the evolution of 

facultative and obligate cleaning is associated with shifts in optimal body size. 

Generally, these taxa are relatively small, with nearly all species measuring less than 

23 cm total length. Together, these results indicate that certain smaller-bodied 

lineages within these families may have been historically “pre-adapted” to evolve 

cleaning over ontogeny. Through phylogenetic inference, I also found that obligate 

cleaning in these families appears to have evolved contemporaneously (8 – 11 MYA) 

in separate geographic regions. These cleaners exhibited significant morphological 

convergence in a combined gobiid and labrid body shape phylomorphospace. While 

facultative and juvenile cleaner taxa showed varying patterns of convergence, I found 

that the evolution of cleaning is generally associated with a reduction in body depth, 

elongation of the head, and a more terminal orientation of the mouth. These traits may 

enhance a cleaner’s ability to remove ectoparasites that occupy vulnerable, tightly-

confined, and hard to reach places such as the gills and oral cavity of their clients.  
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Abstract  

Recent studies comparing ontogenetic trajectories of closely-related taxa provide 

evidence that ontogenetic processes evolve. The evolution of these processes is what 

produces diversity in adult phenotypes. Comparative studies of scaling, however, 

must be placed in a phylogenetically-informed context, as phylogenetic information is 

inherently present in ontogeny. Using the evolution of cleaning behavior in the 

Labridae as a case study, we provide a phylogenetic framework in which the 

ontogenetic trajectories of multiple taxa can be compared. We first show that in the 

juvenile phase, cleaner fishes exhibit convergence in body, fins, and cranial traits. We 

then show evidence that taxa that transition away from cleaning during ontogeny 

exhibit phenotypic trajectories that are distinct from those of other wrasses. On the 

other hand, obligate and facultative species who continue to clean over ontogeny 

maintain characters that are conducive to cleaning in the juvenile phase. Overall, 

labrids exhibit a variety of ontogenetic trajectories, highlighting the diversity of ways 

in which phenotypic variation is generated over ontogeny.   
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3.1 Introduction 

Ontogeny is fundamentally important to studies of evolutionary morphology. 

Juvenile animals are often ecologically distinct from their adult counterparts: they 

typically do not face the same functional demands. Accordingly, ecological 

opportunity may present itself only in particular life history phases, which could drive 

the scaling of traits over an organism’s lifetime. Metamorphosis provides perhaps the 

most tangible examples of strong concordance between ecological and morphological 

shifts over ontogeny. Yet, ontogenetic shape change need not be drastic. Even subtle 

shifts in the scaling of traits can allow species to capitalize on new biomechanical 

grounds. For example, positive allometry of the jaw-closing in-lever in the lizard 

Anolis equestris produces disproportionately large bite forces in the adult form, 

allowing harder prey to be incorporated into the diet (Herrel and O’Reilly 2006). In 

the bluegill sunfish (Leopomis macrochirus), positive allometry of the jaw-opening 

in-lever is associated with faster jaw opening times and enhanced suction pressures 

(Wainwright and Shaw 1999; Carrol et al. 2004), enabling larger bluegill to reduce 

handling times on prey such as Daphnia (Mittelbach 1981). Emergent phenomena 

(which result from combinations of underlying traits), such as bite force or suction 

pressure, may be significantly affected by differential scaling of the individual traits 

that determine them.  

Comparisons of the ontogenetic trajectories of traits across closely related species 

provide evidence that such trajectories are diverse, labile, and often correspond to 
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ecology (Mitteroecker et al. 2004; Frédérich and Sheets 2009; Wilson and Sánchez-

Villagra 2010). Adams and Nistri (2010) provide evidence that ontogenetic scaling 

patterns of closely-related taxa are not necessarily static constraints that channel 

variation into fixed directions in phenotypic space, but that scaling processes 

themselves can evolve. The idea that closely related species can vary tremendously in 

their underlying developmental processes supports the idea that the course of 

ontogeny is a proximate origin of variation in traits (Klingenberg 1998).  

Phenotypic evolution results from the tinkering of ancestral developmental 

patterns (Gould 1977). Evolutionary changes to morphological traits require 

alterations to the underlying developmental processes that shape them. Thus, 

phylogenetic information is inherently present in development, making it vital that 

comparisons among species’ ontogenetic scaling patterns be placed in a 

phylogenetically-informed framework. Although examinations of ontogenetic 

allometry across closely-related species have been made (Wilson and Sánchez-

Villagra 2010), the confound of phylogenetic influence remains untreated. Thus, to 

fully understand the selective regimes under which scaling patterns may be driven, an 

approach in which species’ ontogenetic patterns can be compared while accounting 

for phylogenetic influence is necessary.  

Here, we employ such a method and use the evolution of cleaning behavior in the 

Labridae (wrasses, parrotfishes, and weed-whitings) as a case study. The evolution of 

cleaning behavior in fishes presents a model system in which to explore the 

relationship between morphology and ecology. Cleaning behavior in fishes involves 
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the removal and consumption of ectoparasites, and is often characterized as a 

mutualistic relationship between a cleaner fish and its client(s) (Hobson 1969; Coté 

2000). While over 130 species of teleost fishes have been observed to engage in 

cleaning other organisms, the Labridae contains the highest species diversity of 

cleaner fishes (Coté 2000). Notably, among the 58 species of labrid cleaners, 43 

species (74.1%), are reported to clean predominantly as juveniles (Baliga and Law 

2016). Less common are species that engage in cleaning facultatively throughout 

ontogeny (11 species; 19.0%), while the rarest strategy is obligate cleaning (8.6%), 

which is exclusively found the monophyletic Labroides genus. 

The measure of a species’ ontogenetic trajectory is defined by the traits from 

which it is composed. In order to compare such trajectories and test hypotheses 

related to ecological trends, an informative suite of traits first needs to be determined. 

Recent studies have identified the morphological and kinematic characters associated 

with cleaning behavior in some labrid taxa (Baliga and Mehta 2014; Baliga and 

Mehta 2015). These studies provide preliminary evidence that the evolution of 

cleaning in the Labridae involves an ontogenetic process by which the cranial 

skeleton is modified to reduce excursions and displacements in the jaws, providing a 

speed-driven albeit weak bite. Furthermore, Baliga and Mehta (in review) provide 

evidence that cleaner fishes from a variety of labrid lineages exhibit more elongate 

bodies than closely-related non-cleaners. In order to perform informed comparative 

allometric analyses, the extent to which cleaner fishes are convergent in cranial, body, 

and fin morphology must first be established. 
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We used phylogenetic comparative methods to assess whether the ontogeny of 

cleaning behavior in wrasses is concordant with ontogenetic patterns of morphology. 

We sought to discover 1) the extent to which cleaner fishes exhibit morphological 

convergence, 2) whether ontogenetic patterns in cleaning behavior are associated with 

a particular suite of ontogenetic changes in morphology, and 3) whether taxa that 

exhibit ontogenetic transitions away from cleaning show more extreme changes in 

morphology over ontogeny than other species.  

3.2 Methods 

3.2.1 Collection of Specimens and Data 

We collected an ontogenetic size series of 15-29 individuals for each of 33 

species (Fig. 3.1). The smallest specimens for each species were generally around 40 

mm standard length (SL), and the largest specimens attained the adult common or 

maximum SL reported for the species (Froese and Pauly 2016). We chose to use 

approx. 40 mm SL as a minimum size to safely assure that all specimens were in a 

post-recruitment phase. We acquired specimens from museum collections and our 

personal collections of specimens gathered from the aquarium trade (see Table S1 in 

the Supporting Information for more on specimen acquisition).  

