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Synopsis Organisms are comprised of many interacting parts, and an increased number or specialization of those parts

leads to greater complexity and the necessity for increased integration (the ability of those parts to perform together and

maintain a functioning organism). Although this idea is widely recognized among biologists, organisms are more tangibly

studied when those parts are considered independently. This reductionist approach has successfully advanced our un-

derstanding of organisms’ performance. However, performance of one system might (or might not) be dependent on

performance of another system to achieve a relevant outcome, and the mechanism of this dependence is poorly under-

stood. We synthesize the concepts of complexity and integration and discuss their application in a biomechanical context.

Capture of prey by predatory fishes is used as an example to highlight the application of these ideas. We provide a

theoretical framework for future hypotheses of integration and predict an ‘‘integration space’’ for fishes that is then

populated with data extracted from the literature. Additionally, using the kinematics of prey-capture in two species of

sculpin (Scorpaeniformes: Cottidae), we show that species exhibit multivariate integration in distinct ways, and that these

differences add additional insight into ecological divergence that would not be apparent by considering systems inde-

pendently. Finally, we discuss new insights into organismal performance gained through the study of integration as an

emergent property of kinematic systems working together during a common task. Integration is rarely the trait of interest,

but we show that future work should adopt a more holistic approach to understand why and how animals perform

complex behaviors.

Introduction

Organisms are biologically complex, being comprised

of many interacting parts, including molecules, cells,

tissues, organs, and organ systems. The tighter those

parts depend on each other, the more integrated those

parts are thought to be. In this way, integration is an

emergent property of complexity (de Haan 2006), just

as emotions are an emergent property of chemical

interactions in the nervous system (Porges 1998;

Sterck and Begeer 2010), or how flocking and school-

ing are emergent properties of behavioral interactions

among individuals (Reynolds 1987; Viscido et al.

2004). However, many approaches to understanding

organismal complexity and its importance for driving

patterns of diversity are reductionist, in which phe-

nomena are explained as the sum of their parts,

representing a ‘‘bottom-up’’ approach to complexity.

For example, motion can be explained by understand-

ing the activation patterns of muscles, interactions

between actin and myosin, material properties of

muscle and bone, and the mechanics of levers

(Alexander 2003; Biewener 2003). In this way, under-

standing the function of each part adds insight into

the integrated task of motion, although it does not

provide the complete picture since one must under-

stand how the different muscles work together.

Despite the utility of this reductionist approach

for understanding how organisms function, it is
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difficult to understand emergent properties that

could potentially expose the system to unforeseen

constraints (Korn 2005). In this way, a reductionist

approach only utilizes a fraction of the available

information describing complexity and inaccurate

interpretations could result. For example, modifica-

tions to locomotor performance may be constrained

by the ability to modify the structures and mecha-

nisms underlying motion while maintaining an

appropriate level of integration, and changes in me-

chanical performance may be interpreted as entirely

adaptationist. However, in addition to more typical

mechanical constraints that are considered, the need

for integration may also provide a constraint, regulat-

ing the trajectory of diversification in mechanics

(Merilä and Björklund 2004). Alternatively, more ho-

listic approaches attempt to explain complexity using

a ‘‘top-down’’ approach, by attempting to understand

the organism and its interactions more directly. For

example, performance of the locomotor system can be

a factor of complex interactions between morphology,

kinematics, and mechanics (McElroy and Reilly 2009)

or may be constrained by other physiological systems

such as reproduction (Seigel et al. 1987; Miles et al.

2000; Ghalambor et al. 2004) or feeding (Webb

1984b; Higham 2007a; McElroy et al. 2008). Despite

the differences in approaches, both reductionist and

holistic studies are complimentary and can be used in

combination to inform each other (Nathan 2008).

One area in which reductionist approaches have

been particularly prominent is in understanding the

performance of organisms. Performance is the ability

to execute an ecologically relevant task (Irschick et al.

2008), typically either the capture of prey or the avoid-

ance of predators, and has been measured with a

variety of techniques, including hydrodynamics, kine-

matics, and mechanics (Losos and Sinervo 1989;

Harper and Blake 1991; Domenici and Blake 1997;

Drucker and Lauder 1999; Fulton et al. 2001; Herrel

et al. 2002; Walker 2004; Van Wassenbergh et al.

2007b; Wainwright et al. 2007; Holzman et al. 2008a;

Tytell and Lauder 2008; Combes et al. 2010; Oufiero

et al. 2011; Bates and Falkingham 2012; Marshall et al.

2012; Skorczewski et al. 2012; Rupp and Hulsey 2014).

Performance-traits have been central in understanding

how organisms interact with their environment due to

the role of performance in explaining morphology and

its relationship with fitness and survival (Arnold

1983). However, most studies have been solely inter-

ested in one system at a time (feeding or locomotion),

and have taken a reductionist approach to understand

how organisms carry out feeding or locomotor tasks.

However, we advocate that given this extensive body

of knowledge, it is now time to also consider more

holistic approaches to performance, in which feeding

and locomotion might interact during a common task,

adding insight into emergent constraints on these sys-

tems that would not be apparent by examining each

system in isolation. In this way, whole-organism

performance (e.g., success in capturing prey) might

actually be defined by the ability to integrate across

individual tasks (e.g., approaching preyþ capturing

prey), when describing each system independently

might not add the level of insight gained by consider-

ing the interactions between systems.

In this article we address complexity and integra-

tion as it relates to biomechanics and performance,

and use these ideas as a new way to think about how

organisms function in their environment. This more

holistic approach (although admittedly still reduction-

ist to a degree) allows for novel and forward-thinking

hypotheses of diversity and evolution by considering

the interactions between multiple parts, and challenges

the traditional boundaries of empirical research on

performance. The goal of this article is to increase

awareness of the importance of emergent properties,

such as integration across systems at the whole-

organism level, on organismal diversity and evolution,

particularly for fields that are traditionally reduction-

ist, such as comparative biomechanics. To do this, we

divide the article into four aims:

(1) To define complexity and integration and dis-

cuss these ideas from the perspective of biome-

chanics and performance.

(2) To discuss the importance of integrating sub-

organismal kinematic behaviors for understand-

ing organismal diversity, using prey-capture in

fishes as a model system, and provide a theoret-

ical context for the application of these ideas.

(3) To provide two empirical demonstrations of

the integration of performance in fishes: a lit-

erature review and meta-analysis of two classi-

cal performance-traits across a diversity of

fishes, and a re-analysis of previously published

data using a multivariate approach.

(4) To discuss novel insight into organismal func-

tion and performance gained by a more holistic

approach, and to propose new questions to

drive future research.

