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chapter 8. One basic theme underlying this and subsequent chapters is that
spatial and resource allocation are important components of community evo-
lution. Spatial aliocation patterns are revealed by studies of cospeciation in a
geographical context (historical biogeography), whereas resource allocation
patterns are revealed by studies of cospeciation in an ecological context. As
a consequence, historical ecologists investigating both aspects of cospecia-
tion will uncover the extent to which phylogenetic influences have shaped
these components of community and biotic structure.

For this reason, it is important to emphasize two generalities that emerge
from this chapter. First, we have presented a single methodological approach
for documenting patterns of both spatial and resource ailocation (the latter in
terms of co-occurring species). Wiley (1988a) has termed this approach BPA,
for Brooks parsimony analysis, because it was first outlined for use in studies
of host-parasite associations (resource allocation) by Brooks (1981) and ex-
tended to studies of biogeography (spatial allocation) by Brooks (1985). As
we have noted above, BPA has required substantial modification, most re-
cently by Wiley (1988a,b) and Brooks (1990), from the original formulation.
As a result of this modification, BPA is now robust enough to be used as a
general analytical tool for documenting macroevolutionary patterns of spatial
and resource allocation. However, beware of the assumptions that it is either
a “perfect” method (something not yet produced by scientists) or the best
possible formulation. Both Page (1987, 1988) and Simberloff (1987, 1988)
have called for statistical tests of cospeciation hypotheses (see the discussion
in chapter 6). Since these tests are designed to examine a different set of
questions (degrees of congruence among phylogenetic trees) than those ad-
dressed by BPA (pinpointing particular instances of incongruence), the de-
velopment of and interaction between both methodologies will add depth to
our evolutionary explanations.

The second generalization that emerges from this chapter is that this mod-
ified version of BPA is sensitive to a variety of evolutionary influences (see,
for example, the study of Amazonian birds by Cracraft and Prum 1988). This
is an encouraging result, for it frees us of concerns that BPA might be a
reductionist approach that attempts to force data to conform to an “all co-
speciation” model. In fact, the results of the numerous studies presented in
this book imply that entire clades do not generally evolve as a result of a
single speciation mode. We therefore do not expect all members of an asso-
ciation to conform to a single cospeciation scenario, but rather to represent
the unique interaction of historical (vicariance/cospeciation) and nonhistori-
cal (dispersal/resource-switching) events.

8 Coadaptation

Studies of cospeciation attempt to uncover the paiterns of geograph-
ical or ecological association between and among clades. When we asked
questions about how species came to be geographically and ecologicallﬁs—
sociated, we were Investigating the most obvious characteristic of ecological
association patterns, species composition (cospeciation; chapter 7). We will
now build upon that base to show you that it is possible to unicover the influ-
ences of adaptive interactions between species in shaping these macroevolu-
tionary patterns (coadaptation). In essence, we will be embarking upon a
search for causal explanations of cospeciation and resource/host switching.

Coadaptation can be investigated from two different, but not mutually ex-
clusive, perspectives: coevolution and community evolution. We will use the

term “coevolution” s both phylogenetic co-occurrence and mu-

tual adaptive interactions between species. Thus construed, coevolution is not
a “process” in the classical sense; it is a descriptive term applied to a variety
of evolutionary forc ¢ interplay between macroevolution-
a_rL(cos\peciation and host switching) and microevolutionary {(mutual adap-
tive responses by members of associated Species) processes. Cospeciation and
host switching (discussed in chapter 7) produce the phylogenetic context
within which coadaptation occurs; and coadaptation, in turn, provides infor-
mation about the processes involved in the evolutionary diversification of
biological associations within this historical structure. Coadaptation is man-
ifested in the degree to which the coevolving species affect, or have affected,
each other’s genetic makeup, or the way in which they influence each other’s
ecology.

The other perspective on coadaptation comes from research aimed at dis-
covering the ways in which multispecies ecological associations evolve and
are maintained. Unlike coevolutionary research, studies in community evo-
lution are not based on the assumption that strong and often highly special-
ized ecological interactions are occurring between species (although this may
be the case). Because they are not individual entities tied together by the
bonds of reproduction and development, communities do not evolve in the
same way species evolve; they are “assembled” through time. If they are more
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than arbitrary units, randomly dispersed through time and space, we should

be able to document the effects of both macro- and microevolut;'ona

cesses on their evolutionary assemblage. v

Consider the following hypothetical example of the interaction betwee:

past and present at the community level (elaborated from Mayden 1987;1)n
pecies in a large lake (area 1; fig. 8.1a) d<;

. for example, one is a benthic forager (species

pecies Z). A possible explanation for such habitat

sents the effects of competition betw
ratic ' een these two
Species in the past. Is this a reasonable hypothesis? The short answer to this

destion | X .
31 eesgu})ln 1S, we don’t know, T‘he longer answer is, without a phylogeny for
shes and a record of their relatives’ interactions with each other, it is

not overlap ecologically; say,
D) and one is limnetic (s
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impossible to ascertain whether the association in our research lake is a result
of interactions between Z and D or a historical legacy of interactions between
their ancestors. So, after extensive fieldwork, we uncover species C (benthic)
and Y (limnetic) in area 2, species X (demonstrates both foraging modes) and
B (benthic) in area 3, and species W (demonstrates both foraging modes) and
A (benthic) in area 4 (fig. 8.1a). As luck would have it, phylogenies exist for
the two clades, based on morphological data. When the foraging modes are
optimized on the trees, we discover that foraging on the benthos is plesi-
morphic for all members of the A + B + C + D clade. These species have
not changed their foraging habits, interactions with members of the other
clade notwithstanding. Conversely, foraging on both benthic and limnetic
prey was primitive for the W + X + Y + Z clade, but something. happened
during the interaction between the ancestor of Y + Z and the ancestor of C
+ D, and the former moved out of the benthic into the limnetic realm. So,
while this does rule out a role for interspecific competition between past pop-
ulations of species D and Z in shaping the current foraging modes in these
fishes, it does not rule out the possibilities that competition was either in-
volved in the habitat shift in the appropriate ancestors or is maintaining the
divergent foraging habits today.

At the moment, little of the research in either coevolution or community
ecology has used phylogenetic information; therefore, this chapter will serve
more to indicate future research possibilities than to present a data base from
which generalizations can be derived.

Coevolutionary Dynamics: How Are the Members of an
Association Interacting with One Another?

Coevolutionary associations have been studied with increasing in-
tensity ever since Ehrlich and Raven (1964) published their pioneering work
on butterfly-host plant interactions. The debate concerning the evolutionary
processes underlying extant association patterns has been particularly vigor-
ous, but, until recently (Futuyma and Kim 1987), the discussions generally
have not incorporated phylogenetic components into the testing protocol for
the various coevolutionary models (see, €.g., Futuyma and Slatkin 1983).
Many examples have been assigned coevolutionary status simply because of
the complexity of the ecological interactions (e.g., Sussman and Raven 1978;
Moran 1989). Most of the models of coevolution are based on microevolu-
tionary (population genetical and population ecological) processes. This state
of affairs is hardly surprising given the wealth of experimental and field data
available at that level, compared to which the number of macroevolutionary
studies places a distant, but nevertheless optimistic, second. Three major
classes of coevolutionary models have emerged from this vast data base. If
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these models are realistic representations of the processes that have affected

coevolutionary interactions, we should be able to fi i
ter ) nd some phylogenet
patterns characteristic of each model. phyogenetic

Allopatric Cospeciation

Allopatric cospeciation (Brooks 1979b), or the “California model” ig
based on the assumption that hosts and associates are simply sharing s’ ace
gnd energy. As the null model for historical ecological studies of coadzf ta-
tion, it predicts congruence between host and associate phylogenies ba[;ed
solely upon simultaneous allopatric speciation in associate and host lineages
that is, vicariance events (fig. 8.2). Like any null model, support for the’
hypothesis of cospeciation offers relatively weak explanatory power. For ex-
ample., discovering that a particular set of associations has resulted'from al-
.lopatnc cospeciation eliminates coevolutionary models based on host switch-
ing, but does not allow us to distinguish the effects of a historical correlation
from ‘thg effects of some mutual interaction that maintains or promotes the
association and its diversification. And even if we assume the latter, the de-
lineation of cospeciation patterns by themselves, no matter how t,ietailed
d.oes not allow us to differentiate among a variety of ways in which the asso—,
ciated species might be causally, rather than casually, intertwined

One'pgssible way to untangle correlation from causation Witl.l respect to
cospeciation patterns is to examine the basis of the specificity in the associa-
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Fig. 8.2. The allopatric cos
between the phylogeny fo;
associates (taxa represente

peciation, or California model, of coevolution. Complete congruence

T the hosts (taxa represented by letters) and the phylogeny for their
d by numbers) is due solely to simultaneous cospeciation.
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Fig. 8.3. Interaction between cospeciation and specificity displayed by the assoctate species. In
this scenario, the degree of cospeciation increases through time due to some inherent drive to-
wards increasing host specificity in the associate lineage.

tions. For example, Smiley (1978) presented a version of the cospeciation
model based on the assumption that there is a general evolutionary tendency
towards specialization, in this case specialization in host choice, by asso-
ciated species. This model postulates that as an evolving associate lineage
becomes progressively more specialized, it will be associated with fewer and
fewer hosts, and cospeciation events will increase accordingly (fig. 8.3). In
this case the degree of cospeciation is the result of an evolutionary trend
inherent in the associated species and not of mutual adaptive modifications
between host and associate.

Alternatively, the association may be maintained by the presence of certain
host resources that are of adaptive value to an associated species. If an asso-
ciate species requires a specific resource and/or a resource with a restricted
distribution among host groups, then it is possible that the phylogenetic as-
sociation between the host group and the associated group is due to the dis-
tribution of the resource. Consider a hypothetical ancestral beetle species X
characterized by trait g, that serves as a cue for members of a parasitic wasp
species A (other examples of q, might be a chemical cue that triggers feeding
in a phytophagous insect, a chemical cue that triggers settling behavior in
larvae, or a visual cue that triggers orientation in a vertebrate or insect polli-
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nator). The wasp’s reliance on q, is denoted by its possession of the coevolved

trait q,. NO\.?V let us follow two evolutionary scenarios involving speciation in
the t?eetle hneage. producing descendant species Y and Z, as well ag specia-
tion in the wasp lineage producing descendant species B and C (fig. 8.4).

The evolutionary association between species Y and B, on the one hand

and between Z and C, on the other, r i
, > Tepresents an instance of cospeciati
Although both scenarios depic  host i

ted in figure 8.4 produce con
. : . gruent host and
associate phylogenies, the processes underlyi i
: : " ying this congruence -
what different in each case. 1 y od o

n the first scenario (fig. 8.4a)
‘ . - 0.48), q, and q, are
phylogenetically conservative so the associations are maintainec; at lezlst in
part, by the common coadapted trait complex 9.4, We have evidence here

for “adaptj ined” i iati
vely constrained” coevolution because speciation in both lineages

has qccuqed wit.hout changes in the causal basis or the primitive hogt-
associate interaction. In the secon Scenano (iig. 8.4b), the cospeciation of
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the beetle and wasp clades is matched by the diversification of the adaptively
significant trait complex. Species Y and B now interact through the coadapted
characters 1, and r,, while the association between Z and C is maintained by
traits s, and s,. This scenario, representing “adaptively driven” coevolution,
provides ecological evidence that the observed cospeciation patterns are more
than casual historical associations.