All specimens were initially fixed in 10% formalin and then preserved in 60-70% 

ethanol. We took morphological measurements of body shape on ethanol-preserved 

specimens (Fig. 3.2 A); definitions of these measurements (Motta 1984; Wainwright 

et al. 2002) are listed in Table S2. We dissected the adductor mandibulae (AM) from  
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Fig. 3.1 - Phylogenetic relationships between species sampled in the present study. 
This tree is pruned from the Bayesian MCC phylogeny in Baliga & Law (2016). A 
single (but representative) stochastic character map has been overlaid. On each node, 
a pie chart indicates the distribution of mappings for the node across 1000 character 
maps. Stochastic character mapping was first performed on the full MCC tree from 
Baliga & Law (2016) and then pruned to the taxa shown here. Tip shapes and pie chart 
and branch colors indicate dietary group membership: obligate cleaners are purple 
squares, facultative cleaners are green triangles, juvenile cleaners are orange stars, and 
non-cleaners are grey circles.  
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Fig. 3.2 - Measurements used in the present study. A) Line drawing of Labrichthys 
unilineatus, with body shape measurements. Abbreviations for traits follow those used 
in Table S2. Maximum body width, maximum tail width, and adductor mandibulae 
mass are not shown. B) Cranial skeleton of Hemigymnus melapterus, with landmarks 
used to measure cranial traits. Landmark definitions: 1 – the distal tip of the 
anteriormost tooth on the upper jaws, 2 – the articulation of the nasal and 
neurocranium, 3 – the quadrate-articular joint (jaw joint), 4 – insertion of the A2 
section of the adductor mandibulae on the coronoid process, 5 – the point of 
attachment of the interoperculo-mandibular ligament on the articular, 6 – the distal tip 
of the anteriormost tooth on the lower jaws. Landmarks were used to measure the 
following cranial traits on cleared and double-stained specimens: premaxillary 
protrusion (distance between 1 and 2 when the jaws are fully closed subtracted from 
the distance when the jaws are open), vertical gape distance (distance between 1 and 
6 when the jaws are open), jaw-closing in-lever length (distance between 3 and 4), 
jaw-opening in-lever length (distance between 3 and 5), jaw out-lever length (distance 
between 3 and 6). All traits were measured in millimeters. Bone abbreviations: art – 
articular, den – dentary, max – maxilla, nas – nasal, nrc – neurocranium, pmx – 
premaxilla, qua – quadrate.  
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one side of each specimen and weighed each muscle to the nearest 0.0001 g using a 

Secura 213-1S precision balance (Sartorius Stedim Biotech GmbH, Germany). The 

AM complex is a set of muscles that produces the forces involved in closing the jaws 

during behaviors such as biting. All sections of the AM (except AѠ) were removed 

and weighed together. Muscle identification followed descriptions by Winterbottom 

(1974). After dissections, we cleared and double-stained specimens for cartilage 

(using Alcian blue) and bone (using Alizarin red S) following a modification of 

Dingerkus and Uhler (1977). From these specimens, we measured additional traits of 

the cranial skeleton (Fig. 3.2 B) as defined in Table S2 (Motta 1984; Westneat 1990; 

Wainwright et al. 2004). Before all analyses, measurements of linear traits were 

natural log-transformed; measurements of mass were both cube-rooted and natural 

log-transformed. 

Using information compiled by Baliga and Law (2016), we identified each 

species as belonging to one of the following dietary groups: non-cleaner, juvenile 

cleaner, facultative cleaner, or obligate cleaner (Fig. 3.1). For two species, our 

categorizations differ from those of Baliga and Law (2016). Recent observations 

provide evidence that Thalassoma amblycephalum engages in cleaning as a juvenile 

(S. Gingins, personal communication). Second, while T. klunzingeri had been 

documented as a juvenile cleaner (Randall 1986), the synonymy of this species and T. 

rueppellii was missed. Thus, in the present study, both T. amblycephalum and T. 

rueppellii were categorized as juvenile cleaners. Given these new data, stochastic 

character mapping was re-done on a larger (320 species) Bayesian MCC phylogeny 
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following methods available in Baliga and Law (2016). Trees with stochastic 

character maps were then pruned to the focal taxa of the present study using the 

drop.tip.simmap() function available in phytools (Revell 2012). Across these pruned 

stochastic character mappings, we computed summaries of states at each node. The 

pruned phylogeny, with information on node mappings and dietary grouping for 

extant taxa, is shown in Fig. 3.1.  

One caveat of our approach is the straightforward assignment of species into 

dietary groups. Within a given category, species no doubt vary in the extent to which 

they clean. Without more refined data on the ontogeny of diets in all 33 species 

(which could allow for ordination of fish diets on continuous spectra), categorization 

was the best available option. 

3.2.2 Assessment of Morphological Convergence 

To understand the extent to which the evolution of cleaning involved 

morphological convergence, we constructed a phylogenetically-informed 

morphospace. Since a substantial portion of the taxa in the present study exhibit an 

ontogenetic shift away from cleaning behavior, we used juvenile specimens only in 

this analysis. We identified 3-5 juvenile specimens of each species by size and colour 

pattern (Burgess et al. 1991; Randall et al. 1997; Myers 1999). We then ran a 

phylogenetically-informed principal components analysis (PCA) (Revell 2009) using 

the pruned tree and the correlation matrix of the 12 cranial and body traits.  
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Using scores from each principal component, we estimated ancestral character 

states via maximum likelihood methods (Schluter et al. 1997). We then assessed the 

strength of convergence in cleaner fish morphology following recommendations in 

Stayton (2015). We quantified convergence among all cleaner fishes; species from all 

three cleaner dietary groups were together identified as a group of putatively 

convergent taxa. We explored the extent of convergence among cleaners using one of 

Stayton’s (2015) distance-based measures, C2, which quantifies the amount that 

lineages evolve to be more similar. Stayton’s C2 is measured by subtracting Dtip (the 

distance, here Euclidean, between putatively convergent taxa in phenotypic space) 

from Dmax (the maximum distance between any pair of taxa in the lineages). Larger 

values of C2 indicate greater amounts of convergence. We used simulation procedures 

available in Stayton (2014) to test for significant convergence (α = 0.05) among 

cleaners, with 1000 simulations per test. We used scores from all 12 principal 

components to avoid losing power in significance tests of convergence via data 

reduction (Stayton 2015; Adams 2014a,b). 

We also ran a phylogenetically-informed PCA on the correlation matrix of traits 

from the largest 3-5 adult specimens of each species to understand if juvenile patterns 

of convergence were apparent in the adult form. Because juvenile cleaner taxa show 

ontogenetic shifts away from cleaning in adulthood, we assessed convergence at two 

different levels: 1) among all cleaner taxa (including juvenile cleaners), and 2) among 

facultative and obligate cleaner taxa only (i.e. species who clean throughout 

ontogeny). We again applied each of the aforementioned convergence assessment 
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metrics and hypothesis testing procedures, and adjusted p-values for multiple 

hypothesis testing following Benjamini and Hochberg (1995). 

3.2.3 Phylogenetically-Informed Allometric Analyses  

To compare and visualize multivariate patterns in ontogenetic scaling among 

species in a phylogenetically-informed context, we generated a “phylo-allometric 

space”. As detailed below, we achieved this by first inferring the multivariate 

allometric trajectory of each species following Klingenberg and Froese (1991), and 

then using methods in Revell (2009) to account for shared history between taxa in a 

PCA.  

Following Jolicoeur (1963), when a PCA is computed using a non-size-corrected 

dataset, the first principal component (PC1) represents the line of best fit to the 

multivariate data (Pearson 1901), and size is considered a latent variable that affects 

all variables simultaneously. Thus, PC1 represents a multivariate generalization of 

allometry (Klingenberg and Froese 1991). We performed a separate PCA for each 

species on a correlation matrix of all traits. Our investigations of the relationships 

between the 12 traits showed that they all exhibited linear relationships with each 

other within every species’ dataset. Because the distribution of allometric growth can 

be visualized in the space defined by the normalized vector coefficients (of PC1) of 

the original traits (Klingenberg and Froese 1991; Gerber et al. 2008), we next used 

the 33 originally calculated PC1 eigenvectors as new observations for a second PCA. 
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This interspecific PCA was phylogenetically-informed following methods from 

Revell (2009) and using the pruned labrid tree, resulting in a phylo-allometric space.  