Complexity and integration in
biomechanics

What are complexity and integration?

Complexity refers to the number of parts or layers of

a system, and the greater the number of parts, the
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greater the need for those parts to coordinate func-

tion (Dullemeijer 1974; Frazetta 1975; Wake and

Roth 1989). In this way, interactions between the

parts govern how they can be used together and

therefore affect the emergent traits. However, because

of variation within and between parts, emergent

traits often are unpredictable (discussed in Solé and

Goodwin 2000). Great effort in the physical sciences

has been devoted to understanding and explaining

the unpredictability that results from complexity so

as to better understand emergent traits. For example,

the idea that complexity in natural systems is often

self-organizing until it reaches a critical point where

organization fails (Bak et al. 1988; Camazine 2003)

has been used to explain unpredictable phenomena

such as earthquakes, extinction of species, and eco-

nomic crashes (Bak 1996; Solé and Goodwin 2000;

Camazine 2003), and has even been implicated to

operate in conjunction with natural selection in the

evolution of organisms (Solé et al. 1999; Camazine

2003). These examples highlight how complexity and

the interactions among parts of a system may be an

important, and overlooked, process driving biological

function.

Integration is likely necessitated by complexity,

and refers to the ability of parts to work together

in a coordinated way (Bayliss 1921; Olson and

Miller 1958; Gould and Lewontin 1979; Zweers

1979; Seaborg 1999; Pigliucci 2003). These ideas are

so tightly linked that complexity and integration

often are equated with each other in organismal bi-

ology (Olson and Miller 1958; Wake and Roth 1989).

However, it should also be noted that the term

‘‘integration’’ has recently also been simplified to

mean ‘‘to combine’’ and refers to the experimental

approach of combining research methods from dis-

parate fields to gain insight into multiple aspects of

an organism simultaneously (i.e., integrative biology)

(e.g., Vitousek 1990; Liem and Summers 2000; Levit

et al. 2004; Holzman et al. 2008b). The interest in the

current work is to address the prior meaning, in

which integration describes emergent properties of

biological systems.

The interest in how parts of an organism are

coordinated has been prominent in biology for

over 150 years, since Darwin (1859) emphasized

the significance of ‘‘correlated growth’’. Darwin saw

integration as the correlation between two pheno-

typic characters, such as deafness and blue eyes in

cats, and suggested that this interdependence can

function independent from, but subordinate to, nat-

ural selection as a source of evolutionary change

(Darwin 1859, 143, 1868; Gould 2002, 332–41).

More recently, a series of univariate correlations

were interpreted as defining integrated ‘‘sets’’ of

traits or ‘‘correlation pleiades’’ (Olson and Miller

1951, 1958; Berg 1960). This work established inte-

gration quantitatively as the statistical association be-

tween parts (Olson and Miller 1951, 1958; Gould

and Lewontin 1979; Cheverud 1982; Wainwright

et al. 2008). This idea is still in use today, with the

‘‘parts’’ often being functional modules (Cheverud

1982; Zelditch et al. 2004; Klingenberg 2008) such

as shape of the skull (Roseman et al. 2011; Cáceres

et al. 2014) or other morphological features

(Klingenberg 2008). Some have even pushed this

approach beyond morphological traits that are rela-

tively fixed within an organism at small time-scales,

to dynamic performance-traits (Ghalambor et al.

2003; Higham 2007b), whose integration can

change given the circumstances under which the be-

havior is performed. This dynamic aspect of organ-

ismal integration represents a significant frontier of

progress since the foundation work of Olson, Miller,

and Berg 60 years ago (Olson and Miller 1951, 1958;

Berg 1960).

Integration can be either passive or active

(Wainwright et al. 2008) and can occur in time,

space, or the interaction of time and space. Active

integration results from the presence of neural pro-

cessing or regulation by the organism and can be

altered in response to sensory feedback, whereas pas-

sive integration lacks this component. For example,

mechanical linkages and other physical properties

lead to coordinated movement among parts pas-

sively, but coordinating patterns of movement

across multiple joints reflects behavioral control

and is therefore actively integrated (Wainwright

et al. 2008). Examples of integration across time in-

clude gene regulation, in which genetic structure

remains static while individual genes are sequentially

expressed (Karim and Thummel 1992; Holter et al.

2000), and patterns of the activation of muscles, in

which the muscle’s position is static relative to other

muscles and bones but are activated in sequence to

accomplish a given movement (Alexander 1991). In

contrast, integration in space occurs when parts are

coordinated spatially, in magnitude, or in shape. This

type of integration is exemplified by morphology,

when shape of the skull or body (of adults) is

fixed in time but exhibits coordinated changes in

shape at the population level (Klingenberg and

Zaklan 2000; Peres-Neto and Magnan 2004; Bastir

and Rosas 2005; Collar et al. 2014), and in the for-

mation of proteins, when molecules are assembled

and folded in a coordinated way that permits func-

tion and maintenance of shape through time

(Gething and Sambrook 1992; Onuchic and
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Wolynes 2004). More complex types of integration

emerge with the interaction of time and space when

integration is more dynamic and can change over

time or with context. For example, during develop-

ment and growth an organism’s shape can change

through ontogeny (Zelditch et al. 1992, 2006;

Bookstein et al. 2003). Additionally, motion repre-

sents a form of dynamic integration, in which pro-

pulsive structures are coordinated temporally and

spatially and this coordination is modulated by con-

text (Long et al. 1994; Gardiner and Motta 2012;

Falk et al. 2014; Foster and Higham 2014). It is

also important to note that dynamic forms of inte-

gration may also involve learning, in which the level

of integration can change with experience, such as

with predatory fishes learning to coordinate attack-

and-strike behaviors to capture prey (Coughlin 1991;

Wintzer and Motta 2005; Reid et al. 2010; Lönnstedt

et al. 2012). Distinguishing the dimension on which

integration occurs allows for a better understanding

of the phenomena and a more informed empirical

application of the concept.

The role of integration in organismal performance

Studies of organismal diversity are common in com-

parative biomechanics, where questions often are

centered on the morphology–performance–fitness

paradigm popularized by Arnold (1983).

Performance refers to the ability to perform an eco-

logically relevant task (Irschick et al. 2008), and has

been quantified using kinematics such as acceleration

during escape from predators (Law and Blake 1996;

Walker et al. 2005; Herrel and Bonneaud 2012) or

mechanics such as bite-force during the capture of

prey (McBrayer 2004; Herrel et al. 2005; Huber et al.