In figure 8.4a we have evidence that the critical host resource is a plesi-
morphic trait. If this primitive resource is phylogenetically widespread, then
the potential for the associated species to switch among hosts from different
clades is increased dramatically. Such host switching, based on the “tracking”
of a resource common to hosts that do not form a clade, is the province of
the “resource-tracking” models of coevolution.

Resource Tracking

This class of models, which can also be referred to as colonization models,
is based on the concept that hosts represent patches of Necessary resources
which associates have “tracked” through evolutionary time (Kethley and
Johnston 1975). Three pieces of information are required in order to thor-
oughly examine the explanatory power of these models: a phylogeny for the
hosts, a phylogeny for the associates, and an explicit description of the re-
source. Depending on the phylogenetic distribution of the resource, one of
three general macroevolutionary patterns will be produced.

The sequential colonization model (Jermy 1976, 1984), originally de-
signed to explain insect-plant coevolution, proposes that the diversification
of phytophagous insects took place after the radiation of their host plants.
The insects are hypothesized to have colonized new host plants many times
during their evolution. In each case the colonization was the result of the
evolution of insects responding to a particular biotic resource that already
existed in at least one plant species. That resource, in turn, is postulated to
bave been either plesiomorphically (fig. 8.5a) or convergently (fig. 8.5b)
widespread, so the predicted macroevolutionary pattern is that host and as-
sociate phylogenies will show no congruence (fig. 8.5¢c).

From the perspective of resource-tracking models, the explanation for con-
gruence between portions of host and associate phylogenies is that the asso-
ciates are specialized on a host resource that is restricted to the host clade and
has evolved in a manner congruent with the phylogenetic diversification of
the host clade. This model differs from sequential colonization because it
proposes that the resources are distributed in an apomorphic, rather than a
plesiomorphic or convergent, fashion. It differs from allopatric cospeciation
by assuming that hosts and associates do not speciate simultaneously (asso-
ciation by descent); rather, the hosts evolve first and then associates colonize
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Fig. 8.6. Phylogenetic tracking model. Every speciation event in the host lineage is accompanied
by a modification of the resource (changes in q). Members from the ancestral associate colonize
the new hosts, adapt to the new resource (changes in “tracking ability,” t), and eventually produce
a new associate species responsive to that resource.

them. The evolutionary sequence of events is as follows (fig. 8.6): A new
host species evolves, characterized, in part, by an evolutionarily modified
form of the required resource. This new species of host is then colonized by
individuals from the species associated with the ancestral host. Some of these
individuals adapt to the new form of the resource, eventually producing, in

-their tumn, a new species of associate. And so the cycle continues. Fesovrss

In order for this evolutionary scenario to occur, the ancestral host ies
must persist after the speciation event that produces descendants bearing the
modified resource; otherwise, the ancestral associate species would have no
resource base to support the population through the colonization phase. As
we discussed in chapter 4, ancestral species can persist following Sympatric,
parapatric, and peripheral isolates allopatric speciation. So, in order to distin-
guish “phylogenetic tracking” from allopatric cospeciation (fig. 8.4b) we re-
quire @ an understanding of the manner in which the host group speciated
(see chapter 4),@ a method for distinguishjng persistent ancestors on a
phylogenetic tree (see chapters 2 and 4), and@a detailed mapping of the
host-resource and associate tracking characters (if present) on the appropriate
phylogenetic trees.

Evolutionary Arms Race

This is the classical coevolution model (Mode 1958; Ehrlich and Raven
1964; Feeny 1976; Berenbaum 1983), sometimes termed the exclusion
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:rpodel, and originally proposed for insect-plant systems. It may be su

rized as follows: phytophagous insects reduce the fitness of their hosts II)II1 e
that, by chance, acquire traits (defense mechanisms) that make them. iy
atable to these insects will increase their fitnesg relative to their und fUHPal-
brethren, and the new defense mechanism wi t the o

tants (e.g., through reduction of inter- or intraspecific competition for food

the counter‘defense mechanism will spread throughout the insect po ulc:t)' ;
(new assoc%ate species). This new species of insect will be able tops P:aci 11_011
on the pre;vmusly protected plant group, and the cycle will begin anegv e

Thg primary assumption in “arms race” models of coevolution is tﬁat

evolving ecological associations are maintained by mutual ada ti Y
sp(?nses: For example, it is possible that during the course of evolutixc))nve rei
traltg arise that “protect” the host from the effects of the associate. It 'mz)dve
possible that traits countering such “defense mechanisms” may eV(.)IveliSn tlsxz

associate lineage. The macroevolutionar
' - ¥ patterns that result depe
time scale on which the adaptive re o ypoon he

“defense” and “counterdefense”
would expect fully congruent host and associate Phylogenies, with appro-

defense

counterdefense

‘ HOST ASSOCIATE
Fig. 8.7. Evolutionary arms race, type I. Host and associate

i phylogenies ar
and counterdefense trajts appear at the same point in the co o o, Defense

mmon phylogenies.
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Fig. 8.8. Evolutionary arms race, type II. The host and associate phylogenies are congruent (box)
up to the point at which the defense trait appears. If the origination of a counterdefense lags
behind this, and if the hosts continue to speciate, associate species will be prohibited from inter-
acting with any of the new host species (asterisk). Once a counterdefense appears, the host and
associate phylogenies rejoin, and the cycle continues.

priate “defense” and “counterdefense” traits appearing at the same point in
the common phylogeny (fig. 8.7). In such cases, the coevolutionary arms race
would not affect the patterns of macroevolutionary associations between host
and associate clades, leading us to expect phylogenetic congruence. This type
of evolutionary arms race can be differentiated from allopatric cospeciation
by the presence in both lineages of co-originating, mutually adaptive traits.

Evolutionary arms-race models generally assume that, in many cases, the
time scale on which the “defense” and “counterdefense” traits originate in
response to reciprocal selection pressure is longer than the time between spe-
ciation events. Given this, we might expect to find macroevolutionary pat-
terns similar to those shown in figure 8.8, in which the associate group is
missing from most members of the host clade characterized by possession of
the “defense” trait.

A third possible macroevolutionary pattern results when one or more rela-
tively plesiomorphic members of a host clade are colonized by more recently
derived members of the associate group bearing the “counterdefense” trait. In
this case, host and associate phylogenies will demonstrate some degree of
incongruence, and we would expect to find evidence that some associates
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counterdefense

HOST ASSOCIATE

Fig. 89 l.Svolutionary‘ arms race, type IIl. Once the counterdefense trait has appeared in the
associate lineage, continued speciation will produce new s

have “back-colonized”
“defense” trait (fig. 8.9)

And _ﬁn.ally, Ehrlich and Raven (1964) postulated that coevolutionary pat-
terns. similar to ones expected for the sequential colonization resc;urce-
.trackmg model depicted in figure 8.5b would result when host shifts by
Insects with a counterdefense trait occurred between plants that had conver-
gently evolved similar secondary metabolites in response to insect attack. In
both cases, there is a departure from phylogenetic congruence between hosts
and a.ssociates; however, the resource-tracking model requires only that the
associates be opportunistic. The host resource can be widespread due to either
plesiomorphic occurrence or convergence, but its evolutionary patterns are
not affe.cted by the presence or absence of the associates. In contrast, the
mec}.xamsm by which the host resource evolves in the Ehrlich and Raven case
requires a high degree of convergent mutual modification on the part of the
host and associate groups. Differentiation between the two models requires

information about the evolutionary elaboration of putative defense and coun-
terdefense traits.

hosts in the clade diagnosed by the presence of the

© 989 Coadaptation

Case Studies
Birches and the midges that gall them

Dipteran insects of the genus Semudobia (family Cecidomyiidae, subfam-
ily Cecidomyiinae) are commonly called gall midges. The association be-
tween gall midges and their hosts is more intimate than a simple dinner/diner
relationship. Females lay their eggs in bracts or fruits of various species of
birches (genus Betula), and the larvae develop in situ, drawing both suste-

-nance and shelter from their host, inducing a thickening in the plant tissue

(gall formation) in return. Research on members of other gall midge tribes
indicates that characteristics of the host plant have considerable influence on
larval development (Ahman 1981, 1985; Skuhravy, Skuhrava, and Brewer

'21983). This, in turn, may provide a barrier to speciation via host switches in
’ - these insects (Roskam 1985). Although as many as three species of Semudo-
" :bia may co-occur in the same host, none of the five species composing the
“ genus is found on plants other than birches. This specificity led Roskam

(1985) to investigate the coevolutionary aspects of the association between
- birches and their gall midges.

The birch genus Betula comprises four sections, Costatae, Humiles, Acu-

minatae, and Exelsae (fig. 8.11b). Members of the sections Costatae and

Humiles bear erect pendulous flowers, called catkins, and retain their fruits

- over the winter, while their relatives, the Acuminatae and Exelsae, display
- “pendulous catkins and drop their fruits in the autumn. Semudobia skuhravae,
- the sister species of the rest of the gall midges (fig. 8.10a), induces galls in
< :the bracts of Costatae, Humiles, and Exelsae birches. The remaining gall
~ midge species all lay their eggs in the fruits of various members within the

- Exelsae section. Since these birches drop their fruits in the fall, the fruit-
- galling Semudobia develop and overwinter in the soil. Gall midges are never
- found on birches in the section Acuminatae.

There are pronounced differences in host preferences among the gall

- midges. S. skuhravae occurs commonly in association with members of sec-

tions Costatae and Humiles, and less so with members of Exelsae. Within
the Palearctic Exelsae, S. betulae is regularly found on species in the series
Verrucosae and only occasionally associated with the series Pubescentes. The
feverse situation occurs for S. 7arda, a gall midge displaying a marked pref-

+ erence for Pubescentes and a secondary preference for Verrucosae. Relation-

ships between the insects and their host plants produce a similar pattern of

* - Preferences in the Nearctic Exelsae, where S. steenisi and S. brevipalpis oc-

Cur commonly in association with birches within the Verrucosae and less
commonly with Pubescentes. Mapping the host preferences of the five con-

temporaneous species of Semudobia onto the host phylogeny (fig. 8.11a) re-



290 Evolution of Ecological Associations
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Fig. 8.10. Phylogenetic trees for the bi i
e birches and their gal] mid i
: : ! : g 1dges. (a) The gall mid s
Ce;midoc{na, cod.ed for coevo'lutxonary analysis. (b) The host birches, genus BetulachScc%in;T
ostatae; Hu = Humiles; Ac = Acuminarae. Species: pe = Verrucosae pem.z'ula' pl -

V. pl Fco =
dm[}):rzir_:gfz;ila,—c; = V.‘ cofrulea; po = V. populifolia; Pu = Pubescentes pubescens: da = P
; = P. fontinalis; pa = P papyrifera. The distributions of the birches ar’e mappeci

onto their phylogenetic tree; W = west; E = east.