To identify linear combinations of traits that best separate dietary group 

trajectories while simultaneously minimizing bias due to shared phylogenetic history, 

we used a phylogenetic Flexible Discriminant Analysis (pFDA) (Motani and Schmitz 

2011). In this analysis, we used the 33 intraspecific PC1 eigenvectors (normalized to 

unit length) as the independent variables in order to predict dietary group 

membership. This “allometric pFDA” was performed using a modification of code 

provided in Motani and Schmitz (2011). This approach allowed us to explore the 

extent to which each of the dietary group’s ontogenetic scaling patterns could be 

distinguished from those of the others. We used scores from the discriminant axes as 

the independent variables and dietary group membership as the dependent variable in 

a phylogenetically-informed MANOVA (10,000 simulations) to test for significance 

in group differences (Garland et al. 1993). 

3.2.4 Assessing Patterns of Ontogenetic Scaling 

To further understand each species’ ontogenetic scaling patterns and help us 

interpret the interspecific patterns and loadings of traits we observed in phylo-

allometric space, we performed standardized major axis (SMA) regressions on the 

ontogenetic trait data. Within each species and for each of the 12 traits, we performed 

an SMA regression of the natural log-transformed trait against the natural log-

transformed standard length of specimens. We then tested whether regression slopes 



94 
 

were indicative of allometry by testing whether they differed significantly from 1.0, 

i.e. the hypothesized slope under isometric growth. Within each set of p-values for a 

species, we applied adjustments to account for multiple hypothesis testing following 

Benjamini and Hochberg (1995).  

3.2.5 Comparing the Amount of Ontogenetic Change across Groups 

To test whether certain dietary groups exhibit more extreme deviations from the 

average allometric trajectory, we computed the distance of each species’ trajectory 

from the phylo-allometric centroid. This centroid represents the phylogenetic average 

ontogenetic trajectory of all taxa. We used both the “absolute distance” and 

“standardized distance” measures in morphospace employed by Bellwood et al. 

(2006). First, we extracted the scores from the principal components of phylo-

allometric space that accounted for 85% of the variation in ontogenetic scaling (the 

first seven principal components in the present case). We then calculated each 

species’ absolute distance (Da) from the PCA centroid as: 

𝐷𝑎 =  √∑(𝑆𝑖)2

𝑛

𝑖=1

 

where n is the number of retained principal components, and Si is the score on the ith 

PC. Similarly, we calculated the standardized distance (Ds) from the PCA centroid as: 

𝐷𝑠 =  √∑(𝑆𝑖 ∗ 𝑉𝑖)2

𝑛

𝑖=1
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where Vi is the proportion of total variance explained by the ith PC. The Ds metric 

simply weighs each score in proportion to the variance for which its respective 

principal component accounts before computing distance from the centroid via the 

Pythagorean Theorem. 

We then used each distance as the independent variable and dietary group 

membership as the dependent variable in separate phylogenetically-informed 

ANOVAs (10,000 simulations) to test for significance in group differences (Garland 

et al. 1993), and adjusted p-values for multiple hypothesis tests following Benjamini 

and Hochberg (1995).  

3.3 Results 

3.3.1 Juvenile and Adult Morphospaces 

Through a phylogenetically-informed PCA on juvenile wrasses, we determined 

the major axes of juvenile morphological variation (Table 3.1). Nearly all traits 

loaded strongly and all eigenvectors were in the same direction on PC 1, which 

matches Jolicoeur’s (1963) characterization of a “size axis”. This size axis accounted 

for 44.09% of the variance in the data. Nine of the 12 traits loaded strongly on at least 

one of the first four axes of shape variation (PCs 2-5); the first two axes of shape 

variation (PCs 2 and 3) are depicted in Fig. 3.3.  

For the adult dataset, a phylogenetically-informed PCA yielded axes of variation 

that differed from those of the juveniles (Fig. S1, Table S3). Again, on PC 1 all 12 

traits loaded strongly and all eigenvectors were in the same direction. Unlike the PCA  
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Fig. 3.3 - Juvenile phylomorphospace. A phylomorphospace (Sidlauskas 2008) was 
generated for the juvenile dataset using a phylogenetically-informed PCA (Revell 
2009) and the tree shown in Fig. 1. Trait data were averaged within each species from 
the 3-5 smallest juvenile specimens. A single stochastic character map has been 
superimposed on the phylogeny; shapes and colors indicate dietary group 
membership: obligate cleaners are purple squares, facultative cleaners are green 
triangles, juvenile cleaners are orange stars, and non-cleaners are grey circles. The 
PCA was performed on the correlation matrix of traits. In the PCA, PC1 captured the 
effects of size on traits (see text for more details); PC2 and PC3 capture the primary 
axes of shape variation and are shown here. Traits that loaded strongly on each axis 
are represented by arrows that indicate the direction in which trait magnitudes increase 
along the axis. See Table 1 for additional details on the PCA. 
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on juvenile data, in the adult phylomorphospace, PC 1 accounted 77.32% of the 

variance. In addition, only 5 traits loaded strongly on PCs 2-5.  

Among juvenile specimens, cleaner fish taxa showed morphological convergence 

in shape (Stayton’s C2: 1.02; p-value: 0.02). Among adult wrasses, however, cleaner 

fish species as a group did not continue to show convergence (Stayton’s C2: 0.29; p-

value: 0.66). When we assessed convergence among only facultative and obligate 

taxa, (i.e. species who continue to clean in adulthood) we found that these species did 

exhibit significant convergence (Stayton’s C2: 1.91; p-value < 0.01).   

3.3.2 Phylo-Allometric Space 

The phylo-allometric space yielded the major axes of scaling variation in wrasses 

(Table 3.2). All 12 traits loaded strongly on PC 1 and PC 2. A plot of the first two 

principal components (Fig. 3.4), shows that juvenile cleaners tend to have positive 

scores on PC 1, indicating that many of these species tend to show stronger positive 

scaling of the traits that load positively on this axis.  

The first seven principal components of phylo-allometric space collectively 

accounted for 87.20% of the variance and were retained for further analyses on the 

amount of ontogenetic change in taxa. Scores from each of these axes were used to 

compute Da and Ds (Fig. S2) for each species. A phylogenetic ANOVA run on each 

metric indicated that dietary groups did not exhibit significant differences (Da: F-

ratio: 0.74, p-value: 0.63; Ds: F-ratio: 3.04, p-value: 0.08). For each metric, post-hoc  
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Fig. 3.4 - Phylo-allometric space for 33 species of wrasses. A visualization of the 
primary axes of ontogenetic variation for species in the present study, after 
accounting for shared history among taxa. A phylo-allometric space was generated 
using a phylogenetically-informed PCA (Revell 2009) on the set of intraspecific PC1 
eigenvectors and the tree shown in Fig. 1 (see text for additional details). Traits that 
loaded strongly on each axis are represented by arrows that indicate the direction in 
which stronger positive allometry for the trait increase along the axis. See Table 2 
for additional details on the phylo-allometric PCA. A single stochastic character map 
has been superimposed on the phylogeny; symbols and colors indicate dietary group 
membership: obligate cleaners are purple squares, facultative cleaners are green 
triangles, juvenile cleaners are orange stars, and non-cleaners are grey circles. 
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tests (with adjustments for multiple hypothesis testing) confirmed each pair of dietary 

group comparisons showed no significant differences (Table S4). 

