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KEY INNOVATIONS, DIVERSITY, AND RATE OF 
EVOLUTIONARY CHANGE 

Evolution does not proceed as a gradually continuous process; the rate of 
evolutionary change varies over time (e.g., Simpson, 1944; Fitch and Ayala, 
1995). Accelerations of evolutionary changes are the result of important 
environmental, behavioral, structural, genetical, or physiological changes. When 
such important changes are not environmental but concern traits of an organism, 
they are usually called key innovations, especially when they are seen as triggers 
of diversification. 
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The concept of a key innovation has been defined in rather different ways 
since it was used by Miller (1949) as adjustments (key adjustments) in the 
morphological and physiological mechanism which are essential to the origin of 
new major groups. In all definitions the basic idea is that some evolutionary 
changes are more important than others (see Hunter, 1998). The importance can 
be with respect to the appearance of higher taxa, the proliferation of species, 
and/or the generation of new morphologies (Vermeij, 1995; Hunter 1998). Most 
definitions include the aspect of key innovations as triggers to diversification 
(e.g.. Miller, 1949; Levinton, 1988; Heard and Hauser, 1995; Bond and Opell, 
1998). 

The early literature saw key innovations as innovations that allowed the 
invasion of new adaptive zones (e.g., Miller, 1949; Mayr, 1960; see also 
Simpson, 1944). The occupation of a new adaptive zone subsequently allowed 
the origin and diversification of higher taxa. These ideas on the central 
importance of the invasion of new adaptive zones led to the still popular notion 
that behavioral change usually precedes morphological change. This logically 
follows from the presumed fact that the occupation of a new adaptive zone will 
usually be caused by a behavioral change (Ewer, 1960: "a mutation causing slight 
webbing in a non-swimmer will not cause accumulation of genes making for the 
habit of swimming"; Simpson and Roe, 1958; Mayr, 1960). 

The rise of cladistics and the comparative method (e.g., Harvey and Pagel, 
1991; Brooks and McLennon, 1991; Martins, 1996) has had a major impact on 
the study of key innovations as causative factors for evolutionary sucess. 
Cladistics allows the recognition of monophyletic groups. Knowledge of 
monophyletic groups makes it possible to compare the species richness of clades 
and, thanks to this, species richness is now an important measure of evolutionary 
succes. 

The shift in emphasis from causative factors that allow the occupation of 
new adaptive zones to ones that allow species diversification has led to a search 
for key innovations that increase the ecological potential in a wider sense than 
just allowing the occupation of a new adaptive zone (Liem, 1973; Jernvall et al., 
1996; Schaefer and Lauder, 1986; Hodges and Arnold, 1995; Berenbaum et al., 
1996; Galis and Drucker, 1996; Bond and Opel, 1998). Innovations that 
markedly increase the ecological potential can be behavioural and morphological 
as well as physiological. In snakes, both a venomous bite (e.g., in colubrids, 
elapids, and viperids) and constriction (e.g., in colubrids and boids) are employed 
to catch large prey items (Greene, 1978, 1997). Both these traits can be seen as 
innovations with a far-reaching influence on the evolution of these clades. 
Similarly, protection of the young can be achieved by behavioral traits (e.g., the 

later discussed mouth-brooding in some cichlid fish families) and by 
morphological and physiological traits (e.g., internal gestation in mammals). The 
notion that behavioral key innovations precede morphological ones is, therefore, 
not always true. The mutual influences of behavior and structures (and other 
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traits) on each other make it useless to try to predict in general whether 
behavioral innovations precede morphological ones or vice versa. 

Several, authors have proposed that key innovations must be tested by 
comparing the speciosity of taxa with and without a certain key innovation 
(Lauder, 1981; Lauder and Liem, 1989; Jensen, 1990; Heard and Hauser, 1995). 
The same authors recognize that major difficulties are involved with the testing, 
most importantly a lack of suitable taxa for comparison as key innovations are 
often unique characters. These serious difficulties concerning the testability have 
made the concept of key innovations controversial (e.g.. Heard and Hauser, 
1995; Hunter, 1998), but this has not led to a reduction in attempts to recognize 
key innovations (e.g., Hodges and Arnold, 1995; Jernvall et al, 1996; Galis and 
Drucker, 1996; Berenbaum et al., 1996; Bond and Opel, 1998; Simmons et al., 
1998; Rey et al., 1999). Evidently, there is still a need to identify character 
changes that have a disproportionate effect on evolution. 