COlilldllDE.: explained by allopatric cospeciation (fig. 8.10b).
1 brief, Roskam proposed that the initial speciation event producing §
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8
birches drop fruit

9
birches retain fruit
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Fig. 8.11. Of birches and gall midges. Co = Costatae; Hu = Humiles; Ac = Acuminatae. 1 =
Semudobia skuhravae; 2 = §. betulae; 3 = §. steenisi; 4 = S. brevipalpis; 5 = S. tarda. (a)
Host preferences of the five gall midge species mapped onto the host phylogeny. Bold numbers
= preferred birch host; nonbold numbers = secondarily preferred hosts. (b) Phylogeny for the
gall midges, mapped onto the phylogeny for the host birches.

skuhravae and the ancestor of the remaining gall midges (ancestor 8; fig.
8.11b) represented a host shift from the fruit-retaining birches, Costatae and
Humiles, to the fruit-dropping birches, Exelsae. This change in host prefer-
ence was accompanied by a shift from the old resource (retained bracts) to
the new resource (dropped fruit), and was reinforced by a selective advantage
to individuals overwintering in the soil, compared to midges that remained
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Exelsae. Overall, then, the combination of biogeographical evidence sup-
porting convergent Sympatry, the patterns of phylogenetic association, and
the differences in host preference tend to support Roskam’s explanation. Ad-

Gyrocotylids and ratfish revisited

In chapter 7 we discovered that the evolutionary association between the
leaflike gyrocotylid flatworms and their ratfish hosts has involved a large
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D (Clypeaster subdepressus)

& | ANCESTRAL Dissodactylus
T

Fig. 8.17. Phylogenetic tree for species of pinnotherid crabs composing the genus Dissodactylus,
with hosts optimized onto it. Crabs: I = D. primitivus; 2 = D. schmitti; 3 = D. latus; 4 = D.
glasselli; 5 = D. mellitae; 6 = D. crinitichelis; 7 = D. lockingtoni; 8 = D. nitidus: 9 = D.
xantusi; 10 = D. rugaws; 11 = D. juvenilis; 12 = D. usufructus; 13 = D. stebbingi. Hosts: A
= Clypeaster rosaceus; b = Encope spp.; C = Mellita spp.; D = C. subdepressus; E = Mellita
longifissa; F = Meoma spp.; G = Plagiobrissus spp.; H = C. speciosus; ? = unknown.

decided they were tasty morsels. If so, this is an example of sequential colo-
nization analogous to some models of the colonization of plants by insects
(Jermy 1976, 1984; Mitter, Farrel, and Wiegemann 1988).

Of butterflies, magnolids, and rosids

The Papilionidae is a relatively small (for insects) group of exotic, wide-
spread, swallowtailed butterflies which feed upon a variety of plants within
the subclasses Magnoliidae and Rosidae. Miller (1987) examined the phylo-
genetic relationships of the papilionids on three different levels in his search
for macroevolutionary patterns of butterfly-plant associations. Figure 8.18
depicts his phylogenetic tree, based on forty-four morphological characters
with a consistency index of 70%, for the six tribes of swallowtails. Unfortu-
nately, there is a paucity of phylogenetic information about the relationships
among the major plant groups upon which these butterflies feed (table 8.1).
Hickey and Wolfe (1975) suggested that the Magnoliidae is a paraphyletic
group; postulating that the Magnoliales are the sister group of the Aristolo-
chiales + Laurales + Rosidae, and the Aristolochiales are the sister group
of the Laurales + Rosidae. Dahlgren and Bremer (1985) reexamined the
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Fig. 8.18. Phylogenetic relationships within the butterfly family Papilionidae. The Baroniinae.,
Parnassiinae, and Papilioninae are subfamilies. Tribes: P = Parnassiini; Z = Zerynthiini; G =
Graphiini; Te = Teinopalpini; 7 = Troidini. Meandrusa and Papilio are genera within the tribe
Papilionini. The host-plant preferences, at the family level, have been mapped onto this clado-
gram. / = Aristolochiales; 2 = Magnoliales; 3 = Laurales; ? = dietary data missing.

relationships phylogenetically and found a number of equally parsimonious
trees. They agreed, however, with the previous authors’ conclusions that the
Magnoliidae are paraphyletic, adding that three orders within this “subclass,”
the Annonales, Magnoliales, and Laurales, are also probably paraphyletic.
Without an adequate phylogeny for the host plants, studies of coevolutionary
relationships between swallowtails and their preferred foodstuffs are at best
preliminary; but nonetheless, they are interesting.

Table 8.1 Classification of the two major plant subclasses of interest to swallowtail butterflies.

Subclass Magnoliidae Subclass Rosidae

Magnoliales Laurales Rosales Fabales
Winteraceae Monimiaceae Crassulaceae Mimoseae
Magnoliaceae Lauraceae Saxifragaceae
Annonaceae Hernandiaceae Rosaceae

Piperales Aristolochiales Saphindales Apiales
Piperaceae Aristolochiaceae Rutaceae Araliaceae

Zygophyllaceae Apiaceae

Source: Classification based on Cronquist 1981; redrawn and modified from Miller 1987,
Note: Bold type denotes orders, regular type, families.
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The monotypic Baronia, the sister group of the rest of the papilionids,
inhabits west-central Mexico, where it feeds on plants of the genus Acacia,
(family Mimoseae, subclass Rosidae; fig. 8.18). The rest of the papilionids
appear to feed primarily on plants within the subclass Magnoliidae. The swal-
lowtail tribes Parnassiini, Zerynthiini, and "Troidini, with exceptions in two
genera, dine on Aristolochiaceae (order Aristolochiales). Interestingly, the
exceptions to this preference for magnoliids are two highly derived genera
within the Parnassiini whose members are primarily restricted to rosids. Most
of the 147 Graphiini species specialize on plants of the family Annonaceae
(order Magnoliales). Host plants are unknown for the two species composing
the rather modest Teinopalpini tribe. The tribe Papilionini is comprised of
two genera. Meandrusa (two species) féeds on Lauraceae (order Laurales)
while the extremely species-rich Papilio (220 species strong) prefers the cu-
linary delights offered by plants in the family Rutaceae (order Sapindales,
subclass Rosidae).

Examining the relationships between the butterflies and their preferred
food sources at this phylogenetic level clearly indicates that the specialization
of Papilio species on rosids represents a colonization event. In addition, it
appears that some degree of host switching among three of the magnoliid
“orders” (Magnoliales, Laurales, and Aristolochiales) accounts for much of
the diversification within the subfamilies Parnassiinae and Papilioninae.
However, this host switching has not been random, and the patterns depicted
in figure 8.18 suggest a certain amount of host specificity at the tribal level
in swallowtail butterflies. Although the Parnassiinae and the Troidini are not
sister groups, their species feed primarily on members of the Aristolochi-
aceae. Ehrlich and Raven (1964) argued that this similarity was the result of
maintenance of the plesiomorphic host preference in these butterflies, while
Miller proposed that preference for Aristolochiaceae evolved twice (conver-
gence). In light of the questionable monophyletic status of the Magnoliales
and Laurales (host switches 2 and 3 in fig. 8.18), resolution of this problem
awaits a detailed phylogeny for the host plants, as well as information about
food preferences in the Teinopalpini.

Miller moved next to the second level of his analysis: examination of the
phylogenetic relationships among the five genera within the tribe Graphiini.
The species within this tribe are predominantly distributed throughout tropi-
cal and neotropical African/Indo-Australian regions. Iphiclides provides the
ex.ception; both species inhabit the Palearctic. Graphium is the largest genus
(eighty-nine species), with Eurytides (fifty-three species) a close second and
the remaining genera, Iphiciides and Lamproptera (two species) and Proto-
graphium (one species) out of the ronning. Miller’s phylogenetic tree for this
group (fig. 8.19) is based on fifty-six morphological characters and has a
consistency index of 89%. Mapping the distribution of food preferences on
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1 = Annonaceae

= Magnoliaceae :—————]— MAGNOLIALES

= Hernandiaceae

B = Lauraceae :}_ LAURALES
Fig. 8.19. Dietary preferences mapped onto the phylogenetic tree for the swallowtail butterfly
tribe Graphiini. Genera: Eu = Eurytides; Pr = Protographium; Ip = Iphiclides; La = Lam-
proptera. Subgenera within the genus Graphium: Pa = Pazala; Gr = Graphium; No = Nomius;
Ar = Arisbe. Bars = host preferences.

this tree suggests that a fair amount of host switching has occurred at this
level. With the exception of Iphiclides, who feed on rosids (family Rosaceae,
order Rosales), all members of this tribe prefer some type of magnoliid plant.
Three of the genera feed primarily on Annonaceae (order Magnoliales); how-
ever, although these are the only swallowtail butterflies to use this resource,
it is impossible to determine whether this is a primitive or derived preference
within the group because the sister group to the Graphiinae, the Parnassiinae,
do not eat any of the plants eaten by the Graphiini. Past this point a number
of explanations for the patterns within the remaining genera are possible, and
as many as ten sequential colonizations can be postulated by this analysis. Of
these, only the Iphiclides preference for rosids is a concrete example of host
switching. The remaining putative cases of sequential colonization cannot be
further evalnated without resolution of the phylogenetic relationships among
the host plants, since the suspect “groups” Annonaceae, Magnoliales, and
Laurales are included in this analysis.

A different pattern is found when host preferences are optimized on the
phylogenetic tree (fig. 8.20). This analysis suggests that these butterfly gen-
era appear to be primitively associated with plants of the family Annonaceae.
Two speciation events on the phylogenetic tree are associated with host
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Fig. 8.20. Dietary preferences optimized onto the phylogenetic tree for the swallowtail butterfly
tribe Graphiini. Genera: Eu = Eurytides; Pr = Protographium; Ip = Iphiclides; La = Lam-
proptera. Subgenera within the genus Graphium: Pa = Pazala; Gr = Graphium; No = Nomius;
Ar = Arisbe. Bars = host preferences; ¥ = generalist on many hosts.

switches from Annonaceae to one other Magnoliidae order (the Laurales),
and one speciation event is associated with a switch from Magnoliidae to
Rosidae. The widespread host preferences displayed by three of the sub-
genera (denoted by an asterisk in fig. 8.20: Graphium, Nomius, and Eu-
rytides) are postulated to represent colonization events subsequent to the
original point of cladogenesis. This scenario thus proposes that the initial
diversification within the Graphiini resulted from a combination of three in-
stances of host switching and four speciation events associated with retention
of the plesiomorphic food type.

Evidence bearing on the second scenario can be sought by investigating
the food preferences within a phylogenetic context for each Graphiini genus.
If this scenario is correct, primitive members of each genus should display a
preference for Annonaceae plants. Miller undertook just such an analysis of
the genus Graphium. The relative phylogenetic relationships for the species
within this genus whose host plants have been identified is depicted in figure
8.21 (see Saigusa et al. 1982, cited in Miller 1987). Once again, mapping
the distribution of plant preferences on this tree suggests that a fair amount
of host switching has occurred within this genus. However, as was the situa-
tion at the generic level, the butterfly-plant association pattern portrayed in
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the preceding figure is only one of several potential representations of these
data. Optimization of host types on the phylogenetic tree suggests that the
species in this genus are primitively associated with plants of the family An-
nonaceae (fig. 8.22). .