Table 3.1 - Loadings of traits in the juvenile morphospace 

 PC1 

(44.09%) 

PC2 

(17.15%) 

PC3 

(11.04%) 

PC4 

(8.71%) 

PC5 

(5.68%) 

Adductor Mandibulae Mass -0.569 0.303 0.301 0.612 0.271 

Head Length -0.736 -0.437 0.222 0.220 -0.099 

Head Depth -0.861 -0.222 -0.162 -0.146 -0.294 

Maximum Body Width -0.818 -0.168 -0.280 -0.053 0.216 

Maximum Body Depth -0.837 0.194 -0.046 0.060 -0.150 

Pectoral Fin Length -0.723 -0.512 -0.034 -0.050 0.359 

Pectoral Fin Width -0.213 -0.911 -0.107 0.047 -0.158 

Lower Jaw Outlever Length -0.517 0.363 0.369 -0.519 -0.049 

Jaw-Closing In-Lever Length -0.326 -0.145 0.862 -0.188 -0.118 

Jaw-Opening In-Lever Length -0.634 0.422 -0.340 0.128 -0.418 

Vertical Gape Distance -0.782 0.429 0.028 0.212 0.049 

Premaxillary Protrusion Distance -0.599 0.229 -0.266 -0.473 0.308 

A phylogenetically-informed PCA was run using the correlation matrix of 12 traits. 

For each species, data were taken from the 3-5 smallest juvenile specimens. Loadings 

for the first 5 principal components are shown. The percent of the variance for which 

each PC accounts is listed in parentheses in the column headings. Traits that load 

strongly on each PC (i.e. |loading| > 0.4) are bolded. 

Table 3.2 - Loadings of traits in phylo-allometric space 

 PC1 

(25.01%) 

PC2 

(20.77%) 

PC3  

(13.62%) 

PC4 

(9.53%) 

PC5 

(8.35%) 

Adductor Mandibulae Mass -0.573 0.237 0.547 0.228 0.146 

Head Length -0.373 0.641 0.112 0.043 -0.295 

Head Depth -0.471 0.501 -0.275 0.229 0.181 

Maximum Body Width -0.652 -0.375 0.172 -0.310 0.225 

Maximum Body Depth -0.801 0.119 0.223 0.002 0.401 

Pectoral Fin Length 0.044 0.625 0.282 -0.256 -0.554 

Pectoral Fin Width -0.002 -0.733 -0.104 -0.336 -0.063 

Jaw Outlever Length 0.164 0.600 -0.522 -0.308 0.316 

Jaw-Closing In-Lever Length -0.408 -0.384 -0.179 0.631 -0.318 

Jaw-Opening In-Lever Length 0.622 -0.195 0.411 0.363 0.178 

Vertical Gape Distance -0.461 -0.126 -0.765 0.166 -0.131 

Premaxillary Protrusion Distance -0.671 -0.359 0.137 -0.333 -0.297 
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A phylogenetically-informed PCA was run using the set of intraspecific PC1 

eigenvectors and the tree shown in Fig. 3.1. Loadings for the first 5 principal 

components are shown. The percent of the variance for which each PC accounts is 

listed in parentheses in the column headings. Traits that load strongly on each PC (i.e. 

|loading| > 0.4) are bolded. 

 

The pFDA yielded three discriminant axes, with the first axis accounting for the 

vast majority of variance in the data (86.87%, Table S5). The traits with the largest 

coefficients on the first discriminant axis were maximum body depth and jaw-closing 

in-lever length; on the second discriminant axis, maximum body width, jaw-closing 

in-lever length and vertical gape distance had relatively large coefficients. Predictions 

from the pFDA showed that nearly all juvenile cleaners were correctly classified 

(Table 3.3). Classification for the other dietary groups was less successful, and the 

pFDA model had trouble discriminating between these groups (Fig. 3.5). A 

phylogenetically-informed MANOVA on the pFDA scores showed there were 

significant differences between the mean score of at least one pair of groups (F-ratio: 

27.52; p-value < 0.001). Post-hoc tests showed that juvenile cleaners exhibit 

significant differences in mean score compared to the other groups (Table S6). Non-

cleaners, facultative cleaners, and obligate cleaners did not show significant 

differences from each other’s mean pFDA score. 
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Fig. 3.5 - Discriminant axes for 33 species of wrasses. A phylogenetically-informed 
flexible discriminant analysis (pFDA) (Motani and Schmitz 2011) identifies 
combinations of trait allometries that separate dietary groups. Using the phylogeny 
shown in Fig 1, a pFDA was run on the set of intraspecific PC1 eigenvectors. Each 
taxon was assigned to a dietary group, and pFDA was able to discriminate between 
the ontogenetic scaling patterns of juvenile cleaners and all other groups, but could 
not further differentiate between the other groups. See Tables S5 and S6 for additional 
details on the pFDA. A single stochastic character map has been superimposed on the 
phylogeny; symbols and colors indicate dietary group membership: obligate cleaners 
are purple squares, facultative cleaners are green triangles, juvenile cleaners are 
orange stars, and non-cleaners are grey circles. 
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Table 3.3 - Confusion matrix from pFDA performed on ontogenetic scaling 

vectors 

 Non-

Cleaner 

Juvenile 

Cleaner 

Facultative 

Cleaner 

Obligate 

Cleaner 

 Non-

Cleaner 
13 0 2 1 

Juvenile 

Cleaner 
0 11 0 0 

Facultative 

Cleaner 
1 1 2 0 

Obligate 

Cleaner 
1 0 0 1 

     

% correct 86.67 91.6 50 50 

Row names list the predicted groups while columns indicate true group membership; 

entries along the diagonal are thus correctly classified. The percent of taxa accurately 

identified within each dietary group is recorded in the final row. Overall, 81.8% of all 

predictions were correct, including 91.6% correct classifications of all juvenile 

cleaners. 

 
 

3.3.3 Intraspecific Scaling Patterns 

Performing SMA regressions of each trait against standard length in each species 

provided additional insights on the diversity of scaling patterns seen in wrasses (Table 

S7). Some traits showed a variety of scaling patterns. For instance, the scaling of 

lower jaw out-lever length showed negative allometry in 11 species, isometry in 14 

species, and positive allometry in 8 species. Other traits showed relatively less 

diversity, e.g., for maximum body width, species only showed positive allometry (15 

species) or isometry (18 species). The SMA regressions also allowed us to further 

characterize species’ scaling patterns. To showcase this general diversity, four species 

(Ctenolabrus rupestris, Halichoeres notospilus, Symphodus cinereus, S. doderleini) 
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exhibited isometry for all 12 traits, while Thalassoma hardwicke and T. lutescens 

showed allometry in all but two traits. 

Although each of these regressions was performed against log-standard length, 

the patterns captured through the SMA slopes should generally correspond with the 

trends captured by phylo-allometric analyses. We found that species with the most 

extreme scores on each axis of phylo-allometric space showed the most extreme SMA 

slopes for the traits that loaded strongly on the axis.  

 

3.4 Discussion 

In the present study, we investigated the extent to which labrid cleaner fishes 

exhibit concordance between the ontogeny of cleaning behavior and morphological 

trends in the body, fins and cranial skeleton. Because all labrids that clean do so in the 

juvenile phase, our construction of a juvenile phylomorphospace allowed us to first 

determine the extent to which cleaners show morphological convergence, and 

whether our traits of interest were informative of cleaning. Our creation of a 

phylogenetically-informed allometric space revealed the primary axes of ontogenetic 

variation of our traits. Species’ distances from the centroid of ‘phylo-allometric 

space’ were used to determine whether certain dietary groups exhibited larger 

deviations from the phylogenetic average allometric trajectory. Finally, our use of 

pFDA on ontogenetic scaling vectors enabled us to determine the extent to which 
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each dietary group’s trajectories could be discriminated from those of the other 

groups.  

3.4.1 Patterns of Convergence in Cleaners 

In a juvenile morphospace defined by a mix of body shape and cranial traits 

related to feeding, we found evidence of morphological convergence among cleaner 

fishes in the Labridae. In fact, cleaners could largely be differentiated from closely 

related non-cleaners along the primary axis of shape variation among juveniles (PC2). 