2005; Marshall et al. 2012). Although some re-

searchers have examined direct links between perfor-

mance and fitness (e.g., Jayne and Bennett 1990;

Walker et al. 2005; Husak 2006; Langerhans 2009),

measuring fitness associated with biomechanical

traits in the field is difficult, and other researchers

have focused on the relationship between morphol-

ogy and performance instead (Webb 1978; Walker

and Westneat 2002b; Blake 2004; Carroll et al.

2004b; Wainwright et al. 2007; Domenici et al.

2008). Because of its central role in explaining or-

ganismal form and the expectation of evolutionary

consequences, performance has played a central role

in comparative biomechanics, in which differences at

this level are used to characterize differences in both

morphology and fitness.

Although performance has been useful for adding

insight into differences between and among species,

studies tend to reduce organismal complexity to in-

dividual functional systems, such as locomotion or

feeding and performance refers to a relevant out-

come of either system. However, a more holistic

idea is that organisms result from integrated levels

of complexity (Bayliss 1921; Olson and Miller 1958;

Gould and Lewontin 1979; Zweers 1979; Seaborg

1999; Pigliucci 2003), and systems can work together

to perform a common ecologically relevant task.

Because parts do not often function independently,

significant aspects of evolutionary change can be

overlooked when these systems are considered sepa-

rately (Olson and Miller 1958; Zweers 1979). In fact,

the correlated function of parts may be more bene-

ficial for understanding organismal evolution than is

understanding the function of the individual parts

because it provides insight into mechanisms of con-

straint (Bayliss 1921; Gould and Lewontin 1979).

In a recent review of selection on performance-

traits, Irschick et al. (2008) highlight that future

work should assess selection on multiple traits,

given that performance does not evolve indepen-

dently from other features of the organism.

However, little research has been devoted to address-

ing multiple interacting traits and many studies still

use ‘‘performance’’ to refer to system-level traits.

However, the relevant outcomes of each system are

not likely additive when implemented in combina-

tion, but rather comprise a tradeoff that must be

mitigated during integrated behaviors (Ghalambor

et al. 2003, 2004; Irschick et al. 2008; Walker 2007,

2010). In this case, neither measure of system-level

performance adequately describes the emergent level

of organismal performance achieved when both

systems act together.

Therefore, we argue that examining integration of

system-level traits during a common, ecologically

relevant behavior not only addresses concerns of

multiple interacting systems, but also quantifies an

emergent level of performance that is only apparent

when systems work together. For example, knowing

how much suction an animal can generate (tradi-

tionally, a measure of feeding performance) does

not necessarily inform whether that animal will ac-

tually capture the prey. Instead, the successful cap-

ture of prey likely reflects multiple factors, including

both the ability to position the mouth relative to the

prey as well as the ability to generate the appropriate

suction forces (Wainwright et al. 2001; Higham et al.

2006a; Kane and Higham 2014). Not only can the

appropriate force vary with the type of prey

(Holzman et al. 2008b, 2012), but accuracy and suc-

tion may not be synergistic (Kane and Higham

2014). Therefore, we instead use the term
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‘‘performance’’ to refer to ecologically relevant tasks

at the organismal level, such as the capture of prey,

which often rely on more than one system. In this

way, integration is itself an emergent measure of per-

formance that describes the kinematic behavior of

each system as systems work together. Thus, kine-

matic integration is similar to behavioral integration

(i.e., behavioral syndromes) (Sih et al. 2004) in that

kinematic integration occurs at the organismal level,

and can likely change each time the behaviors are

executed. However, kinematic integration involves

motion of structures and therefore represents inte-

gration across the dimensions of time and space,

whereas behavioral integration doesn’t necessarily

involve spatial changes. Kinematic integration is

also similar to types of functional integration, i.e.,

sensory-motor (Johansson and Cole 1992; Vicario

2004) in that both reflect a cooperative function of

systems. However, functional integration is typically

sub-organismal and less subject to voluntary control

compared with kinematic integration. Therefore, for

the remainder of this manuscript, we use the term

‘‘integration of kinematics’’ to refer to dynamic ki-

nematic behaviors that are voluntarily coordinated

during a common task, and can be used as a more

holistic and ecologically or evolutionarily relevant

measure of organismal performance.

Although integration of kinematics as an

organism-level metric is a relatively new approach

(Higham et al. 2005, 2006a; Higham 2007a, 2007b),

a large body of work has centered on integration of

morphological traits. The interest has been in the

mechanism and variability of morphological integra-

tion, as well as in the evolutionary implications

(Peres-Neto and Magnan 2004; Badyaev et al. 2005;

Marugán-Lobón and Buscalioni 2006; Collar et al.

2008; Mitteroecker and Bookstein 2008; Porto et al.

2009; Klingenberg et al. 2011). This extensive effort

has led to methodological advances in quantifying

integration as multivariate phenomena within and

across taxa (Rohlf and Corti 2000; Adams and

Felice 2014), and has demonstrated that integration

among morphological traits is readily apparent (re-

viewed in Klingenberg 2008). This work has been

important for establishing the role of morphological

integration in describing differences among organ-

isms and their evolutionary trajectories. However,

if selection acts on behavior and morphological

changes are indirect (Garland 1994; Garland and

Losos 1994), then the ability for organisms to inte-

grate behaviors in a meaningful way during ecolog-

ically relevant tasks may be more important for

understanding the factors governing survival and

evolution of organisms (Irschick et al. 2008).

Additionally, significant advancements in the under-

standing of functional mechanisms within systems

make it possible to begin examining interactions

between systems. For this reason, questions of corre-

lated interactions among functional traits at the sub-

organismal level have recently become of interest

(Rice and Westneat 2005; Higham 2007a; McElroy

et al. 2008; Rice 2008; Montuelle et al. 2009,

2012b; Oufiero et al. 2012; Bimbard et al. 2013).

Therefore, the success of morphological integration

and the growing interest in interactions among func-

tional systems suggest that it is a perfect time for

challenging researchers to think about organismal

performance in a new and integrated way.

Quantifying integration

Integration represents the pattern of biological co-

variation (Pigliucci 2003), and can be quantified

statistically by the correlation coefficient between

functional units (Olson and Miller 1951, 1958;

Gould and Lewontin 1979; Cheverud 1982; Zelditch

et al. 2004; Klingenberg 2008; Wainwright et al.

2008). Some investigations of integration have used

alternative metrics, such as coefficient of variation

(Rice and Westneat 2005; Rice et al. 2008), but this

addresses repeatability of functional units rather than

coordinated changes between functional units.

Additionally, functional units themselves have been

described in varying ways, from using univariate

comparisons of individual kinematic or morpholog-

ical variables (Higham 2007a, 2007b; Higham et al.