Two speciation events on the tree are associated with host switches from
Annonaceae to other Magnoliidae orders (the Laurales and the Piperales), and
one speciation event is associated with a switch within the order Laurales
from Lauraceae to Hernandiaceae. The remaining speciation patterns are con-
gruent with these initial three host switches across magnoliid orders. The
widespread host preferences displayed by five of the butterfly taxa (denoted

[ -- mainly Magnoliales --} [ --=----- mainly Laurales -------- ] [ Magnoliales + Laurales ]

me ma ag wa mac em co cl sa do eu ev

[T = Annonaceae
10 = Magnoliaceae l—- MAGNOLIALES
DN = Winteraceae

Zza = Monimiaceae
= Lauraceae k— LAURALES
M - Hernandiaceae

PIPERALES

Fig. 8.21. Dietary preferences mapped onto the phylogenetic tree for the swallowtail butterfly
subgenus Graphium. All the host plants depicted on this cladogram are memt.)ers of the Magno-
liidae; however, G. macleayanum and G. sarpedon also feed on rosids. Species: me = G. men-
dana; ma = G. macfarlanei; ag = G. agamemnon; wa = G. wallacei; mac = G. macleay-
anum; em = G. empedovana; co = G. codrus; cl = G. cloanthus; sa = G. sarpedon; L'io =
G. doson; en = G. euryplus; ev = G. evemon. Bars = host preferences; * = generalist on
many hosts.

= Piperaceae
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* * * O * *
me ma ag wa mac em co cl sa do eu ev

[— = presence of Annonaceae

= transition of Annonaceae to Lauraceae
= transition of Annonaceae to Piperaceae
B = {ransition of Lauraceae to Hernandiaceae

Fig. 8.22. Optimization of the host preferences on the phylogenetic tree for the swallowtail
subgenus Graphium. Species: me = G. mendana; ma = G. macfarlanei; ag = G. agamemnon;
wa = G. wallacei; mac = G. macleayanum; em = G. empedovana; co = G. codrus; ¢l = GV
cloanthus; sa = g. sarpedon; do = G. doson; eu = G. euryplus; ev = G. evemon' Bars .
host preferences; * = generalist on many hosts. '

by an asterisk in fig. 8.22: G. agamemnon, G. macleayanum, G. sarpedon,
G. doson, and G. euryplus) are postulated to represent colonization events
subsequent to the origin of these species. Overall, then, this scenario paints
a dramatically different picture from the ebullient portrait of widespread se-
quential colonization depicted in figure 8.21.

‘There is a recurring pattern at all three phylogenetic levels investigated in
this study. The earliest phylogenetic split in the swallowtail butterfly group
sepérates a species feeding on rosids from species feeding primarily on mag-
noliids (fig. 8.18). Because the magnoliids as a whole are not the sister group
of the rosids, this would appear to be evidence of association between the
Plants and insects subsequent to the evolution of the plant groups. However.
if we consider the Baroniinae and Parnassiinae to be numerical relict group;
and examine only the Papilioninae, the relationships of the butterfly tribes
and the plant families are potentially congruent, depending upon the details
of the relationships within the Magnoliidae: the Graphiini feed mostly on
members of the Magnoliales, the Troidini mostly on members of the Aristo-
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lochiales, Meandrusa feeds on members of the Laurales, and Papilio is spe-
cialized on rosids.

Diversification at the generic level within the Graphiini occurs primarily in
association with members of the magnoliid family Annonaceae, with coloni-
zation occurring through switching to either other magnoliid species or to
rosids. In this case, there is evidence of a correlation between cladogenesis
and host switching to rosids in Iphiclides, the only Nearctic member of the
group, followed by at least two colonization events from Annonaceae to
Laurales. This pattern is repeated within the genus Graphium, where most of
the phylogenetic diversification has also occurred in association with mem-
bers of the Annonaceae, and three speciation events are correlated with col-
onization of different magnoliid orders.

Analyses at the generic and specific levels provide evidence of substantial
phylogenetic diversification in some of the insect groups feeding on the
members of a single family of plants. We do not have detailed phylogenetic hy-
potheses for the plant groups, so it is not possible to tell if there are any
congruent portions of the host and butterfly phylogenies, or if these represent
cases of “phylogenetic tracking.” For example, the association between the
Graphium species and members of the Annonaceae may be similar to the case
of dissodactylid crabs and their echinoderm hosts discussed previously. If so,
the butterflies speciated while the plants did not, which could be construed
as evidence that the plants evolved before the association with the butterflies
began. In addition, the relatively restricted range of hosts inhabited suggests
some degree of resource tracking, while the high degree of host switching
within that context suggests that the resource is widespread (and hence pre-
sumably plesiomorphic rather than convergent) among members of the mag-
noliids. This latter point is corroborated by two observations: (1) major in-
stances of host switching occurring outside the magnoliids involve members
of the Rosidae, which contains the hosts of the sister group of the Papilioni-
dae, and (2) the Magnoliidae is a paraphyletic group, and paraphyletic taxa
are grouped by shared plesiomorphic characters. Miller (1987) suggested that
these data supported a resource-tracking model of sequential colonization
more than a coevolutionary arms-race model. We agree that this is the best
explanation for those episodes of phylogenetic diversification involving host
switching. However, this study must be considered preliminary because of its
lack of species-level information concerning host plant and butterfly phylo-
genetic relationships, and because the episodes of phylogenetic diversifica-
tion that apparently did not involve host switching have not been identified
as episodes of either phylogenetic tracking or of allopatric cospeciation.

Summary

The current data base for phylogenetic analyses of potentially coevolved
or coevolving systems is sparse and weighted towards the interests of a few
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authors. Since the majority of empirical phylogenetic studies involve meta-
zoan endoparasites of vertebrates, while most of the dynamical models of
coevolution were developed for insect-plant systems, it is inappropriate at this
time to form generalizations about the relative merits of particular models.
However, it appears that there is considerable overlap in the macroevolution-
ary patterns associated with each coevolutionary model. For example, one
outcome of a resource-tracking dynamic produces patterns of host and asso-
ciate phylogenetic congruence that look like allopatric cospeciation patterns,
while another outcome produces patterns that resemble the results of a co-
evolutionary arms race. Outcomes of the arms-race model range from strict
cospeciation patterns to widespread host-switching patterns. Thus, the ma-
croevolutionary effects of coevolutionary processes tend to blur the distinc-
tions among the models (table 8.2).

Table 8.2 Comparative summary of models of coevolution.

Model Class
Host Switching
Phylogenetic Allopatric Resource Coevolutionary
Pattern Cospeciation® Tracking® Arms Race®
Congruence apomorphic resource defense/counterdefense
null model phylogenetic tracking traits co-orgimate
Incongruence * plesiomorphic resource hosts with no associates
OR OR
convergent resource associates back-colonize
hosts

sequential colonization
defense/counterdefense
traits do not co-originate

*Adaptive response need not be present in either host or associate.

* = broad host range and selective extinction (this is dangerous to invoke because all incon-
gruences could be “explained” this way, reducing all coevolutionary explanations to cospecia-
tion).

®Adaptive response may be present or absent in host, is present in associate.

Adaptive response is present in both host and associate.

Virtually every association analyzed to date includes some departures from
cospeciation, each of which, by definition, must involve some form of host
switching. The majority of examples discussed in chapter 7 appear to be
combinations of allopatric cospeciation and sequential colonization, the latter
identified as such because the wide range of associate specificity indicates
that these species are tracking a plesiomorphic resource (e.g., gyrocotylids
and almost any ratfish, Taenia and almost any carnivore, Ligictaluridus and
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ictalurid catfish from two different subgenera). It is thus likely that apparently
discrete “models” of coevolution at the microevolutionary level are influenc-
ing coevolving systems in a variety of ways at the macroevolutionary level.
If this is true, we should not expect a priori that the coevolutionary history
of a given clade will conform completely, or even predominantly, to a single
model. Rather, like speciation, each system may represent an aggregate of
the differential effects of allopatric cospeciation, resource tracking, and the
evolutionary arms race. Unfortunately, at the moment the data base is not
large enough to investigate the relative frequencies of these modes in a man-
ner analogous to Lynch’s (1989) study of speciation modes (see chapter 4).

Coevolution and Evolutionary Specialization

Having discussed the models and patterns of coevolution in a general
sense, we will now turn our attention to some of the Characters involved in
such interactions. It is possible that differences in the biological attributes of
diverse associations may bias evolutionary outcomes. For example, phyto-
phagous insects, by their very behavior, decrease the fitness of their host
plants. From the plant’s perspective the relationship is straightforward; char-
acters that contribute to foiling insect diners are selectively advantageous. On
the other hand, the relationship between insect pollinators and their host
plants is founded on a delicate balance between opposing selection pressures.
Again from the plant’s perspective, the decrease in fitness caused by the pol-
linator’s role as herbivore is balanced against the increased fitness that results
from the dissemination of gametes. Swmh
a single trophic level (e.g., polyphagous phytophagous insects), whereas oth-
ers track narrowly through several levels (e.g., digenetic trematodes, which
use Tolluses as Tirst intermediate hosts; plants, invertebrates, or vertebrates
as second intermediate hosts; and vertebrates as final hosts). Of all the bio-
logical attributes, the degree of specificity, or specialization, exhibited by the
members of any given association has consistently been assigned a prominent
role in explanations of coevolutionary systems.

Resource Specificity

Concepts of evolutionary specialization and resource (“host”) specificity
play major roles in all of the coevolutionary models because the extent to
which an associate can be expected to colonize new hosts is dependant upon
its degree of specialization on the original host resource, and upon the evo-
lutionary diversification of the hosts (see Futuyma and Moreno 1988, and
Humphery-Smith 1989 for recent reviews of theories about the evolution of
specialization and host specificity). Examination of evolutionary specializa-
tion, host specificity, and host switching within a macroevolutionary context

&
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produces a vexing paradox (cf. the discussion in chapter 4 concerning models
of sympatric speciation; also Futuyma and Mayer 1980). On one hand, it
seems reasonable to propose that the possibilities for successful sequential
colonization are enhanced in inverse proportion to the degree of host specific-
ity. That is, species that respond to a more general, widespread type of cue
or a large number of different cues are afforded a greater opportunity to col-
onize a variety of hosts than their narrowly focussed counterparts. But on the
other hand, if colonization of a new host leads to speciation and the estab-
lishment of a unique association, then the host must have acted as a strong
directional selection force The chances of this occurring should be higher
for species with pronounced host specificity, because they are theoretically
more sensitive to changes in the host component of their environments than
their more tolerant, generalist reiatives.