In the juvenile phase, cleaner fishes tended to show relatively wider and longer 

pectoral fins, little premaxillary protrusion, small gape, and elongate bodies compared 

to non-cleaners.  

These findings support previous studies showing that cleaner fishes in the genera 

Thalassoma (Baliga and Mehta 2014), Labroides, and Larabicus (Baliga and Mehta 

2015) exhibit little premaxillary protrusion, small gapes, and little displacement of the 

jaws during feeding behaviors. Collectively, these data indicate that the evolution of 

cleaning might involve selection for biting behaviors that can be characterized by a 

series of rapid, low-displacement, and often cyclical jaw movements. Instead of 

taking large, forceful bites to pry off ectoparasites or other prey attached to a surface, 

cleaners in these three genera appear to employ a more delicate approach via fast, 

multiple bites (coupled with the generation of suction). The observation that cleaners 

in diverse genera including Halichoeres, Oxyjulis, Symphodus, Ctenolabrus, 

Labropsis, and Diproctacanthus also share morphological characteristics (in the 
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juvenile phase) that similarly reduce displacement and gape provides evidence that 

cleaning in wrasses may involve selection for a common suite of traits. A generalized 

pattern of repeated evolutionary trends in the juvenile phase of labrid cleaner fishes is 

apparent in the present study. 

The need to maneuver may be tied to the elongate body plan and relatively wide 

pectoral fins we observed in cleaners. Body elongation in cleaner wrasses is 

associated with low moment of inertia in the vertebral column (Baliga and Mehta, in 

review), affording cleaners with relatively flexible bodies. Wainwright et al. (2002) 

documented the diversity of pectoral fin aspect ratios in 143 species of labrids 

(calculated as the square of the length of the leading edge divided by the area of the 

fin), and then assessed the relationships between this trait, the angle of pectoral fin 

attachment to the body, and field measures of typical swimming speeds in 43 species. 

Species with higher aspect ratio fins tended to have faster size-specific swimming 

speeds, and used a “flapping” motion of the fins. Those with lower aspect ratio fins 

were documented to generate thrust more efficiently at low swimming speeds, and 

employed a “rowing” motion of the fins. This rowing mechanism may increase 

maneuverability in these taxa, especially at low swimming speeds (Blake 1981; Vogel 

1994; Drucker and Lauder 2000; Walker and Westneat 2000). This indicates that 

there may be a trade-off between the efficiency of fast swimming and 

maneuverability in labrids. Our observation of increased pectoral fin width in cleaners 

(and thus, relatively lower pectoral fin aspect ratios) and body elongation provides 

evidence that selection for cleaning in labrids might push taxa towards the more 
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maneuverable end of the spectrum. Additionally, Wainwright et al. observed that 

slow swimming species typically swam closer to the reef while faster species 

dominated the water column and shallow, high-flow habitats. Given that cleaning 

stations are typically found in habitats closer to the reef (Hobson 1971), cleaner 

fishes’ lower aspect ratio fins may afford them an advantage in capitalizing on 

resources in this calmer-water habitat (Fulton and Bellwood 2002). 

Although cleaner taxa show significant convergence in this juvenile morphospace, 

the degree of convergence is not strong. A visualization of the primary axes of shape 

variation (PCs 2 and 3; Fig. 3.1) shows that facultative cleaners such as Symphodus 

melops and Ctenolabrus rupestris are on the periphery of the space occupied by 

cleaners. These peripheral species are particularly interesting as observations of 

cleaning behavior in both have largely involved their removal of sea lice 

(Lepeophtheirus salmonis) on farmed Atlantic salmon (Bjordal 1988, 1990). The 

extent to which each of these two species cleans in nature is less established. 

Moreover, suites of traits which enhance sea lice removal may differ from those that 

are optimal for other forms of ectoparasitivory, as sea lice are substantially larger than 

gnathiid isopods found in the Indo-Pacific. 

In the adult phase, we find evidence that facultative and obligate species continue 

to exhibit morphological convergence. Again, these cleaner fishes (who still engage 

in cleaning as adults) show relatively modest values for traits such as gape size, 

maximum body depth, and the length of the pectoral fins. Juvenile cleaner species, 

however, appear to show a diverse array of morphological traits in adulthood, and do 
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not share convergence with the other cleaner groups. In fact, juvenile cleaner taxa, as 

adults, occupy some of the most extreme regions of the adult morphospace (Fig. S1). 

Thus, not only do juvenile cleaner species exhibit ontogenetic shifts away from 

cleaning, but also they undergo substantial morphological change over ontogeny. 

Additionally, body size may be an important character in the evolution of 

cleaning. Obligate cleaners are generally relatively small; the largest Labroides 

species, L. bicolor typically attains a maximum length of just 15 cm (Kuiter and 

Tonozuka 2001). The only other obligate cleaner species are in the genus Elacatinus 

in the Gobiidae, who are all typically under 6 cm (Robins and Ray 1986). 

Furthermore, the majority of cleaner fishes perform the behavior predominately in the 

juvenile phase (Coté 2000). Thus, overall, cleaners can be expected to show small 

body size, which may enhance their ability to inspect the buccal cavity and/or gills of 

their clientele, where parasites are known to be found (Hobson 1969; Coté 2000). 

Only in the case of facultative cleaners, among whom cleaning may also be 

performed in adult stages, may the size of a cleaner exceed these thresholds. Since 

these species engage in cleaning relatively infrequently compared to obligates and 

even juvenile cleaners (Hobson 1969; Bjordal 1990; Coté 2000), the strength of 

selection in reducing body size in these taxa may not be pronounced.  

3.4.2 The Ontogenetic Scaling of Cleaners 

Our study provides evidence that juvenile cleaner species consistently show a 

fundamentally different pattern of ontogenetic scaling than non-cleaners and even 



108 
 

other cleaner fishes. The patterns of change exhibited by juvenile cleaners can be 

discriminated from those of the other groups (non-cleaner, facultative, and obligate). 

Allometric patterns of four traits (maximum body depth, jaw-closing in-lever length, 

vertical gape distance and maximum body width) were key in distinguishing the 

ontogenetic scaling of juvenile cleaners. For each of these traits, juvenile cleaners 

showed either positive allometry or isometry (vs standard length) over ontogeny; 

none of these traits exhibited negative allometry in this dietary group. On the other 

hand, obligate and facultative cleaners did not systematically show patterns of 

ontogenetic change that could be discriminated from those of non-cleaners. These two 

groups of cleaners, however, showed significant convergence in both the juvenile and 

adult morphospaces. Together, these results imply that facultative and obligate 

cleaners possess a suite of characteristics in the juvenile phase that are conducive to 

cleaning and maintain them over ontogeny. These species do generally exhibit 

ontogenetic shape change (only Ctenolabrus rupestris showed isometry in all 12 

traits), but this change is not distinct in magnitude or direction compared to that 

shown by non-cleaners.   

Previous workers have generated “allometric space” for other clades, e.g. rodents 

(Wilson and Sánchez-Villagra 2010), fishes (Klingenberg and Froese 1991), and 

ammonites (Gerber et al. 2008), in order to view the primary axes of ontogenetic 

scaling among focal taxa. To date, however, accounting for phylogenetic non-

independence (due to common ancestry of taxa) has been missing. It is well 

documented that phylogenetic information should be incorporated into interspecific 
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analyses (Felsenstein 1985; Harvey and Pagel 1991; Martins and Hansen 1997; 

Garamszegi 2014). Revell (2009) demonstrates that incorporating phylogenetic 

information into multivariate analyses such as PCA reduces Type I error, indicating 

interspecific studies which ignore phylogeny could potentially produce spurious 

results. Computation of phylo-allometric space in the present study provides the 

major axes of ontogenetic change while accounting for phylogenetic relatedness 

among the taxa. Similar to analyses based on other forms of phylogenetic PCA, 

subsequent analysis using scores from phylo-allometric space should also use 

phylogenetic comparative methods (Revell 2009), such as the phylogenetic ANOVAs 

we employed herein. 