2007; Kane and Higham 2011; Oufiero et al. 2012)

to multivariate comparisons of suites of variables

(Lauder 2000a; Collar et al. 2008; Rice 2008;

McElroy and Reilly 2009; Montuelle et al. 2009,

2012a). However, univariate analyses may not cap-

ture complex relationships among traits, and to date,

multivariate analyses have only been able to indi-

rectly assess the covariation between datasets

(Mevik and Wehrens 2007).

A promising statistical technique for assessing

multivariate covariance that is widely used in studies

of morphological integration (Klingenberg and

Zaklan 2000; Rohlf and Corti 2000; Zelditch et al.

2004) and other diverse research areas (Wold

et al. 2001; Boulesteix and Strimmer 2007;

Carrascal et al. 2009; Qureshi and Compeau 2009;

Krishnan et al. 2011) is partial least squares (PLS).

This ordination technique is similar to others such as

principal components analysis (PCA) in that it is a

method of data reduction. The exception is that PCA

describes the variance present in only one dataset

whereas PLS describes the covariance between two
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datasets. It does this by extracting singular axes (SA;

analogous to principal component axes) that describe

the latent patterns underlying the covariation be-

tween datasets (Wold 1975; de Jong 1993;

Garthwaite 1994; Wold et al. 2001; Haenlein and

Kaplan 2004; Zelditch et al. 2004; Mevik and

Wehrens 2007; Abdi 2010). These axes are related

back to the original samples using scores on each

SA (analogous to principal component scores) and

like PCA, the subsequent latent variables describe the

remaining portion of the variance that was not cap-

tured by the prior axes, and all axes are orthogonal.

A difference, however, is that each SA is composed of

pairs of scores that relate to one or the other of the

original data matrices (Fig. 1). In this way, scores for

SA1 for example would describe an axis of predictors

that maximally explains the variation in responses,

and vice versa. Following ordination, axes can then

be correlated or regressed to determine the statistical

association between datasets (Zelditch et al. 2004;

Abdi 2010; McGuire 2010). In this way, PLS coupled

with correlation or regression represents a similar

analytical approach as that of traditional univariate

analyses (e.g., Higham 2007a, 2007b; Higham et al.

2007; Wainwright et al. 2008; Kane and Higham

2011) but the axes are multivariate and the approach

to summarizing the covariation is more direct. For

this reason, PLS correlations provide a useful statis-

tical test for assessing integration between multiple

variables simultaneously, and we advocate its adop-

tion into studies of interactions among multiple

traits.

Understanding integration using the
capture of prey by fishes

Fishes as a study system

Fishes are an exceptional system for examining inte-

gration of kinematic traits given that locomotion and

feeding have been studied extensively in independent

contexts (Harris 1936; Liem 1978; Lauder 1982,

2000b; Webb 1982b; Motta 1984; Wainwright 1996;

Domenici and Blake 1997; Wainwright and Shaw

1999; Westneat et al. 1999; Walker and Westneat

2002a; Wainwright et al. 2002, 2007; Blake 2004;

Dean et al. 2007), thereby providing a broad body

of knowledge to begin forming working hypotheses

of integration. Integration between locomotion and

feeding is expected because fishes have a greater

degree of movement in both systems due to a greater

number of control surfaces (fins) for locomotion and

highly kinetic skulls (related to feeding) compared

with other vertebrates, necessitating integration to

a greater degree due to the greater number of

interacting parts (Dullemeijer 1974; Wake and Roth

1989). Also, the mouth is only useful for capturing

prey at close distances, often necessitating a reliance

on locomotion to approach prey prior to capture

(Webb 1984b; Wainwright et al. 2001; Higham

2007b). However, locomotor and feeding systems

are relatively modular in fishes (although there is

evidence for some overlap) (e.g., Camp and

Brainerd 2014) and can be used separately with suc-

cess (e.g., a fish can swim without opening its

mouth), indicating that integration likely results

Fig. 1 An illustration of the work flow of PLS correlation anal-

yses. The covariance between two multivariate dataset matrices

is summarized using PLS, yielding potentially multiple SA vectors

that describe this covariance. Each SA has two components that

correspond to each original multivariate dataset. The scores on

these components can then be related using a correlation be-

tween them (shown using a 95% confidence ellipse), where the

statistic (r) represents the association between the datasets, or

integration.
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entirely from functional co-dependence (Wainwright

et al. 2008). This is in contrast to integration being

the direct result of shared developmental or neural

pathways (e.g., in taxa that use the same structure for

both behaviors) (Altenbach 1989; Nekaris and

Rasmussen 2003), cause–effect relationships, or me-

chanical linkages (Wainwright et al. 2008), where the

integration may or may not have the ability to

change across contexts.

Not only is integration expected in recent studies

and supported by them (Higham 2007a, 2007b; Kane

and Higham 2011; Oufiero et al. 2012), modulating

the kinematics both of attack and feeding (Nemeth

1997; Ferry-Graham et al. 2001; Van Wassenbergh

and De Rechter 2011; Gardiner and Motta 2012;

Kane and Higham 2014) suggests that integration

may also vary depending on context. Aquatic pred-

ators can modulate the patterns of activation of feed-

ing muscles (Wainwright and Lauder 1986) and

kinematics (Anderson 1993; Lemell and Weisgram

1996; Matott et al. 2005; Van Wassenbergh et al.

2006; Van Wassenbergh and De Rechter 2011) in

response to type of prey. Some fishes swim faster

when their prey are more evasive (Nemeth 1997;

Ferry-Graham et al. 2001) so that prey have less

time to escape (Higham 2007b). Modulation of in-

tegration may be apparent either by a change in the

magnitude (high versus low) or pattern (compo-

nents, which parts are coordinated) of integration.

However, traits are likely modulated along a contin-

uum related to trade-offs. For example, during the

capture of prey, strong suction often is observed

during slow swimming and vice versa (Nyberg

1971; Higham et al. 2006a; Oufiero et al. 2012),

and integration likely represents an emergent level

of performance that is not apparent by studying

each system in isolation (Kane and Higham 2011).

In this way, a balance must be achieved between

these complex systems in order to maximize the

overall success of the event. Because differences in

performance can occur from trial to trial, integration

between locomotion and feeding in fishes represents

not only dynamic integration of parts across time

and space, but changes in integration can occur at

very rapid time-scales, and fishes are a practical

system for addressing responses to changing environ-

mental conditions.