The mechanisms underlying patterns of resource specialization depend
the biology of the host. If the association is maintained by the host group’s
possession of a particular resource that is necessary for the survival of the
associate, then the specificity may reflect the resource’s distribution among
sympatric or parapatric host species and the opportunistic behavior of the
associate. Specificity due to some attribute of the associate might result from
a general macroevolutionary trend toward ecological specialization in the
group, which could be manifested as increasing host specificity (Smiley
1978). Alternatively, it could be due to some characteristic of the associate’s
deme structure that increases the likelihood that host switching will lead to
speciation. For example, groups that are capable of producing a viable deme
from a single colonization event would be (1) more likely to speciate as a
result of colonization than those requiring a larger founding population and
(2) more likely to be members of a clade comprising many host-specific spe-
cies than of a clade comprising a few generalists. The monogenean parasitic
flatworms are excellent examples of both these points. Monogeneans exhibit
direct development and have generation times much shorter than those of their
vertebrate hosts; hence, it is possible for a single monogenean to establish a
viable deme, and produce colonizing offspring, while residing on one host.
As predicted, the evolutionary diversification of this species-rich group has
been driven by a great deal of host switching (chapter 7), even though indi-
vidual monogenean species are highly host-specific.

Of course, as in any biological system we expect attributes of both hosts
and associates to play roles in determining specificity patterns. For example,
in the relationship between ancyrocephalid monogeneans and centrarchid
fishes, the hosts exhibit high rates of hybridization. The characteristics of
monogenean biology that make them such good colonizers are thus coupled
with an increased opportunity for colonization, since, as different species of
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centrarchid fishes assemble on the fields of courtship, more than just gametes
are exchanged. Once again, the result has been the evolutionary diversifica-
tion of many highly host-specific species, most of which have evolved as a
result of host switching.

In the following section, we will consider two types of questions about
host specificity and macroevolution: Is there a relationship between host spec-
ificity and the degree of cospeciation for a given clade? Are there any mac-

P ENN
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roevolutionary trends in host specificity within clades? A prelifmimary answer
to the first quéstion Sought among the examples presented in this book.

In chapter 7 we discussed numerous studies in which pronounced host spec-
ificity was coupled with substantial phylogenetic congruence between hosts
and associates. We also presented cases in which pronounced host specificity
was coupled with substantial incongruence between host and associate phy-
logenies (monogenean flatworms and centrarchid fishes, gyrocotylid flat-
worms and ratfish, tapeworms and alcid birds, and tapeworms and carnivo-
rous mammals). The relationship between Homo sapiens and some of their
roundworm parasites is an interesting example of this second category. Of
the two nematode groups inhabiting the great apes, one (Enterobius, the pin-
worms) is more host-specific than the other (Oesophagostomum, hook-
worms). And yet, host relationships implied by the pinworms place Homo
between Hylobates (gibbons) and Pongo (orangutans), whereas host relation-
ships implied by the less-specialized hookworms unite Homo with Pan (chim-
panzees) and Gorilla, the consensus view of hominoid relationships. Finally,
if the example of the gall midges (Roskam 1985) represents a case of allo-
patric cospeciation followed by an expansion of the host repertoire through
secondary colonization, then differences in host preference provide an essen-
tial indicator of the coevolutionary dynamics in this system. Overall _then, it
appears that pronounced host specificity may-be a_necessary, but not suffi-
cient, component of cospeciation If this is true, then low degrees of host

specificity should be co i ce, while
substantial host specificity will be associated with a wide range
netic patterns. 1his may be the reason for all the exceptions to the various

T
“parasitological rules” that have been formulated over the past century (see

Brooks 1979b, 1985).

The_second question requires that we search for regularities in patterns of
host_specificity emerging over the evolutionary diversification of a group.
There are three gossibi!;'gies here. Fist, host specificity can increase duringé
phylogenesis as historical effects progressively constrain host preferences
(fig. 8.23a). This is consistent with hypotheses of progressive specialization
in coevolving lineages (see, e.g., Smiley 1978). The secopd possibility in7/2
volves the reverse process; host specificity decreases during phylogenesis‘_/
(fig. 8.23b). This is consistent with hypotheses about the evolution of ex-
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4 3 2 1 1 2 3 4 3 1 4 2
(a) (b) {c)

Fig. 8.23. Three potential macroevolutionary trends in host specificity within a clade. Numbers

= the number of host species inhabited by each species of the associate clade. (a) Specificity
increases. (b) Specificity decreases. (¢) No patterns in specificity emerge.

treme opportunists, in which traits that facilitate opportunistic behavior are
optimized during evolution. Finally, it is possible that no macroevolutionary
regularities will emerge during the course of phylogenetic diversification (fig.
8.23c).

According to the current data base, the predominant macroevolutionary
trend in changes in host specificity within a clade corresponds to the pattern
shown in figure 8.23c. While some members of any given clade of associates
are highly host-specific, others are not, and the distribution of these two types
of associates within the clade appears to be random. The only example that
we have discovered that demonstrates increasing host specificity within an
entire clade (fig. 8.23a) is provided by the relationship between telorchiid

~ trematodes and North American turtles (Macdonald and Brooks 1989). To

date, there are no phylogenetically based studies that show the pattern de-
picted in figure 8.23b.

Genetic Diversification

A newly emerging approach to studying coevolution involves attempts to
determine the influence that members of an association might have on each
other’s rate of genetic divergence. A complete investigation of coevolutionary
ghanges in genetic characters must include both phylogenetic and genetic
information. Examination of the sister-group relationships within each study
group and the degree of phylogenetic congruence (cospeciation) among the
study groups allows us to determine whether each association is a historical

A one. Once the historical framework has been established, studies of genetic

differentiation among members of each clade involved in the association will
allow us to determine the degree of correlation between the putative genetic
chqng_es. There are many methods for assessing the degree of genetic differ-
entiation within and among species, the most common of which is the cal-
culation of “genetic distances” based on molecular data. There is currently a
great controversy raging around the use of genetic distance data for building
phylogenetic trees (if you are interested in this particular issue, see, e.g.,
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Farris 1981, 1985; Avise and Aguadro 1982; Felsenstein 1982; Avise 1983;
Buth 1984). For the purposes of this chapter, however, all you need to remem-

| beris that if you construct phylogenetic trees using genetic distance data, you
cannot then use genetic distance data to study the relationship between host
and associate genetic divergence without introducing circularity. Although
there are numerous studies investigating either the phylogenetic or the genetic
relationships between species, very few authors have attempted to combine
the two to produce a more robust investigation of coevolution. Therefore, our
discussion of the genetic correlates of coevolutionary associations must, at
the moment, be based primarily on hypothetical examples and preliminary
studies.

Before proceeding with this discussion, we would like to offer two caveats
for those who are interested in expanding this promising area of research.
First, always remember that WWand ¢
ssociate genetic divergence are hi sceptib mpling errors. For
exampm Tficult to draw a statistically adequate sample of the
entire genome for members of either host or associate clade. Second, recall (.
that population biologists have compiled a substantial data base demonstrat-
ing that de etic variability often-diffe £
nisms, (see, e.g., Ayala 1982b). Because of this, if we only have access t
genetic distance data, we can never be sure if correlations (or their absence)
between species are a reflection of a coadaptive interaction (or lack of it) or
an artifact of the species genetic structure. In order to have stronger grounds
for postulating coadaptation we need to compare the genetic distances among
“members of both groups involved in the ass jari ] ic distances
among members of their nonassociated sister groups. A complete coevolu-
tionary analysis thus incorporates information about (1) the differences in
genetic distance between associated species and Q the macroevolutionary
relationship between changes in genetic distances among members of a clade
and the appearance of an ecological association between those species. Four
potential pattems are produced by the interaction between phylogenetic and
genetic processes in coevolving systems (table 8.3).

of orga-

Table 8.3 Interactions between phylogenetic and genetic factors in coevolving systems.

Genetic Divergence

Equal Rates Different Rates
Cospeciation reciprocal coadaptation no coadaptation
(fig. 8.24) (fig. 8.27)
1 I
Host switch directional coadaptation no coadaptation
(fig. 8.26) (fig. 8.25)
it v
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(1) (2) (3)

A B C 2 3
\%)/

PHYLOGENETIC CONGRUENCE BETWEEN THE TWO GROUPS

1

MEASURE:
distance ( B, C ) and distance (2, 3)
distance ( A, D) and distance ( 1, 4)

DISCOVER:
distance (B, C) = distance (2, 3)
distance (A, D) = distance (1, 4)

F'1g.‘ 8.24. Interaction type I. Total congruence between the host and associate phylogenies and
51m11arit.y between the genetic distance measurements for the appropriate host-to-host/associate-
to-assoc@e comparisons. Letters = host taxa; numbers = associate taxa. The distributions of
the associates in each host are listed in parentheses above the host tree.

Ip the first pattern we find phylogenetic association between hosts and as-
§001ates (cospeciation) coupled with a similar amount of genetic divergence
in both clades (fig. 8.24). There are two possible explanations for these ob-

| . served patterns: interactions between the ofganisms produces reciprocal
coadaptation which, in turn, reinforces the association, or, what appears to

2. be reciprocal coadaptation could simply be a ifestation ivalent evo-

lutionary rates in the ho ige lineage, independent of any interac-

tions bt?tween the associated species’ In order to distinguish between these
alternatives we need information about the rates of genetic divergence in the
nonassqciated sister groups of both the clades/ If we find a macroevolutionary
correlation between a cEange in the rate of genetic divergence and the origin
of the association, we have strong support for a coadaptational hypothesis
:hat the associated species have mutually modified each other’s genetic struc-
ure.

The next example demonstrates the opposite situation: here there is an
gbsence of phylogenetic association (association by colonization: host switch-
ing), coupled with a lack of similarity in degrees of genetic divergence (fig
8.25). Once again, there are two possible explanations for this observation:
tpe hosts and associates have had relatively independent histories of associa—'
t1op and show no indication that their genetic structure has been affected b
their relatively recent association with each other, or, the rate of eneti}(,:
change has in fact been modified, but the interaction was not strong fnough

/44_{ k“/u&
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LACK OF PHYLOGENETIC CONGRUENCE BETWEEN THE TWO GROUPS

MEASURE:
distance ( B, C) and distance ( 1, 3)
distance ( A, D) and distance ( 2, 4)

DISCOVER:
distance (B, C) # distance (1,3)
distance (A, D) # distance (2, 4)

Fig. 8.25. Interaction type IV. Little congruence between the host and associate phylogenies and

no similarity between the genetic distance measurements for the appropriate host-to-host/asso-

ciate-to-associate comparisons. Letters = host taxa; numbers = associate taxa. The distributions

of the associates in each host are listed in parentheses above the host tree.

or has not persisted for long enough to be detected as equivalent degrees of
divergence. If we find no macroevolutionary correlation between a rate
change in genetic divergence and the origin of the host switch, we have a
strong refutation of a hypothesis of coadaptation.

A third possibility falls between the two preceding examples. In this case,
there is an absence of phylogenetic association coupled with a similarity in
degree of genetic divergence in the host and associate groups (fig. 8.26). It
is possible to hypothesize that the new hy ired through colonization
exerted such strong directional selection pressure on the colonizing associate
that the degree of genetic divergence between the two associate species ap-
proached the degree of divergence tetween Thieir hosts, We ave called this
fype of outcome directional coadaptation. Altermativety, what might appear
to be directional coadaptation might simply reflect inherent similarities be-
tween the associated groups (i.e., the two groups possessed equivalent rates
of genetic divergence before the evolutionary origin of their association).
Investigation of genetic divergence rates within the clades before and after
the host switch will help to distinguish between these two alternatives.