Our finding that all 12 measured traits loaded strongly on at least one of the first 

few principal axes of phylo-allometric space speaks volumes on the diversity of 

ontogenetic patterns observed in the Labridae. Investigations of SMA slopes of each 

trait against standard length provide further evidence of this diversity. The substantial 

morphological diversity of the feeding apparatus (Wainwright et al. 2004), diversity 

of traits related to locomotion (Wainwright et al. 2002), and functional diversity of 

taxa (Bellwood et al. 2006) have been well documented in this group, but studies 

have generally focused on adult phenotype and ecology. The role of ontogenetic 

scaling in evolution is increasingly being recognized as a factor that potentially can 

influence evolutionary processes, promoting morphological and functional diversity 

(Gould 1966; Klingenberg 1998; Gerber et al. 2008). We suggest that evolutionary 

mechanisms that promote the diversity of ontogenetic patterns among the Labridae 



110 
 

could be a crucial force in generating functional and morphological diversity in this 

speciose group. 

3.4.3 Conclusions 

We provide an approach in which the ontogenetic trajectories of species can be 

analyzed in a phylogenetic comparative framework. Cleaning in the Labridae appears 

to correspond with both juvenile morphology and the direction of trait change over 

ontogeny. We find evidence of a suite of traits that unifies cleaners in the juvenile 

phase; cleaners show characteristics that enhance maneuverability in locomotion and 

decreased displacement of the jaws. Over ontogeny, some of these taxa (facultative 

and obligate cleaners) largely maintain these characters. Other taxa (juvenile 

cleaners) show consistent patterns of change in traits while also showing ontogenetic 

shifts away from cleaning. 
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Table S3.1 Specimens in the present study 

Species (# of specimens) Range of 

Standard 

Length  

Catalog Numbers 

Ctenolabrus rupestris (15) 41.27 – 

108.32 
MNHN 1977-0192, 1977-194 

Diproctacanthus xanthurus 

(16) 
39.21 – 

82.21 

CAS 201330, 201333, 201334, 

201341; USNM 207468, 210232, 

277107, 384516 

Gomphosus varius (17) 
39.89 – 

185.29 

LACM 37434-005, 57401-1, 57408-

1; USNM 406991, 406992, 406994, 

406995; VB 

Halichoeres bivittatus (21) 40.95 – 

186.34 

CAS 8210, 18596, 37273; LACM 

2479, 5560; VB 

Halichoeres chrysus (24) 37.51 – 

123.21 
VB 

Halichoeres dispilus (17) 38.56 – 

180.93 

LACM 8104; USNM 133078, 

205447, 380926 

Halichoeres garnoti (17) 40.24 – 

179.20 
USNM 133078, 410642, 410650; VB 

Halichoeres nicholsi (18) 38.50 – 

186.47 

CAS 23751, 298374, 50009; LACM 

32499-007, 43924-005 

Halichoeres notospilus (16) 40.04 – 

200.54 
LACM 636, 48423-22, 48727-15 

Hemigymnus melapterus (16) 39.15 – 

165.03 
VB 

Labrichthys unilineatus (15) 38.95 – 

137.41 

CAS 35417, 65827, 93632; LACM 

42489-26 

Labroides bicolor (20) 39.00 – 

135.51 

CAS 39135, 89698, 989694; USNM 

406998, 407845, 407846; VB 

Labroides dimidiatus (23) 39.90 – 

100.26 
VB 

Labropsis australis (15) 38.41 – 

86.51 

CAS 220169, 220206, 220614; 

USNM 235943; VB 

Larabicus quadrilineatus (20) 

37.67 – 

93.61 

CAS 233644, 235027, 235041; 

USNM 208450, 209719, 277504, 

277518, 410647, 410648, 410649; 

VB 

Oxyjulis californica (29) 45.15 – 

218.00 
VB 

Stethojulis albovittata (16) 40.26 – 

100.54 
LACM 30859-67 



118 
 

Symphodus cinereus (15) 39.72 – 

106.66 

MNHN 1949-0071, 1977-0182; 

USNM 289684 

Symphodus doderleini (17) 46.04 – 

93.07 
MNHN 1977-194, 1977-0195; VB 

Symphodus mediterraneus 

(16) 

45.23 – 

116.54 
MNHN 1962-0039, 1977-0196; VB 

Symphodus melops (19) 43.53 – 

171.64 

MNHN 1960-390, 1960-389; USNM 

10059 

Symphodus ocellatus (15) 40.75 – 

96.79 
MNHN 1962-0038, 1977-0142 

Thalassoma amblycephalum 

(15) 

40.32 – 

135.51 
USNM 410644, 410645, 410646 

Thalassoma bifasciatum (17) 39.65 – 

180.34 
LACM 54098-040, 56613-1; VB 

Thalassoma duperrey (14) 44.90 – 

181.58 

CAS 21161, 29476; USNM 407843, 

407844 

Thalassoma hardwicke (22) 45.62 – 

166.64 

LACM 382104, 3998625, 51858-49; 

USNM 407842 

Thalassoma hebraicum (18) 44.86 – 

169.53 
USNM 410655, 410656 

Thalassoma lucasanum (16) 49.68 – 

130.54 
USNM 410653, 410654 

Thalassoma lutescens (16) 34.19 – 

180.94 
CAS 20944, 215682; USNM 406996 

Thalassoma pavo (18) 44.89 – 

186.32 
USNM 406999, 40784 

Thalassoma quinquevittatum 

(16) 

38.45 – 

126.16 
LACM 6674-74, 6679-32; VB 

Thalassoma rueppellii (17) 45.58 – 

180.32 
USNM 410651, 410652 

Thalassoma trilobatum (19) 43.02 – 

114.31 
USNM 410643; VB 

 

Museum abbreviations: CAS – California Academy of Sciences (San Francisco, CA); 

LACM – Los Angeles County Museum of Natural History (Los Angeles, CA); USNM 

– Smithsonian National Museum of Natural History (Suitland, MD); MNHN – National 

Museum of Natural History (France). Other abbreviations: VB – personal collection of 

V.B. Baliga. Standard length ranges are reported in mm.   
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Table S3.2 Traits measured on specimens in the present study 

Trait Definition Specimen 

Condition 

Adductor 

Mandibulae Mass 

(AMCR) 

Total mass of the adductor mandibulae complex 

(excluding AѠ); muscle identification followed 

Winterbottom (1974) 

EtOH 

Head Length (HL) Distance between tip of closed mouth and 

posterior edge of operculum 

EtOH 

Head Depth (HD) Distance between ventral edge of interopercle 

and dorsal edge of head (Motta 1984) 

EtOH 

Maximum Body 

Width (MBW) 

Maximum distance between lateral edges of the 

body, measured perpendicular to the body axis 

EtOH 

Maximum Body 

Depth (MBD) 

Maximum distance between the ventral and 

dorsal edges of the body, measured 

perpendicular to the body axis 

EtOH 

Pectoral Fin 

Length (PFL) 

Length of the leading edge of the pectoral fin 

(Wainwright et al. 2002) 

EtOH 

Pectoral Fin Width 

(PFW) 

Maximum width of the pectoral fin, measured 

perpendicular to the leading edge of the fin 

EtOH 

Lower Jaw 

Outlever Length 

(LJOL) 

Distance between the quadrate-articular joint and 

the tip of the mandible (Westneat 1990) 

C&S 

Jaw-Closing In-

Lever Length 

(JCIL) 

Distance between the quadrate-articular joint and 

insertion point of adductor mandibulae onto the 

coronoid process (Westneat 1990) 