An even more serious problem than the possible uniqueness of key 
innovations is that in most frequently used definitions the key innovation is 
causally linked to diversification. This makes these definitions (intestable. The 
definition of Heard and Hauser (1995) is, for instance, "an evolutionary change 
in individual trait(s) that is causally linked to an increased diversification rate in 
the resulting clade (for which it is a synapomorphy)." Innovations can never do 
more than allow diversification (Levinton, 1988; Liem, 1990) because 
diversification depends not only on innovations, but also on ecological 
circumstances and the genetic makeup of organisms. These other factors make it 
impossible to test whether an innovation is a key innovation on the basis of the 
presence of the innovation in speciose taxa and the absence in less speciose taxa. 
It is, for example, possible that one group possessing a key innovation has 
radiated and another group possessing the same key innovation has not. An 
example may be found in the fish family Embiotocidae, which is not speciose, 
but the members possess the same innovation in their pharyngeal jaw apparatus 
which is supposed to be causally linked to the speciosity of the Pomacentridae, 
Labridae, and Cichlidae (Galis and Drucker, 1996). There is circularity in the 
definition when characters that are supposed to have been a cause for 
diversification can only be found in diverse groups. 

Some authors have defined key innovations such that the innovation is 
causally related to the development of a major new body plan, which opens up a 
new character space (Van Valen, 1971; Baum and Larson, 1991; Rosenzweig 
and McCord, 1991). These mechanistic definitions do not define a key 
innovation as an innovation that necessarily increases the potential for 
diversification. Instead, these definitions focus on a key innovation as changing 
the possibilities and impossibilities of an organism, resulting in an improved level 
of functioning. This is of course a valid way of defining a key innovation. 
However, when analyzing the evolutionary success of taxa it is useful to 
explicitly include the increased potential for diversification. Therefore, I propose 
the following definition, which is based on these mechanistic definitions, but 



1 - H l t l b U N UALIÖ 

includes the aspect of key innovations as triggers of diversification: "A key 
innovation is an innovation which opens up a new character space (or breaks 
constraints) that potentially allows the occupation of more niches." The 
inclusion of more niches and not just new niches is, thus, important as otherwise 
innovations are included that cause drastic changes, but do not necessarily allow 
diversification. The constraints that are broken and in this way open up a new 
character space may be functional, constructional, developmental, and genetic 
(see section "Factors Inhibiting the Evolution of Structural Key Innovations"). 

Testing. This definition of a key innovation allows us to test whether 
characters are key innovations without the need for historical testing. To test 
whether an innovation is a key innovation one has to measure the potential 
change in ecological performance that is the result of the possession of the 
character. For structural innovations this requires a functional morphological 
analysis. Designing quantitative critera to test may be more straightforward for 
structural (and physiological) innovations than for behavioral ones, as e.g., 
degrees of freedom of a construction can be quantified (Koolstra et al., 1988; 
Galis, 1992; Muller, 1993; van Gennip and Berkhoudt, 1992). See the section 
'Structural Changes and Key Innovations" for a discussion of the relationship 
between degrees of freedom and diversification. Behavioral key innovations are 
usually complex and variable and it is therefore more difficult to quantify their 
effect. 

Although quantitative criteria may sometimes be difficult to find, qualitative 
critera to test for the opening up of a new character space and for an increase in 
potential niche width will usually be feasible for structural, behavioral and 
physiological innovations. It is to be expected that expansion of potential niche 
width will most often be caused by either an increase in the potential range of 
prey items or an increase in the potential number of habitats. This can be 
measured i f not in a quantitative sense, at least in a qualitative sense. For 
example, in the behavioral key innovation of constriction in snakes (Greene, 
1978) it can be convincingly argued that the upper size limit of prey items caught 
by biting prey with the jaws is considerably lower than that by coiling around the 
prey with a long body. Another clear example provides the shell around the egg 
of amniotes. The shell allows eggs to be deposited on land and therefore 
inevitibly increases the number of potential habitats that can be occupied, without 
any precise quantitative estimation of the niche expansion. The decision how 
much an innovation should increase the potential niche width to be called a key 
innovation is of course arbitrary and will vary dependent on the author. Although 
strictly historical testing is not possible, the presence of an innovation in species-
rich groups gives support to the notion that it is a key innovation. The presence 
of an innovation in a species-poor group is, however, not sufficient to conclude 
that the innovation is not a key innovation. 