Finally, there is the possible case of hosts and associates that show cospe-
ciation patterns yet also have different degrees of genetic divergence (fig.
8.27). Such systems would imply that it is possible for ecological associates
to maintain independent genetic divergence patterns despite a long-standing
association; that is, mutual descent without mutual modification, at least at

9.,
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LACK OF PHYLOGENETIC CONGRUENCE BETWEEN THE TWO GROUPS

MEASURE:
distance (B, C} and distance { 1, 3)
distance (A, D) and distance { 2, 4)

DISCOVER:
distance (B, C) = distance (1,3}
distance (A, D) = distance (2, 4)

Eig. 8.26. Interaction type HI. Little congruence between the host and associate phylogenies and
similarity between the genetic distance measurements for the appropriate host-to-host/associate-
to-associz.xte comparisons. Letters = host taxa; numbers = associate taxa. The distributions of
the associates in each host are listed in parentheses above the host tree.

the genetic level. This is the case in which cospeciation is due to a casual
rather than causal; phylogenetic association. ,

Having discussed the theoretical possibilities, let us turn our attention to
some examples of this research. Bear in mind that none of the following
authors have attempted the second stage of a genetic coevolutionary analysis;
tracing the macroevolutionary interactions between changes in genetic diver—’
gence rates and the evolutionary origin of the association. Since these studies
are based solely upon comparisons of genetic distance data between asso-
ciated species, the results are preliminary, but interesting nonetheless.

Rodents and mites (type I)

Hafner and Nadler (1988) presented a coevolutionary study of geomyid
rodents and their trichodectid mite ectoparasites. They reported that (1) their
host and parasite trees indicated a considerable amount of congruence (i.e.
a long historical association) between the rodents and the mites, and that (23
tl'le relative genetic distances between related hosts and between their asso-
ciated parasites were roughly equal. The authors interpreted the high degree
ojf phylogenetic association coupled with the similarity in rates of genetic
d1vergence in host and parasite lineages to indicate a strong coevolutionary
coupling of genetic change between the two clades. However, the allozyme
data used to calculate the genetic distances between species were also used
to construct the phylogenetic trees. Formulating evolutionary hypotheses
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(1) (2} (8)

(4) '

PHYLOGENETIC CONGRUENCE BETWEEN THE TWO GROUPS

MEASURE:
distance { B, C) and distance { 2, 3}
distance { A, D) and distance ( 1, 4}

DISCOVER:
distance { B,C) # distance {2.3)
distance (A, D) = distance (1, 4)

Fig. 8.27. Interactjon type II. Total congruence between the host and associate phylogenies and
no similarity between the genetic distance measurements for the appropriate host-to-host/asso-
ciate-to-associate comparisons. Letters = host taxa; numbers = associate taxa. The distributions
of the associates in each host are listed in parentheses above the host tree.

about relationships between characters using a phylogenetic reconstruction
based upon those characters introduces a degree of circularity, and thus weak-
ens the resulting evolutionary hypothesis. In addition, the authors used phe-
netic rather than phylogenetic methods to generate their trees. Phenetic anal-
yses cluster taxa to maximize the fit of the data to a model of homogeneity
of evolutionary rates. Since they incorporate this a priori assumption of
homogeneity, phenograms are not good independent tests of similarity in co-
evolutionary rates of genmetic divergence, even if based on data other than
those used to infer the rates of divergence in the first place. What is needed
here, then, is an independent phylogenetic assessment based, for example,
on morphological characters, of the phylogenetic association between the ro-
dents and the mites. Examination of Hafner and Nadler’s allozyme data to
determine the relative degree of genetic divergence between the hosts and
parasites within this phylogenetic context would avoid the problem of circu-
larity, thus providing a strong test of the putative coevolutionary relationships
between the two groups.

Marsupials and tapeworms (type IV)

Baverstock, Adams, and Beveridge (1985) studied a group of tapeworms
inhabiting Australian marsupials. In contrast to Hafner and Nadler’s results,
they found that (1) there was little congruence between host and parasite trees
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and that (2) the genetic distances between tapeworm species differed mark-
edly from the genetic distances between their associated host species. The
authors interpreted these results as indicating independent genetic histories
for the host and parasite group, consistent with a limited amount of phylo-
genetic association between the lineages. However, their host tree (a “dis-
tance Wagner” tree constructed using genetic distances) and their parasite tree
(a phenogram) were constructed using different methods of analysis, neither
of which was a phylogenetic systematic approach. Based on the reanalysis of
Hafner and Nadler’s data, we suspect that the trees of Baverstock et al. show

at least some incongruence because they were constructed by different
methods. :

Trematodes and frogs (type IH)

Four species of parasitic flatworms, all members of the trematode genus
Glypthelmins, inhabit the upper small intestines of North American ranid
frogs. Hills, Frost, and Wright (1983), Hillis and Davis (1986), and Hillis
(1988) presented a phylogenetic tree for these ranids based on a variety of
morphological and molecular data. O’Grady (1987), investigating the rela-
tionships within Glypthelmins using morphological and ontogenetic charac-
ters, produced one tree with a consistency index of 76%. Since both host and
parasite cladograms were available, O’Grady extended his study to include a
cospeciation analysis using the methods described in chapter 7. He concluded
that G. intestinalis inhabits Rana pretiosa as a result of cospeciation, whereas
G. californiensis inhabits R. aurora as a result of a host switch. Thus the two
frog hosts, R. aurora and R. pretiosa, are more closely related to each other
than their associated parasites, G. intestinalis and G. californiensis, are to
each other (fig. 8.28).

The first prerequisite for a coevolutionary study-—the existence of phylo-
genetic trees, based on characters other than those used to determine genetic
distances, and an analysis of the historical context of the association between
the two clades—is thus met for these flatworm-frog interactions. Rannala (in
press) calculated Nei’s genetic distances from electrophoretic data and com-
pared the degree of genetic divergence between the trematodes G. califor-
niensis and G. intestinalis, and between their hosts, R. aurora and R. pre-
tiosa. Surprisingly, the degree of genetic divergence between the frogs was
statistically indistinguishable from the degree of genetic divergence between
the parasites, even though the two frog species are more closely related to
each other than the two parasite species are to each other. This is a possible
case of directional coadaptation.

Unfortunately, few of the studies published thus far address the issue of
rates of genetic divergence in associated lineages, and of those, different
methods have been used to construct the phylogenetic trees. Thus the results
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(pretiosa) {(aurora) (- pipiens -)
in sh ca qu fa
pretiosa aurora pipiens
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pretiosa aurora pipiens
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Fig. 8.28. Phylogenetic analyses of the relationships between ranid frogs and their flatworm
parasites. (a) Simplified phylogenetic tree for the ranids based on rDNA restriction sequence
data. Only three hosts are shown: Rana pretiosa, R. aurora, and R. pipiens (species complex).
(Modified and redrawn from Hillis and Davis 1986.) (b) Simplified phylogenetic tree encompass-
ing five species of Glypthelmins, based on morphological and ontogenetic characters. in = G.
intestinalis; sh = G. shastai; ca = G. californiensis; qu = G. quieta; fa = G. facioi. The hosts
inhabited by each species of flatworm are listed in parentheses above the species names. (Modi-
fied and redrawn from O’Grady 1987.) (¢} New host cladogram derived from the phylogenetic
relationships of the parasite taxa (see chapter 7 for methods). Note that R. aurora (box) is now
misplaced on the cladogram; therefore, this is interpreted as a case of host switching by G.
californiensis.

to date cannot be directly compared, and results from future investigations
will continue to be incompatible until a standardized approach to coevolu-
tionary studies is adopted. Perhaps the most important conclusion to be
drawn from the three preceding examples is that similarity in degrees of ge-
netic divergence between ecological associates does not necessarily indicate
phylogenetic association, and phylogenetic congruence does not necessarily
indicate similar genetic divergence between biological associates. We think
this area of investigation holds exciting promise for the future, because the
combination of phylogenetic, ecological, and genetic information permits
both detailed reconstructions of coevolutionary pathways and an examination
of the interaction between macroevolutionary patterns and microevolutionary
changes.
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Community Evolution: Composition and Structure of
Multispecies Ecological Associations

One of the most difficult aspects of studying the evolution of com-
munities is that biologists hold widely divergent views about jgst\wlLtei.
actly is a community. For example, some researchers view communities as
associations of species so strongly tied together by their ecological and be-
havioral interactions (synecological attributes) that they are almost “super-
organisms” (e.g., Wilson 1980, 1983). Others feel that communities are ar-
bitrary assemblages of species that happen to be in the same place at the same
time. A recent statement (Strong et al. 1984) summarizes this perspective.

One possibility that we expect to obtain fairly commonly is the com-
munity with so few strong interactions that organization arises pri-
marily from mutually independent autecological processes rather
than synecological ones. Such communities would not be holistic
entities, but rather just collections of relatively autonomous popula-

33\ tions in the same place at the same time.

In many ways, the discussion of this question resembles the discussion
among systematists about the definition of the term “species”! Ricklefs
(1990:656) stated that “the term community has been given a variety of mean-
ings by ecologists.” As a consequence, we are not going to champion one
community concept over another, nor are we going to summarize and cate-
gorize all of the literature in this area. Rather, we will assume that a variety
of community types exist on this planet, and thus almost all concepts of
community will be valid for particular cases.

Given this, we should be able to uncover both _historical and nonhistorical
components in community structure. The interesting question then becomes,
Are all communities influenced to the same degree by the interaction of these
two components, or has each travelled along a unique, evolutionary pathway?
Phylogenetic history may confound our attempts to identify the type of com-

X munity with which we are working, if species occur together due to common

5

)

episodes of vicariant speciation. This historical component of the community

) >~will a sent_a “holistic entity”; however, it does not necessarily

&

follow that members of this “holistic entity” will exhibit strong synecological
interactions. Because of this, cospeciation studies such as those outlined in
chapter 7 are a useful starting point for coadaptation studies in community
evolution. Needless to say, such studies are apt to be difficult because they
require that we examine the members of more than one community in order
to draw robust explanations for the evolution of any single community.
There is a marked similarity in many ecological associations, especially of
specialized species, around the world that suggest phylogenetic influences in
interaction structure as well as species composition. For example, McCoy
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and Heck (1976) examined the communities of corals, seagrasses, and man-
groves throughout the tropics of the world, and concluded that these ecolog-
ical associations all had a common origin. Hill and Smith (1984) discovered
similar roosting patterns between six species of bats in a Tanzanian cave and
fourteen species of bats in a cave on New Ireland Island off the northeastern
coast of New Guinea. In both communities, species of the genus Hipposide-
ros lived near the rear of the cave in association with species of Rhinolophus,
while species of Rousettus roosted just inside the first major overhang (fig.
8.29).

On the parasitological side, Benz (cited in O’Grady 1989) examined the

Coleura
afra

Rhinolophus sp.