Diversity in locomotion and feeding

Given the diversity of almost 33,000 described fishes

(Fishbase: Froese and Pauly 2014), it is reasonable to

expect large variation both in locomotion and feed-

ing across fishes. However, these behaviors can be

distilled into common performance modes according

to the contribution of functional components (i.e.,

moving parts) to each behavior (Fig. 2). These

performance modes then allow for more tangible

comparisons between modes and across perfor-

mance-systems. Here, modes of locomotion and

feeding are used to hypothesize potential links or

constraints across modes, allowing for large-scale

predictions of the effect of integrated traits on pat-

terns of diversity in fishes to be generated.

Locomotor modes during capture of prey can be

defined according to whether or not a translation of

the body’s position is observed, and if so, which

parts of the body generate this movement (Webb

1982b, 1984b). Some fish use alternative means to

encourage prey to approach on their own, negating

the use of locomotion to approach the prey (e.g.,

anglerfish of the Order Lophiiformes that use a mod-

ification of the first dorsal fin ray as a lure, or stone-

fish of the Order Scorpaeniformes that rely on

camouflage to hide from prey). However, this is a

specialized strategy, and it is more likely that a ma-

jority of fishes approach their prey prior to capture.

Predators that pursue prey rely primarily on median

and paired fins for maneuvering around objects

(Higham 2007a, 2007b) or body and caudal fins

to pursue prey at a sustained velocity (Nyberg

1971; Webb 1982a, 1984a) or with a high-

acceleration lunge (Webb and Skadsen 1980; Webb

1982a, 1984a). However, these locomotor modes may

not be mutually exclusive, as fish can modulate the

number and type of fins used with changes in speed

(Drucker and Jensen 1996; Korsmeyer et al. 2002;

Jagnandan and Sanford 2013) or context to employ

a generalist strategy.

Modes of feeding similarly can be described by the

contribution of functional components leading to

expansion of the mouth (Fig. 2). Ram feeders rely

primarily on expansion of the gape and on forward

velocity to overtake planktonic prey (Rosen and

Hales 1981; Tomita et al. 2011), small prey (Muller

and Osse 1984; Van Leeuwen 1984) such as aquatic

insects, or large prey such as other vertebrates

(Lauder and Liem 1981; Frazzetta and Prange

1987). However, note that some ram predators may

also use expansion in other dimensions (Lauder and

Liem 1981). Predators that use biting to capture prey

rely primarily on gape and on protrusion of the jaw

to scrape and remove sessile prey (Rice 2008; Rupp

and Hulsey 2014), to pick small individual prey from

the water column (Gibb et al. 2008; Copus and Gibb

2013), or to remove pieces from large prey (Tricas

and McCosker 1984). Finally, suction-feeders rely on

rapid expansion in all three dimensions to generate
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hydrodynamic forces that draw prey toward the

predator (Muller et al. 1982; Muller and Osse 1984;

Day et al. 2005, 2007; Holzman et al. 2008b). Within

suction, fish can generate rapid flow of water and

strong forces by coordinating the timing of the feed-

ing movements (Holzman et al. 2007; Bishop et al.

2008), they can generate large ingested volumes by

modulating the magnitude of the mouth’s expansion

(Higham et al. 2006a), or they can use a combina-

tion of these techniques to employ a generalist strat-

egy (Nyberg 1971; Muller and Osse 1984). Suction

often is considered to be the most common method

of capturing prey in aquatic vertebrates (Lauder

1985), and the prevalence of this method may be

due to the ability to combine other feeding modes

with suction (Norton and Brainerd 1993; Ferry-

Graham et al. 2002) so that these modes are not

mutually exclusive. Additionally, as with locomotion,

many fishes may be capable of multiple modes of

feeding and can modulate depending on the context

(Nyberg 1971; Anderson 1993; Lemell and Weisgram

1996; Nemeth 1997; Ferry-Graham et al. 2001;

Matott et al. 2005; Van Wassenbergh et al. 2006;

Van Wassenbergh and De Rechter 2011; Kane and

Higham 2014). By defining potential modes of loco-

motion and feeding in fishes, combinations of modes

that may be more or less common become more

apparent and hypotheses of constraint can be

formed.

Integration as an axis of diversity

Although studies have considered the role of loco-

motion in the capture of prey (Webb and Skadsen

1980; Rand and Lauder 1981; Van Leeuwen 1984;

Webb 1984a, 1984b), direct studies of integration

between these two systems are few. For this reason

it is helpful to generate a paradigm under which

predictions can be made and hypotheses can be

tested so that future research can be guided by a

unifying theory. The work discussed above provides

a foundation that allows us to begin to formulate

such a theory to describe one potential axis of diver-

sity in fishes that accounts for traits of locomotion

and feeding simultaneously. To do this, we hypoth-

esize an ‘‘integration space’’ using two traditionally

important variables to predict the influence of inte-

gration on fish diversity (Fig. 3). This integration

space predicts the relationships between locomotor

and feeding modes, the strength of integration be-

tween modes, and the composition of variables con-

tributing to integration between modes (as a result

of the functional components driving each mode)

Fig. 2 Modes of locomotion and feeding during the capture of prey by fishes. Representative taxa exemplify each mode. Modes vary in

the contribution of functional components (i.e., moving parts) within each system. Locomotor components are shaded in gray; feeding

components are shown with arrows.
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(Fig. 2) that can be used to validate the role of in-

tegration in patterns of diversity and evolution. If

understanding how parts work together is important

for understanding evolutionary change, as suggested

(Bayliss 1921; Olson and Miller 1958; Gould and

Lewontin 1979; Zweers 1979), then analyses of pat-

terns of integration among functional kinematic-

traits represent a novel and important area of

progress.

To construct the integration space, variables

thought to be primary drivers of the relevant out-

come of each system were used. Peak gape and ram

at peak gape (Higham 2007a; Higham et al. 2007;

Oufiero et al. 2012; Kane and Higham 2014), or

morphological traits directly related to these abilities

(Higham 2007b; Collar et al. 2008) have been the

primary variables used to represent locomotion and

feeding in fishes during an integrated behavior such

as capture of prey. These two variables also have

been strong contributors to multivariate performance

(Kane 2014; this study), indicating the importance of

their role. Within these axes, hypothesized locations

of modes were plotted (Fig. 3). This visualization

demonstrates a number of important features of

integration and how this emergent level of perfor-

mance might vary across fishes. First, the relative

distance of modes indicates the likelihood of associ-

ation, where modes that are closer in space likely

occur together more frequently (i.e., ambush/lunge

with ram for large prey). These types of associations

also reflect potential tradeoffs, so that modes that are

more distant cannot be performed at the same time

(i.e., forceful suction and ram for large prey). Finally,

these associations suggest that, for some modes, there

may be several options for integration (generalist

locomotion with volume-specialized suction, filter-

feeding ram, or biting/picking). A second important

prediction is that, because of these associations, prey-

capture itself may be integrated, so that a change in

one system results in a corresponding change in the

other system. Therefore, by considering use of both

systems simultaneously, an additional layer of con-

straint upon traits is apparent that has seldom been

considered previously.