C&S 

Jaw-Opening In-

Lever Length 

(JOIL) 

Distance between the quadrate-articular joint and 

the insertion of the interoperculo-mandibular 

ligament (Westneat 1990) 

C&S 

Vertical Gape 

Distance (GAPE) 

Distance between the distal edges of 

anteriormost teeth on the upper and lower jaws, 

with the mouth open (Motta 1984) 

C&S 

Premaxillary 

Protrusion 

Distance (PMX) 

Excursion distance of the anteriormost tooth of 

the upper jaws as it travels rostrally when the 

jaws are protruded manually by depressing the 

lower jaw (Wainwright et al. 2004) 

C&S 

 

The Specimen Condition column indicates whether traits were measured on ethanol-

preserved specimens (EtOH) or after specimens were cleared & double-stained 

(C&S). All traits were measured to the nearest 0.01mm, except adductor mandibulae 

mass, which was measured to the nearest 0.0001g. Before all analyses, measurements 

of all linear traits were first natural log-transformed, and measurements of mass were 

both cube-rooted and natural log-transformed. 
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References for Trait Definitions: 

Winterbottom R. 1974 A descriptive synonymy of the striated muscles of the 

Teleostei. Proc. Natl. Acad. Sci. Phil. 125, 225–317. 

Motta PJ. 1984 Mechanics and Functions of Jaw Protrusion in Teleost Fishes: A 

Review. Copeia. 1984, 1. (doi:10.2307/1445030) 

Wainwright PC, Bellwood DR, Westneat MW. 2002 Ecomorphology of locomotion 

in labrid fishes. Env. Biol. Fish. 65, 47-62. (doi:10.1023/A:1019671131001). 

Westneat MW. 1990 Feeding mechanics of teleost fishes (Labridae; Perciformes) : A 

test of four-bar linkage models. J. Morphol. 205, 269-295. 

(doi:10.1002/jmor.1052050304) 

Wainwright PC, Bellwood DR, Westneat MW, Grubich JR, Hoey AS. 2004 A 

functional morphospace for the skull of labrid fishes: patterns of diversity in a 

complex biomechanical system. Biol. J. Linn. Soc. 82, 1-25. (doi:10.1111/j.1095-

8312.2004.00313.x) 
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Table S3.3 Loadings of traits in the adult morphospace 

 PC1 

(77.32%) 

PC2 

(5.75%) 

PC3  

(3.51%) 

PC4 

(3.39%) 

PC5 

(2.98%) 

Adductor Mandibulae Mass -0.854 0.290 -0.033 -0.335 0.088 

Head Length -0.902 0.204 0.160 0.140 0.006 

Head Depth -0.935 -0.188 0.081 -0.028 -0.051 

Maximum Body Width -0.933 -0.148 0.040 -0.126 -0.020 

Maximum Body Depth -0.821 -0.433 0.246 -0.180 -0.146 

Pectoral Fin Length -0.838 -0.236 -0.400 0.032 0.052 

Pectoral Fin Width -0.865 0.004 -0.351 0.014 0.190 

Jaw Outlever Length -0.782 0.417 -0.099 0.028 -0.321 

Jaw-Closing In-Lever Length -0.914 0.177 0.001 -0.094 -0.212 

Jaw-Opening In-Lever Length -0.836 -0.230 0.160 -0.073 0.306 

Vertical Gape Distance -0.788 0.404 0.179 0.260 0.286 

Premaxillary Protrusion 

Distance 
-0.818 -0.305 0.010 0.406 -0.170 

 

A phylogenetically-informed PCA was run using the correlation matrix of 12 traits. For 

each species, data were taken from 3-5 adult specimens. Loadings for the first 5 

principal components are shown. The percent of the variance for which each PC 

accounts is listed in parentheses in the column headings. Traits that load strongly on 

each PC (i.e. |loading| > 0.4) are bolded.  
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Table S3.4A. P-values from phylogenetically-informed ANOVA of Da 

 Non-

Cleaner 

Juvenile 

Cleaner 

Facultative 

Cleaner 

Obligate 

Cleaner 

 Non-

Cleaner 
-    

Juvenile 

Cleaner 
~1 -   

Facultative 

Cleaner 
~1 ~1 -  

Obligate 

Cleaner 
~1 ~1 ~1 - 

 

 

Table S3.4B. P-values from phylogenetically-informed ANOVA of Ds 

 Non-

Cleaner 

Juvenile 

Cleaner 

Facultative 

Cleaner 

Obligate 

Cleaner 

 Non-

Cleaner 
-    

Juvenile 

Cleaner 
0.776 -   

Facultative 

Cleaner 
0.989 0.176 -  

Obligate 

Cleaner 
0.776 0.176 0.697 - 

 

A phylogenetically-informed ANOVA was run on species’ a) absolute distances (Da) 

and b) standardized distances (Ds) from the phylo-allometric centroid. Dietary groups 

did not exhibit significant differences (Da: F-ratio: 0.74, p-value: 0.63; Ds: F-ratio: 3.04, 

p-value: 0.08). The above tables show p-values that have been adjusted for multiple 

hypothesis testing. Each table is symmetric across the diagonal; hence, only the 

elements below the diagonal are shown. In each of the metrics, each pair of groups do 

not show significant differences. 
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Table S3.5 Coefficients from pFDA performed on ontogenetic scaling vectors 

 DA1 

(86.87%) 

DA2 

(10.06%) 

DA3 

(3.07%) 

Intercept 389.75 -167.73 123.03 

Adductor Mandibulae Mass -197.81 184.54 -189.65 

Head Length 82.34 185.88 -11.15 

Head Depth -196.81 9.89 -0.69 

Maximum Body Width 62.62 327.48 -121.03 

Maximum Body Depth -239.25 -178.11 48.59 

Pectoral Fin Length -135.52 -146.70 -190.81 

Pectoral Fin Width -32.75 37.56 -172.46 

Jaw Outlever Length -188.09 96.78 193.81 

Jaw-Closing In-Lever Length -373.39 -251.21 311.01 

Jaw-Opening In-Lever Length -2.05 18.25 -54.78 

Vertical Gape Distance 65.16 231.00 -336.59 

Premaxillary Protrusion 

Distance 
-190.99 66.01 95.71 

 

A total of three discriminant axes captured all of the variance in the dataset. Traits with 

especially large model coefficients are bolded.  
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Table S3.6A. T-values from phylogenetically-informed MANOVA of pFDA 

scores 

 Non-

Cleaner 

Juvenile 

Cleaner 

Facultative 

Cleaner 

Obligate 

Cleaner 

 Non-

Cleaner 
-    

Juvenile 

Cleaner 
-6.522 -   

Facultative 

Cleaner 
-1.004 8.264 -  

Obligate 

Cleaner 
-1.413 3.328 -0.875 - 

 

Table S3.6B. P-values from post-hoc comparisons of pFDA scores 

 Non-

Cleaner 

Juvenile 

Cleaner 

Facultative 

Cleaner 

Obligate 

Cleaner 

 Non-

Cleaner 
~1    

Juvenile 

Cleaner 
0.003 ~1   

Facultative 

Cleaner 
0.402 0.003 ~1  

Obligate 

Cleaner 
0.402 0.024 0.535 ~1 

 

A phylogenetically-informed MANOVA was run on the scores from the pFDA to 

compare means among dietary groups. The MANOVA revealed significant differences 

between at least one set of groups (F = 40.356, p < 0.001). Listed above are A) t-values 

and B) p-values from post-hoc comparisons, with corrections for multiple hypothesis 

testing. Each table is symmetric across the diagonal; hence, only the elements below 

the diagonal are shown. Juvenile cleaners show significantly different mean scores 

from each of the other groups, while each of the other group comparisons does not 

show significant differences. 
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Table S7A. Slopes from Standardized Major Axis regressions of each trait vs. 
standard length (on following page) 