Taphozous C(tvrdioderma
hildegardeae cor

Rousettus

Hipposideros sp. aegyptiacus

H.cervinus

and "-'.Dobsonia

I, calcaratus £ moluccensis
Rhinolophus I Pipistrellus
euryotis angulatus
H. diadema Aselliscus
tricuspidatus
Rhinolophus Miniopterus Emballonura
megaphyllus tristis nigrescens
It.cervinus M. schreibersii
ipposideros Rousettus
calcaratus amplexicaudatus

Fig. 8.29. Roosting positions of several bats species in Tanzanian (top) and New Ireland Island
(bottom) caves. (From Brooks and Wiley 1988; redrawn and modified from Hill and Smith 1984.)
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distribution of copepods living on sharks’ gills. He discovered substantial
diversification in habitat preference (site selection) within these copepod
communities. Interestingly, the phylogenetic structure of these gill niches was
retained even though the specific shark and copepod species varied from com-
munity to community. In almost every case, species of Pandarus inhabit the
gill arch, Eudactylinodes and Gangliopus attach themselves to the secondary
lamellae, Nemesis burrow into the efferent arterioles, Phyllothyreus inhabit
the superficial portions of the interbranchial septum, Paeon embed in the
interbranchial septum, and Kroyeria are found in the water channels of the
secondary lamellae or embedded in the interbranchial septum (fig. 8.30).
Price (1984, 1986) outlined four models for the evolution of communities
of specialists, including communities of parasites. These models, based on
the differential con@g@wﬁmﬂ@ﬁﬁ%ﬂwﬂmw-

ization and extinction, and phylogeny to molding extant patterns of com-
), munity structure, may be summanzed as follows: (1) Nonasymptotic model
(Southwood 1961): the community never reaches a saturation point because ~
its member species are too specialized to fill all the available niches. (2)
q. Asymptotic equilibrium model (MacArthur and Wilson 1967, Wilson
1969): the balance between colomzation and extinction rates holds the com-
munity at equilibrinm. Extinctions are postulated to be driven by biological
3, factors such as interspecific competition and predation. (3) Asymptotic non-
equilibrium model (Connor and McCoy 1979; Lawton and Strong 1981):
“yacant niches” are present in the community because colonization rates are
W, not sufficient to fill them up. @) ‘Cospeciation model (Brooks 1980a):
“niches” are duplicated by allopatric cospeciation of community members,
s0 extant community structure is due to the persistence of historical associa-
tions.

If we use Price’s “models” to represent macroevolutionary influences on
the evolution of ecological associations, Price’s discussion can be extended
to encompass all multispecies ecological associations, be they called associa-
tions, guilds, communities, biotas, or ecosystems. Just as we believe that
coevolving lineages may represent the interaction of different “models of coe-
volution,” we think it likely that any given multispecies association may be

characterized by an interaction of any, or all, of these influences. These mod- Fig. 8.30. Distribution of eight species of copepods on the gill of a shark. The copepods in this
els can be further enhanced by incorporating concepts of spatial and resource guild are (clockwise, from the top left) Pandarus cranchii, Eudactylinodes uncinata, Nemesis
allocation among co_occurﬂng species (Brown 1981, 1984; Brown and i lamna, Phyllothyreus cornutus, Paeon vaissieri, Kroyeria caseyi, Gangliopus pyriformis, and K.
Maurer 1987, 1989). For example, all species within a community _contain i lineata. (From O’Grady 1989.)

information about (1) their origin with respect to the biota (spatial allocation),

and (2) the origin of traits relevant to the association, that is, traits that char-
acterize a species’ interactions with other species and with the environment
(resource allocation). The occurrence of a given species in a community may

be due to either phylogenetic association (its ancestor was associated with the
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ancestors of other community members), in which case we refer to it as a
resident species, or to colonization, in which case, not surprisingly, the taxon
is termed a colonizing species. Similarly, the ecology of any given species in
a community may reflect the presence of persistent ancestral traits or of re-
cently evolved, autapomorphic traits. Starting to sound familiar? Under the
guise of spatial and resource allocation, colonization, extinction, and com-
petition, we have returned full circle to the evolutionary processes of specia-
_tion_and adaptatmn_dlscussed_foumhmiua]ﬂadﬁthS The
combinations of species occurrence (speciation processes) and interactions
(adaptation processes) are depicted in table 8.4. Brown and Zeng (1989) re-
cently suggested that communities should be considered mosaics of all four
of these types of historical and ecological influences.

Table 8.4 Heuristic depiction of four classes of species contributing to community structure.

Species Occurrence Species Interactions

Ancestral Derived
Ancestral historically 0 stochastically
t } constrained residents changed residents
I I
Derived  _ noncompetitive competitive
/ colonizers colonizers
i1 v

Note: There are two components to ecological associations: Species composition: the occur-
rence of each species in an association is either ancestral or derived. Species interactions: the
characters involved in interactions among members of the association are either ancestral or
derived.

Phylogenetic history (table 8.4, type I) :['Hle conservative homeostatic
portion of any community is composed of species that evolved in situ through
the persistence of an ancestral association (congruent portions of phylogenies
in a cospeciation analysis)} Such species display the plesiomorphic condition
for characters involved 1n interactions with other community members and
with the environment (fig. 8.31). Since this section of the community is char-

acterized by _a stable relationship across evolutionary time, it may act as a

stabilizing selection force on other members of the community by resisting
the colonization of competing species. Macroevolutionary patterns of this
nature correspond to an allopatric cospeciation model.

Ross (1986) reported a high degree of phylogenetic constraints in the struc-
turing of contemporaneous reef-fish communities. Boucot (1982, 1983) con-
cluded that the fossil record demonstrates the conservative nature of com-
munity structure throughout evolutionary history. He further suggested that
when evolutionary changes do occur, they tend to reverberate through most
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Fig. 8.31. Phylogenetic effects in community structure in area D. Letters = areas, numbers =
species. Species 1 + 5 occur together in area A, species 2 + 6 occur in area B, species 3 + 7
occur in area C, and species 4 + 8 occur in area D. The state of a particular character involved
in the interaction between these community members is depicted by the boxes. In this situation,
both the origins of the traits and the origins of the association between community members are
old. Extant community structure in area D thus represents the persistence of an ancestral asso-

ciation, coupled with the persistence of ancestral interaction traits in both members of the com-
munity.

of the community structure. Historical ecological methods can provide a
complementary approach to this study. Consider the hypothetical case de-
picted in figure 8.32. Five areas (A-E) contain biotas composed of a member
from each of three clades (1-5, 6~10, 11-15). Communities A, B, and C are
characterized by plesiomorphic interactions among their component species
(1, 6, 11;2, 7, 12; and 3, 8, 13, respectively), whereas communities D and
E are characterized by apomorphic interactions among species (4, 9, 14 and
5, 10, 15, respectively). The phylogenetic explanation for this pattern is as
follows: The correlation among the plesiomorphic interaction traits is the re-
suit of historical conservatism in the evolution of these communities. Novel
ecological interactions evolved in the common ancestor of species 4 + 5, the
common ancestor of species 9 + 10, and the common ancestor of species 14
+ 15. These clades show a pattern of historical congruence; therefore, the
evolutionary changes in ecological interactions co-originated in co-occurring
species in the same (ancestral) biota. We can thus hypothesize that a common
cause is responsible for this suite of ecological changes. [
‘Colonization by “preadapted species” {table 8.4, type IIT): This portion
of the community contains species that have been added by colonization.
Such species can be recognized in part because their phylogenetic history is
incongruent with the histories of other community members. In addition, the
term “preadapted” implies that these individuals are able to colonize the area
because they already possess traits that do not conflict with the existing com-
munity structure (fig. 8.33). This scenario postulates that there is no compe-
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:
11 12 13 194 ig ] [] N | [ ]
A B C D E 1 2 3 4 5

(a) (b)

g@ggoﬂﬂﬂll
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Fig. 8.32. Correlated evolutionary changes in the evolution of communities. Letters = five com-
munities; numbers = members of three different clades that inhabit those communities. (a) Area
cladogram of the historical relationships among the communities, based on the phylogenetic
relationships of the species that occur in them. (b~d) The phylogenetic trees for the members of
the three clades. Superimposed above each species number is a symbol indicating a particular
resource utilization character. White symbols = plesiomorphic trait; black symbols = apo-
morphic trait. Note that the shift from plesiomorphic to apomorphic traits in each clade occurred
in the common ancestor of the two most recently differentiated species, leading to the emergence

of an ecological structure in communities D and E that differs from the ecological structure in
communities A-C.

tition between colonizing individuals and established (resident) members of
the community. On the one hand, if the appearance of these species reduces
the possibilities for the subsequent addition of species into the community,
then. this type of macroevolutionary pattern corresponds to the asymptotic
equilibrium model of MacArthur and Wilson (1967). On the other hand, if
the rates of colonization are low enough, the community may persist below
expected equilibrium numbers (corresponding to the asymptotic nonequili-
brium model). Similarly, if the colonizers are so specialized ecologically that
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Fig. 8.33. Community structure of area D influenced by colonization of “preadapted species.”
Letters = areas; numbers = species. The state of a particular character involved in the interac-
tion between these community members is depicted by the boxes. Species 8 has colonized area
D and is now interacting with species 4. In this situation, the origins of the traits are old (plesio-
morphic) while the origins of the association between community members are relatively recent
(apomorphic). Extant community structure in area D thus represents the appearance of a coloniz-
ing species, coupled with the persistence of plesiomorphic interaction traits in both members of
the community.

they do not affect other members of the community or preexisting potential
niche space, community diversity may increase without approaching an ap-
parent equilibrium (corresponding to the nonasymptotic model).

Erwin’s (1985) “taxon pulse” model is an example of this kind of influence
in the evolution of biotic diversity. As outlined in chapter 5, according to this
model, a group of species might begin with an ancestor that displays a certain
ecological propensity. As time passes, the ancestor and its descendants spread
over a larger and larger geographical area, with descendant species fulfilling
the same or very similar ecological roles in different locations. Subsequent to
this first wave of dispersal, a new ecological trait arises in one of the descend-
ant species in one of the localities. The species bearing this novel trait then
undergoes widespread dissemination, and a new “pulse” of diversity occurs,
producing a new set of descendant species, all performing similar functions
in different locations. Diverse and highly structured communities could be
formed in many different areas in this manner, with every community con-
taining a member of each of the “pulses.” The number of occupied “niches”
within each community would thus correspond to the number of pulses rep-
resented by the species that were present. Roughgarden and Pacala (1989)
presented a similar argument (using the term “taxon cycle”) to explain the
species composition and size structure of anoline lizard communities on
Caribbean islands.