In addition to demonstrating likely associations

between modes, the integration space also

Fig. 3 A proposed ‘‘integration space’’ demonstrating integration between locomotion (black) and feeding (white) during the capture of

prey by fishes. The space is defined by the gape and swimming speed (ram) of the predator because these traits are traditional drivers

of each system. Proximity of locomotor and feeding modes indicates a stronger association, so that some modes are more likely to

occur in combination (e.g., force-specialized suction and maneuverability). Alternatively, more distant modes (e.g., force-specialized

suction and high-acceleration lunge) are less often associated. Color indicates the strength of integration between systems (red, high;

blue, low). Integration, or correlation, is likely stronger in specialists at the extreme ranges and provides an advantage in either

repeatability or predictability during rapid strikes, or stability and accuracy during more precise strikes. Alternatively, integration is likely

weaker when the need for flexibility across modes and prey types may be greater.
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demonstrates hypothesized differences in the magni-

tude of integration (strength of the correlation be-

tween traits) according to the degree of specialization

along each axis (Fig. 3, shaded areas). Specialization

may require tighter integration between locomotion

and feeding (Webb 1982b), either because of a

greater need for systems to work together, or

simply because there are a constrained number of

options available to predators (Webb 1984b;

Higham 2007b; Kane and Higham 2011). For exam-

ple, predators that approach at high speed increase

integration of patterns of muscular activity and ki-

nematics within the feeding system (Liem 1978;

Oufiero et al. 2012), as well as between peak gape

and velocity of swimming at the time of peak gape

(Higham 2007a). Higher integration between loco-

motion and feeding during specialized attacks,

when gape is large and the speed of swimming is

fast, may provide an advantage when little time is

available to make decisions regarding the capture,

thereby ensuring a repeatable and predictable strat-

egy of attack. Alternatively, for predators whose gape

is small and ram is slow, the reliance on suction and

decelerating prior to capture of the prey may be

greater (Higham 2007a), and increased integration

could facilitate increased stability and accuracy of

the strike (Kane and Higham 2014). This idea is

supported by an observed increase in integration,

accuracy, and success in predation attempts by blue-

gill sunfish (Lepomis macrochirus) when capturing

non-evasive prey and using smaller gapes and

slower speeds of swimming (Kane 2014).

However, specialists at either end of the integra-

tion-space may be at a disadvantage relative to gen-

eralists because specialization limits flexibility of the

components of integration. This inflexibility could

also limit the ability to rapidly change integration

in response to the prey’s behavior or other factors.

The inflexibility of specialists is also supported by

data from bluegill that demonstrate reduced integra-

tion, accuracy, and success of capturing evasive prey,

and that ultimately lead to larger gapes and faster

ram-speeds for capture (Kane 2014). Alternatively,

the integration-space predicts that a predator with

more generalized traits, such as largemouth bass

(Micropterus salmoides), which are suction-volume

specialists that use high velocity pursuit, would dem-

onstrate a weaker magnitude of integration, but

greater flexibility in integration (components con-

tributing to integration). Although integration has

yet to be determined for this species, largemouth

bass exhibit similarities in accuracy and success of

capture across divergent types of prey (Kane and

Higham 2014), supporting at least a portion of this

hypothesis.

Together, the complexity of factors contributing to

observed differences in integration are likely useful

for regulating the tradeoffs between and among strat-

egies, and understanding the mechanisms and vari-

ability of integration are important first steps toward

understanding how organisms perform and survive

in their environment. To demonstrate the impor-

tance of integration in understanding constraints

and diversity, the following two analyses are per-

formed below: (1) a meta-analysis of data describing

ram and gape that were available in the literature is

plotted to begin to test hypotheses presented in the

integration-space, and (2) a dataset of kinematics

describing locomotion and feeding (Kane and

Higham 2011) are re-analyzed using PLS to demon-

strate a new mechanism of analyzing and interpret-

ing organism-level integration of kinematics. Finally,

these results are discussed in terms of the insights

gained by assessing performance as an emergent

property of integration between sub-organismal

functional traits.

Demonstrating integration of
kinematics

Meta-analysis of ram and gape

To assess the predictions presented by the integration-

space (Fig. 3), values of maximum gape and of the

velocity of the predator (ram) for several species were

taken from the literature (Supplementary Table S1).

Surprisingly, only 20 studies reported both of these

values, which may be explained by the fact that most

investigators of feeding are not interested in the

predator’s velocity and most investigators of locomo-

tion are not interested in the size of the predator’s

mouth. Of these 20 studies, two represented a phylo-

genetic approach encompassing 18 or more species

(Higham et al. 2007; Oufiero et al. 2012) and two

represented a comparative approach offering multi-

ple types of prey to at least three species (Wainwright

et al. 2001; Kane 2014). Together, these studies rep-

resent a diversity of species and strategies for captur-

ing prey, ranging from more basal forms such as

pickerel, gar, cod, and trout to more derived forms

such as seahorses, eels, centrarchids, cichlids, and

serranids. Individual sizes ranged from 2.85 to

60.9 cm total or standard length, depending on the

study, and due to these differences in measurements,

individual size was not taken into account in the

analysis. However, size did not appear to significantly

affect the relationship between ram and gape since

larger and smaller individuals occurred throughout
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the space. For example, one of the fastest species,

Caquetaia kraussii, was only 8.3 cm in length and

the largest species, Anguilla rostrata, swam at only

27 cm/s (Supplementary Table S1). Across the studies

that reported ram, these data were measured differ-

ently so comparisons should be made with caution.

For example, some studies simply reported a velocity

without mention of whether it was peak velocity,

mean velocity, or velocity at peak gape, and whether

it was for a single trial or an average across trials. Six

studies reported correlations between ram and gape

(Higham et al. 2006a, 2007; Tran et al. 2010; Kane

and Higham 2011; Oufiero et al. 2012; Kane 2014),

supporting integration, but patterns relating to the

integration-space were not apparent. This could be

because ram was calculated differently across studies

or because integration may be more of a multivariate

phenomenon and could not be captured well using

only two variables (see re-analysis of the data for

sculpins below).