Within each species and for each of 12 traits, we performed a standardized major axis 
regression of the trait against standard length. All traits, including standard length, 
were natural log-transformed before performing regressions. The slope from each 
regression is recorded above. We then tested whether regression slopes differed 
significantly from 1.0, i.e. the hypothesized slope under isometric growth. Within each 
set of p-values for a species, we applied adjustments to account for multiple hypothesis 
testing. In the above table, all slopes that exhibited significant allometry are bolded. 
Additionally, a heatmap effect is superimposed; warmer colors indicate more extreme 
positive allometry, while cooler colors represent more extreme negative allometry. 
Trait abbreviations: AMCR – cube root of adductor mandibulae mass; HL – head 
length; HD – head length; MBW – maximum body width; MBD – maximum body 
depth; PFL – pectoral fin length; PFW – pectoral fin width; LJOL – lower jaw out-
lever length; JCIL – jaw closing in-lever length; JOIL – jaw opening in-lever length; 
GAPE – vertical gape distance; PMX – premaxillary protrusion distance. 
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Table S7B. P-Values from Standardized Major Axis regressions of each trait vs. 
standard length (on following page) 

Within each species and for each of 12 traits, we performed a standardized major axis 
regression of the trait against standard length. All traits, including standard length, 
were natural log-transformed before performing regressions. We then tested whether 
regression slopes differed significantly from 1.0, i.e. the hypothesized slope under 
isometric growth. Within each set of p-values for a species, we applied adjustments to 
account for multiple hypothesis testing. Adjusted p-values are recorded above, and 
those that are ≤ 0.05 are bolded. Trait abbreviations: AMCR – cube root of adductor 
mandibulae mass; HL – head length; HD – head length; MBW – maximum body 
width; MBD – maximum body depth; PFL – pectoral fin length; PFW – pectoral fin 
width; LJOL – lower jaw out-lever length; JCIL – jaw closing in-lever length; JOIL – 
jaw opening in-lever length; GAPE – vertical gape distance; PMX – premaxillary 
protrusion distance. 
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Conclusions 

The evolution of cleaning behavior in the Labridae presented a model system to 

investigate how microevolutionary processes affect broad scale patterns of diversity. 

Ectoparasitivory, “cleaning”, in labrid fishes is a feeding strategy that involves 

varying degrees of morphological specialization. The overall goal of this dissertation 

was to understand how incorporating ontogenetic scaling patterns can contribute to 

understanding macroevolutionary patterns of morphological and ecological diversity, 

as the majority of labrid cleaners show ontogenetic transitions away from this feeding 

strategy.  

While Côté (2010) summarized the ontogenetic patterns of cleaner fish ecology, 

the functional morphology of cleaning, as well as the morphological correlates of this 

trophic strategy, was little understood. Thus, I first sought to determine what 

morphological and kinematic characteristics may be used to discern cleaners from 

non-cleaners. Through my research in Chapter 1, I discovered that feeding in cleaners 

is associated with low-displacement, fast jaw movements that allow for rapid gape 

cycles on individually-targeted items (Baliga and Mehta 2015). These findings are 

further corroborated by additional kinematic data I have acquired for several other 

cleaner (8 sp.) and non-cleaner (9 sp.) labrids (Baliga, unpublished; Baliga and Mehta 

2015). In a related study, I discovered that juvenile labrid cleaners of the genus 

Thalassoma, as juveniles, possess jaws with low mobility and exhibit low bite forces 

compared to non-cleaner congeners (Baliga and Mehta 2014). Upon reaching 
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adulthood, however, morphological and functional differences between cleaner 

species and non-cleaners begin to overlap in their growth trajectories for jaw traits.  

While individual case studies of kinematic or morphological patterns provide 

valuable insights into the functional morphology of animal behavior, it can be 

challenging to make generalizations from these trends to comment on broader 

macroevolutionary patterns. My Chapter 2 complements these kinematic studies by 

examining macroevolutionary patterns of size and shape in relation to cleaning in 

both the Labridae and Gobiidae, two marine clades in which obligate cleaning has 

evolved. Therefore, Chapter 2 further advances our understanding of cleaning by first 

providing inference of phylogenetic relationships within each of the two families and 

then using stochastic character mapping to infer the evolution of cleaning in both the 

Gobiidae and the Labridae. These analyses then enabled me to observe that the 

evolution of obligate cleaning is associated with not just a small body size but also a 

reduction in body depth, elongation of the head, and a more terminal orientation of 

the mouth. While facultative and juvenile cleaner taxa showed more varying patterns 

of convergence, I found that the evolution of cleaning is generally associated with 

similar characteristics in both of these groups. 

Completing Chapters 1 and 2 thus enabled me to identify general head and body 

characteristics that were associated with the evolution of cleaning: an elongate body 

paired with an elongate head, and a terminal mouth that allows jaws with low 

mobility to bite rapidly on individually-targeted prey items. These findings guided me 

to select an informative suite of traits in which to explore evolutionary patterns of 
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ontogenetic change. Although previous studies have examined ontogenetic allometry 

across closely-related species (e.g. Wilson and Sánchez-Villagra 2010), the confound 

of phylogenetic influence had been untreated. In Chapter 3, I developed an approach 

in which the ontogenetic trajectories of multiple taxa can be analyzed through a 

phylogenetic-comparative framework.  

These “phylo-allometric” analyses enabled me to show evidence that the repeated 

evolution of facultative and obligate cleaning (in which taxa continue to clean as 

adults) is associated with the maintenance of characters over ontogeny that are 

conducive to cleaning in the juvenile phase. On the other hand, taxa that transition 

away from cleaning during ontogeny do not maintain such characters, and exhibit 

phenotypic trajectories that are distinct from those of other wrasses. This indicates 

that the recurring evolution of juvenile cleaning behavior in the Labridae has involved 

similar effects on developmental scaling patterns. The repeated evolution of each of 

these patterns shows that labrid scaling trajectories are fundamentally labile and 

appear to evolve adaptively to changing ecological pressures over ontogeny. Further 

studying the lability in the developmental patterns of the Labridae in a phylo-

allometric framework may help us better understand how and why this group exhibits 

broad morphological and functional diversity. 

Through my studies, I have found the evolution of cleaning behavior in marine 

fishes to present an ideal system in which to test hypotheses regarding the interplay 

between selection and the developmental processes that produce selectable variation. 

I have also contributed to our understanding of the diversity of feeding behavior in 
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bony fishes by describing the functional morphology of cleaning in a variety of taxa. 

One striking finding from some of my kinematics work is that cleaner fishes appear to 

show a markedly higher degree of integration (defined as the strength of the 

relationship between kinematic variables in Wainwright et al., 2008) in jaw 

movements during feeding than do closely-related, non-cleaner taxa. Thus the 

evolution of cleaning behavior also presents a model system in which we can 

examine the extent to which patterns of integration in feeding kinematics may 

correspond to patterns of integration in cranial morphology.  

Analyses of morphological integration provide a framework for exploring general 

patterns of trait interactions, which are often shown to be a major influence on 

morphological diversity (Marroig et al. 2009; Drake and Klingenberg 2010). But, few 

broad-scale comparative studies on morphological integration exist; consequently, 

hypotheses on the role of integration in shaping morphological and functional 

diversity are relatively unexplored (but see Goswami et al. 2014; Collar et al. 2014).  

Assessing phenotypic integration affords promising avenues of understanding 

morphological evolution and kinematic diversity. For example, evolutionary increases 

in phenotypic integration could constrain diversity in the skull. With strong 

phenotypic integration (exhibited throughout ontogeny), lineages could become 

“stuck” at phenotypic optima. Given that cleaning has evolved multiple times in the 

Labridae, this study system affords the ability to test the hypothesis that the evolution 

of cleaning is associated with diminished levels of integration in ancestral conditions, 

allowing lineages to occupy new optima. 
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