Although behavioral key innovations are also discussed, the main focus of 
this chapter is on structural key innovations. 
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KEY INNOVATIONS AND THE OPENING UP OF A NEW 
CHARACTER SPACE 

Key innovations drastically change the possibilities of an organism, i.e., they 
open up a new character space. As a consequence there is the option that, 
depending on the ecological background, the selection pressures on many 
characters of the organism suddenly change. When the selection pressures on 
many characters change, a cascade of changes is expected to follow the 
acquisition of a key innovation. I shall illustrate this with the following example 
of a key behavioral innovation, mouth brooding in lake-dwelling African cichlids 
(Fig. 1). 

F I G U R E 1 A brooding cichlid with head partly cul away lo reveal the brood of wcll-dcvclopcd young 

within its mouth. From Fryer and lies (1972). 



The initial functional significance of mouth brooding was almost certainly 
protection of the young against predation and other environmental hazards. The 
decreased predation pressure is, however, not the only change in selection 
pressure that is the result of this novel behavior. The shielding of the young in 
the mouth and not in a nest, as substrate brooding cichlid do, allows the fish to 
live in areas where substrate brooders cannot live, e.g., over muddy substrates 
and in open water (an extensive part of the lake). This must have led to large-
scale changes in selection pressures on the adult. I shall focus on the muddy 
substrates as in muddy areas the oxygen content and the transparency of the 
water are lower. This has consequences among others for the predation pressure 
exerted by visual predators. Furthermore, the coloration that makes males 
distinguishable from females and from males of other species is concealed 
(Seehausen el al., 1997) and the visibility of prey items is reduced. Therefore, 
selection pressures on the eyes, lateral line system, brains, gills, coloration 
(natural and sexual selection), and feeding apparatus will all change. In addition, 
selection pressures on the ovaries will change as optimal clutch size changes. 
Size and shape changes of structures will then further lead to changed selection 
pressures on the surrounding structures. For example, when the size of the gills 
changes, this will affect either the streamline and/or it will affect the size of 
surrounding structures (Chapman and Galis, in prep ). 

Similarly, key structural and physiological innovations lead to changed 
selection pressures on many, i f not all, traits of the organism. Consider for 
example the acquisition of oral jaws in jawed fishes. The possession of jaws has 
far-reaching consequences for the ease with which a wide range of prey items can 
be caught. This has not only led to evolutionary changes in the feeding apparatus, 
but the increased pressure on prey items supposedly selected for higher 
swimming speed in prey, better vision, and in general led to an arms race between 
predators and prey influencing a multitude of traits (Vermeij, 1994). 

STRUCTURAL CHANGES AND KEY INNOVATIONS 

Some body plans can be modified and diversified more easily than others. 
This is an important factor in explaining why some taxa are more speciose than 
others. A structural key innovation leads to a body plan that can be more easily 
diversified than the original body plan and, therefore, can lead to an increase in 
niche width. 

Vermeij (1974) has proposed that an increase in potential versatility of a 
Bauplan comes from an increase in the number of independent parameters or 
structures. An increased number of independent parameters leads to a 
construction with a higher degree of freedom and thus to a higher number of 

possible mechanical solutions for functional problems. With an increase in the 
number of solutions for functional problems comes the possibility of greater 
mechanical efficiency and effectiveness of resource exploitation (Vermeij, 1974). 
He hypothesized that more versatile taxa or body plans tend to replace less 
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potentially versatile taxa in the course of time (see also Schaeffer and Rosen, 
1961). Lauder (1981) and Lauder and Liem (1989) argued further that taxa 
exhibiting a large number of structural decouplings are expected to be more 
versatile and hence more speciose than taxa with fewer decouplings. An example 
of a high degree of freedom of a construction associated with high speciosity is 
provided by the bony fishes that are both very diverse and speciose compared to 
other vertebrate classes (bony fish species make up 96% of all fish species; 
Nelson, 1994) and are characterized by a particularly large number of loosely 
connected bony elements in their heads (Fig. 2). 

Innovations that lead to an increase in the degrees of freedom are (1) 
duplications, (2), decouplings, (3) increased complexity of a structure, and (4) 
new structures. 

FIGURE 2 (A) Bony elements of the head of a perch (Perca fluviaiiln). The bony elements of the 

branchial arches and hyoid apparatus are not visible and are shown in (B). From Claus (1880). 