This meta-analysis of values of ram and gape

reported in the literature demonstrates a correlation

between the two variables across species, as predicted

(Fig. 4A). This trend can be highlighted by two

extreme examples. Syngnathiformes (including sea-

horses and pipefishes) are well known for their force-

ful suction (Muller and Osse 1984; Bergert and

Wainwright 1997; Van Wassenbergh et al. 2009).

These fishes use low-speed maneuvering via undula-

tions of the dorsal fin to approach prey, and the

combination of low speed during ram and a small

gape (Muller and Osse 1984) places them in the

lower left corner of the integration-space, as pre-

dicted. Alternatively, rainbow trout approach prey

at high, sustained velocity and rely mostly on ram

to capture small prey (Van Leeuwen 1984). Their

resulting large gape (Van Leeuwen 1984) places this

species at the upper right corner of the integration

space where the corresponding locomotor and feed-

ing modes are predicted to occur. Finally, the pre-

diction that locomotor and feeding modes change

predictably is supported by a correlation across

species (r¼ 0.66, P¼ 0.0023). Although studies

collected and reported data in varying ways, and

the data shown here were not corrected for size or

phylogeny, a strong correlation between these two

traits indicates that this relationship is likely

significant.

For a few species of fishes, data were available in

replicate across prey-types within the same study, in

which methodology and measurement were similar

between treatments and allowed for a comparison

of variation in integration within species. When

data from these studies are plotted separately

(Fig. 4B) it suggests that variation within a species

can be quite large and mimics the pattern observed

across all taxa. For example, largemouth bass (Msal)

exhibit the greatest distance between prey-types,

whereas severum cichlids (Hsev) have the smallest.

Additionally, all species appear to have a positive

slope, but the magnitude varies from nearly horizon-

tal in bluegill (Lmac) to nearly vertical in Minckley’s

cichlid (Cmin). These differences suggest a

Fig. 4 Testing the predictions of the integration space (Fig. 3)

data extracted from the literature (Supplementary Table S1).

Values have not been corrected for the predator’s body size

(because ‘‘size’’ is reported using different measurements across

studies) or for phylogenetic relationships. (A) Values are for each

species (filled shapes) or higher taxonomic groups (open shapes),

and sunfish species shown in detail in panel B are shown with

filled squares. Where multiple studies provide replicate data,

means are shown. A correlation is observed across taxa (r¼ 0.66,

P¼ 0.0023) and is shown using a 95% confidence ellipse. (B)

Species for which the same study assessed ram and gape across

two types of prey (open, non-evasive; filled, evasive). Species’

names are abbreviated using the first letter of the genic name and

the first three letters of the specific epithet (Supplementary Table

S1), and are placed near the marker for the evasive prey. Means

for the same species are connected with a line to signify a range

of performance space occupied. Within-species variation mimics

across-taxa variation for most species.
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correlation between ram and gape during capture of

prey, but that the variation in each performance-

measure, and therefore the effect on integration,

likely differs across species. Interestingly, the species

with the most restricted ability to modulate variables

are those with zooplanktivorous or herbivorous diets

(Wainwright et al. 2001), which may represent more

specialized behavior and which supports the hypoth-

esis that integration in specialists may be a factor of

the limited number of options available. It is impor-

tant to note also that for studies that examined the

relationship between ram and gape across a phyloge-

netic sample (Higham et al. 2007; Oufiero et al.

2012) the relationship is given in the respective

papers and is not replicated here, although positive

correlations were observed in both cases, further re-

flecting the integration-space. Despite the limiting

sample sizes and differences across experimental

methods, these data (Supplementary Table S1) are

still useful because they provide an example of the

potential performance-space a species or group of

species might occupy. Overall, the results of this

meta-analysis indicate that the hypothesized perfor-

mance-space (Fig. 3) summarizes species diversity

well and stimulates further questions into variation

within and among species, and how that might also

be important for driving diversity.

Multivariate integration in sculpins

To provide an example of a multivariate analysis of

integration using PLS, and to demonstrate the utility

of this type of analysis for understanding variation

within and between closely-related species, previously

published data on locomotion and feeding for two

species of sculpins (Kane and Higham 2011) were re-

analyzed. Whereas tidepool sculpins (Oligocottus

maculosus) are more typical of sculpin morphology

and behavior, using specialized locomotor morphol-

ogy to maintain position on the substrate in flow

(Webb et al. 1996; Taft et al. 2008; Kane and

Higham 2012), silver-spotted sculpins (Blepsias cir-

rhosus) are relatively less specialized fishes that

swim more constantly. However, both species are

similar in the size of their mouth and their use of

suction during feeding (Kane and Higham 2011).

Therefore, these species were used to assess differ-

ences in univariate integration between kinematic-

traits due to specialization of the locomotor system

(Kane and Higham 2011).

Descriptions of the kinematics, representative ki-

nematic traces, and previous results are described

elsewhere (Kane and Higham 2011) and are not re-

peated here. Size-corrected data were broken into

two datasets: the dataset representing feeding in-

cluded peak gape, time to peak gape, peak cranial

elevation, time of peak cranial elevation, and peak

protrusion of the upper jaw; the dataset representing

locomotion included the initial distance between

predator and prey, predator–prey distance at opening

of the mouth, peak velocity, time of peak velocity,

peak acceleration, time of peak acceleration, peak

deceleration, time of peak deceleration, and velocity

at peak gape. Not all variables describing movement

of the predator were included in re-analysis because

these are not included in other studies. Additionally,

not all potential variables related to feeding were

included in the previous study (i.e., hyoid depres-

sion), and therefore they are not included here.

A PLS ordination was performed using locomotor

variables as the predictor and feeding variables as

the response (due to the time-dependence of the

events) and a correlation between components of

each significant SA was used to determine integra-

tion. Correlation is preferred over regression because

there is no assumption of one axis predicting

another.

Previously, silver-spotted sculpins were concluded

to have stronger integration than tidepool sculpins

due to the slightly greater number of variables that

displayed a univariate correlation (Kane and Higham

2011). However, multivariate analysis determined

that two SAs describe integration between these spe-

cies, and on the first axis both species are similar

whereas on the second axis tidepool sculpins have

approximately 30% stronger integration (Fig. 4), re-

versing the conclusions of the previous study.

Additionally, multivariate correlations were generally

stronger than univariate correlations, suggesting a

greater ability to capture covariation with a multi-

variate analysis. Combined, the multivariate model

explained 58.8% of the variation in locomotion

and 45.8% of the variation in feeding. These low

values may be due to the exclusion of variables as

described above.

The complexity of integration in these two species

is highlighted not only by two axes of integration,

but also by differences in the variables driving those

axes. The first axis (Fig. 5A), upon which both spe-

cies have similar correlations and therefore integra-

tion, represents integration between translation of

the body and volume of the mouth. In this case

ram and gape are the driving factors of integration.

However, on the second axis (Fig. 5B), timing be-

comes more important for both datasets and this

axis represents integration between feeding strategies

(strong or weak suction) and locomotor strategies

(early acceleration for close prey or late acceleration
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for distant prey). It is in this case that tidepool scul-

pins have stronger integration. These two integration

axes suggest that the relationship between ram and

gape is a primary driver of integration to which both

species have to accommodate similarly. However,

finer-scale differences between species may come

from the contribution of additional variables and

how they relate to the specializations or behaviors

of each species along secondary axes of integration.

For example, the morphological specialization of the

locomotor system in tidepool sculpins may contrib-

ute to a need for increased integration, supporting

the role of specialization in integration (Webb 1982b,

1984b; Higham 2007b; Kane and Higham 2011).

Alternatively, Blepsias cirrhosis lacks most of this

morphological specialization of the pectoral fins

(Kane and Higham 2012) and also displayed

weaker integration on a secondary axis. This analysis

demonstrates the complexity of performance-

integration and how a multivariate approach is

necessary for describing subtle nuances in differences

between species. For this reason, we suggest that

future analyses of integration should consider a mul-

tivariate approach.

New insights and future directions

While it is generally understood that organisms are

complex, many approaches to organismal function

are understandably reductionist, and attempt to un-

derstand function within parts rather than across

parts (e.g., Losos and Sinervo 1989; Bels et al.

1997; Domenici and Blake 1997; Wakeling and

Johnston 1998; Drucker and Lauder 1999; Motta

et al. 2002; Sanford and Wainwright 2002; Lauder

and Tytell 2005; Van Wassenbergh et al. 2005;

Blake 2006; Higham et al. 2006b; Deban et al.

2007; Mehta and Wainwright 2007; Ferry-Graham

et al. 2008; Roos et al. 2009; Combes et al. 2010;

Kane and Higham 2012; Camp and Brainerd 2014).

These studies provided tremendous advances in the

way we understand organisms, and because of those

advances, this is an optimal time to begin to think

about how those parts interact within organisms.

The work presented here offers a new way to analyze

and interpret behaviors that can lead to novel in-

sights into how an organism functions. By providing

new hypotheses and methods to assess integration as

a measure of organismal performance, the tools are

now readily available for other researchers to apply

these ideas to their own work.

Integration is an emergent property of functional

systems that is not apparent unless the interactions

between traits are examined, and in this way integra-

tion provides a novel mechanism for understanding

how organisms work. For example, if traits related to

feeding ability were considered in isolation, the two

species of sculpin analyzed above would be consid-

ered functionally similar, although there are poten-

tially large differences in performance between them

when traits are considered simultaneously. We have

demonstrated the importance of specialization in

Fig. 5 Results of PLS correlation between locomotor (LOCO)

and feeding (FEED) variables. (A) The first axis describes inte-

gration between the magnitudes of locomotor and feeding

movements, where the positive directions represent larger

intraoral volume and faster approach speeds on the X- and Y-

axes, respectively. Both species show similar integration on this

axis (silver-spotted r¼ 0.765; tidepool r¼ 0.724). Scale bar is

1 cm. (B) The second axis describes integration between loco-

motor and feeding strategies, accounting more for differences in

timing of events. Here, the positive direction represents weaker

suction force and acceleration that occurs closer to the time of

prey capture when prey initially are located farther from the

predator. Oligocottus maculosus displays stronger integration than

Blepsias cirrhosis on this second axis (silver-spotted r¼ 0.672;

tidepool r¼ 0.875), indicating that differences between species

are apparent in integrating locomotor and feeding strategy, rather

than simply integrating locomotor and feeding magnitude. ACC

acceleration; DEC deceleration; CR cranial elevation; PG peak

gape; PPD predator–prey distance; PRO upper jaw protrusion;

var variation; VEL velocity.
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constraining strategies, and suggest that because of

this, integration may be an important factor regulat-

ing the evolution of locomotor and feeding

systems—changes in one system can limit the

changes available to the other system. Additionally,

we demonstrate that variation within and between

species can be complex, involving differences in the

magnitude and composition of integration, and also

the number of axes that define integration. This var-

iation suggests that differences in integration may

actually be a trait upon which selection can act,

again influencing the evolution of performance.

Finally, we demonstrate the importance of two var-

iables, speed of swimming and size of mouth, in

defining integration between and among species. If

this result proves to be ubiquitous across fishes in

future work, it would suggest that, despite the large

number of functional components and high diversity

in fishes, most might be subject to a similar primary

constraint. This idea represents a significant advance

in our goal of understanding organisms via simple

patterns and rules. Together, these insights should

stimulate future work to consider the ability of

traits to influence each other, and we hope that

those that continue to study feeding in fishes can

have a deeper appreciation for the role of locomo-

tion in driving those patterns. To parody

Dobzhansky (1973), ‘‘Nothing in fish feeding makes

sense except in the light of integration’’.

The novel approach to organismal performance

taken throughout this review has demonstrated im-

portant concepts that have not been considered pre-

viously and stimulates further thought into factors

contributing to a species’ ability to survive in its

environment. These analyses are only a first step,

and many more questions can be asked regarding

the ecological and evolutionary significance of inte-

gration. Additionally, it is important to recognize

that although this current work focuses on specific

kinematic-traits in fishes, similar patterns and rela-

tionships might also be important across additional

performance-systems (i.e., sensory systems) and taxa.

From these perspectives, several future questions on

the relevance of integration for organisms emerge.

For example, how repeatable (stereotyped) or flexible

is integration (Wainwright et al. 2008)? Is variation

in integration ecologically relevant (Bolnick et al.

2003)? What is the role of integration in adaptation

(Ghalambor et al. 2003, 2004)? Does it constrain or-

ganisms from adapting to new environments because

strong integration is difficult to break apart (Pigliucci

2003; Hansen and Houle 2004)? Or does it facilitate

adaptation because tight links facilitate rapid evolu-

tionary feedback and punctuated changes (Eldredge

and Gould 1972; Seaborg 1999)? How does

performance-integration regulate evolution of loco-

motor and feeding modes? Are some modes more

difficult to evolve than others? These questions

can potentially direct future study of integrated

kinematic-traits, and fishes may continue to provide

a model taxon for study within which to address these

questions. Complexity, integration, and emergence are

becoming more prominent ideas in organismal biol-

ogy, and may represent a new frontier in biological

research that can both inform and be informed by the

mechanics and diversity of feeding in fishes.
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