Colonization by competing species (table 8.4, type IV): All species that
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colonize a community will exhibit incongruence in a cospeciation analysis.
However, unlike the conservative situation depicted for preadapted species
(fig. 8.33), varying patterns of character evolution will be traced upon this
phylogenetic framework if colonizing individuals compete with resident spe-
cies. In this situation, at least one of three things must happen in order for
the colonizer to become established: the colonizing species will change (fig.
8.34a), the resident species competing with the colonizer will change (fig.
8.34b), or both the resident and the colonizer will change (fig. 8.34c). This
will produce a pattern in which the colonizer, the resident, or both exhibit an
apomorphic condition of the traits relevant to the competitive interaction.
Replacement of the resident by the colonizer would be indicated on a cospe-
ciation analysis if (1) the extinction event is coupled with the colonization
event and (2) other members of the “extinct” species’ clade have similar re-
source requirements to the colonizer. These macroevolutionary patterns cor-
respond most closely with the asymptotic equilibrium model of MacArthur
and Wilson (1967).

Stochastic (“nenequilibrium”) effects (table 8.4, type II): If there is un-
occupied “niche space” in a community over extended periods of time, sto-
chastic evolutionary processes operating on resident species may produce
changes resulting in the use of some of that previously unoccupied space. In
this scenario, evolutionary changes in ecological characters occur within a
cospeciation framework. Species contributing to this portion of the commu-
nity structure can be recognized by their historical congruence with other
community members, coupled with the presence of apomorphic traits char-
acterizing their interactions with other species and with the environment (fig.
8.35). Since these changes do not affect other community members, they may

fepresent a type of stochastic wandering throu difications “allowed” by
/ the existing community structure. Such species appear to diverge ecologically
for no apparent reason, although care must be taken to rule out the effects of
\previous competition. The longer a community exists below equilibrium
numbers, through any of the processes described under “colonization by pre-
adapted species,” the greater the possibility that resident species will experi-
ence these sorts of evolutionary changes.

Preliminary Examples

Communities of specialists: Neotropical stingrays and their
helminth parasites

Price (1986) stated that

one major advantage of parasite communities over others is that the
habitat they live in, the host, has such a well defined structure. . . .
The host microcosm is replicated through time and space much more
so than habitats for most other organisms. Therefore, the study of
comparative community structure is very powerful. "
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untapped resources in colonizing the new host. No resident species are dis-
placed; the colonizers simply increase the community’s diversity. Finally, one
community, in the stingrays of the Orinoco Delta, has been assembled ac-
cording to variety of influences (three type I, two type II, four type IlI, and
three type 1V influences). The structure of this community is therefore the
end product of a complex interaction among history, host switching into
unfilled resource space, host switching by potential competitors (see legend in
table 8.5), and stochastic effects.

A more familiar type of community: Some North American
freshwater fishes '

Biologists have been studying North American freshwater fishes for more
than a century. Because of this fascination, a vast data base has been accu-
mulated; and because of this data base, we are now beginning to catch tan-
talizing glimpses of historical, geographical, and ecological interactions dur-
ing the evolution of these animals. Gorman (in press) built his study of
freshwater fish communities upon this foundation. He was interested in un-
covering the relative role of historical constraints on (1) the species compo-
sition or “structure” of communities (cospeciation) and (2) the species asso-
ciations or “functions” within those communities (coadaptation).

Gorman’s research centered on three rivers in the extensive Central High-
land Mississippi drainage system, the White, the Gasconade, and the Wis-
consin driftless. The White and the Gasconade are both part of the Ozark
drainage, closer together and more similar ecologically than either is to the
Wisconsin; therefore, it is not untoward to predict that the communities in
these two rivers should show a closer affinity. Gorman tested this ecological
prediction by examining distribution patterns for twenty-nine species of fish
at two levels of analysis: the rivers and specific habitats within these rivers.
We will present a step-by-step discussion of this analysis because it highlights
the differences between a historical and a nonhistorical approach to the study
of community structure.

COMMUNITY STRUCTURE ON A LARGE SPATIAL SCALE: COMPARISONS AMONG
RIVER SYSTEMS

1. The nonhistorical approach: Map the distribution of the twenty-nine
species onto an unresolved diagram for the drainages (fig. 8.38). Now, recon-
struct the relationships of the river drainages by clustering according to the
presence/absence of species (fig. 8.39). Clustering river systems according to
the raw similarity of their community structure (presence/absence of species)
places the Gasconade with the Wisconsin driftless drainage. Notice that the
occurrence of Notropis boops and N. greenei in the Gasconade and White
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WISCONSIN DRIFTLESS GASCONADE WHITE

H. amblops

H. dissimilis
N. chrysocephalus
N. galacturus

N. ozarcanus

N. pilsbryt

N. telescopus

H. x-punctata
N. stramineus
N. spilopterus -

N. heterolepis
N. umbratills

N. atherinoides
N. cornutus

N. dorsalis

Ph. mirabilis

Pi. promelas

R, atratulus

N. boops
N. greenei

—- Campostoma anomalum
-~ C. oligolepis

-+ Nocomis biguttatus

-+ Notropis nubilus

=+ N. rubellus

-+ Phoxinus erythrogaster
— Pimephales notatus

- Semotilus atromaculatus

Fig. 8.38. Distribution of twenty-nine North American freshwater fish. H. = Hybopsis; N. =
Notropis; R. = Rhinichthys; Ph. = Phoxinus; Pi. = Pimephales; C. = Campostoma.

rivers is unresolved; either these species are primitively present for all drain-
ages and have become extinct in the Wisconsin (fig. 8.39a) or they originated
in one of the Ozark rivers and dispersed into the other (fig. 8.39b). Ambiguity
aside, “the results of this analysis do not support the ecological expectation
that the two Ozark drainages should display a more-similar community com-
position. §

2. The phylogenetic approach: Mayden (1988) reconstructed the historical
relationships among the rivers of the Mississippi drainage, based upon com-
paring information from two sources: the geological relationships of the river
drainages and the phylogenetic relationships of fishes living in those drain-
ages. (Sound familiar? See chapter 7 for a discussion of this study.) Accord-
ing to this analysis, the three rivers of interest to us are associated in the
manner shown in figure 8.40.

This phylogenetic analysis supports the intuitive expectations of commu-
nity ecologists; the two Ozark drainages are more closely related to each other
than either is to the Wisconsin driftless system. Now, how can we explain the
anomalous results from the nonhistorical analysis? On the surface, the Wis-
consin and the Gasconade drainages appear to have a more similar community
structure because they share five species in common, whereas the Gasconade
shares only two species with the White River (fig. 8.39). Since this conflicts
with the phylogenetic hypothesis (fig. 8.40), we would have to conclude that
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WISCONSIN DRIFTLESS GASCONADE WHITE
6 unique species
l N. boops and N. greenei lost“

7 unique
species

5 shared species

8 species shared by all drainages

[N boops and N. greenei |
i

{a)

WISCONSIN DRIFTLESS GASCONADE WHITE
6 unique species 1 unique 7 unique
specles species

[N. boops and N. greenel |

[ N.Doops and N. greenei |

5 shared species

8 species shared by all drainages

(b)

Fig. 8.39. Relationships among drainages, based upon shared species. This is a phenetic analysis
of these relationships: drainages are grouped according fo raw similarity (presence/absence of
species).

history is a poor predictor of community composition at this level of investi-
gation. However, there are two types of similarities in community structure
based upon the presence of shared common species and sister species. A
nonhistorical approach paints an incomplete picture because it does not ex-
amine the entire community; only the “shared species” are investigated, the
endemic or “unique species” are disregarded (fig. 8.39). By contrast, a phy-
logenetic analysis incorporates both historical and nonhistorical information
from all species within the community.

Bearing this in mind, let us reexamine the distribution of these fishes (fig.
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WHITE GASCONADE  WISCONSIN DRIFTLESS

Fig. 8.40. Mayden’s (1988) consensus cladogram for the three river drainages, based on an
analysts of forty fish species. This cladogram indicates that the White and Gasconade are more
closely related to each other than either is to the Wisconsin.

8.41). With an eye to history (i.e., the Ozark drainages are more closely
related), we can say that, of the twenty-nine species,

1. We can predict the distribution patterns for twelve species on the basis
of history—Campostoma anomalum, C. oligolepis, Nocomis biguttatus, No-
tropis nubilus, Notropis rubellus, Notropis boops, Notropis greenei, Phoxinus
erythrogaster, Pimephales notatus, and Semotilus atromaculatus. Notropis
zonatus and Notropis pilsbryi also represent a historical component of the
community structure because they are sister species (Mayden 1988) in sister
river systems.

2. We cannot predict the distribution patterns for the five species shared
between the Gasconade and Wisconsin driftless systems (Hybopsis x-
punctata, Notropis siramineus, N. spilopterus, N. heterolepis, and N. umbra-
1ilis) on the basis of the historical relationships of the drainages or their cur-
rent proximity. These species are assumed to be where they are because of
dispersal, but, in the absence of phylogenies for the fishes, we don’t know
whether they dispersed from the Wisconsin into the Gasconade or vice versa.
For example, a member of both the H. x-punctata (H. dissimilis: Wiley and
Mayden 1985) and N. heterolepis (N. ozarcanus: Mayden 1989) clades is
found in the White River. If these pairs of relatives are sister species, their
presence in the White and Gasconade rivers is explained by commeon history
(predictable), followed by the dispersal of H. x-punctata and N. heterolepis
from the Gasconade into the Wisconsin. Once we have identified the exis-
tence and direction of dispersal events, we can begin to investigate the envi-
ronmental variables in common between the two river systems and the impact
of dispersing species on an established community.

3. We do not have enough information about the phylogenetic relationships
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B
WISCONSIN DRIFTLESS GASCONADE WHIT!
H x—punctata\ * H. dissimilis #

H. amblops

N. chrysocephalus
N. galacturus

N. ozarcanus

N. telescopus

=
[ N. zonatus N. pilsbryi |
| yd

N. stramineus
N. spllopterus
N. heterolepis

N. umbratilis

N. atherinoides
N. cornutus

%*

N. dorsalis N. boops
Ph. mirabilis N. greenel
Pi. promelas

R. atratulus

Campostoma anomalum
C. oligolepis

Nocomis biguttatus
Notropis nubilus

N. rubellus

Phoxinus erythrogaster
Pimephales nolatus
Semotilus atromaculatus

Fig. 8.41. Distribution of fishes (ecological data) examined from a phylogenetic .perspective‘
Historical components of community structure are enclosed within boxes. * = put-atlve rrfember's
of the same clade. H. = Hybopsis; N. = Notropis; R = Rhinichthys; Ph. = Phoxinus; Pi. = Pi-
mephales; C. = Campostoma.

of the remaining endemic species to determine how many are present due.to
dispersal (unpredictable) and how many are p‘rese_nt due tg common specia-
tion patterns (predictable; i.e., sister species in sister drainages like N. zo-
natus and N. pilsbryi). In order to resolve this problem we need a phylogeny
for the problematical Notropis group (groups?).

In summary, examination of the species presence/absence from a'Phyloge-
netic perspective has uncovered a by now famil‘iar p.attern:.commumtles com-
prise both historical (cospeciation) and nonhistorical (dlspe.rsa'l) ele.mer%ts.
This, in turn, highlights the need for researchers interes'te(.i in mvestlgatm.g
community structure to examine their ecological data within a phylogenetic
context.

COMMUNITY STRUCTURE ON A SMALL SPATIAL SCALE: COMPARISONS AMONG
HABITATS WITHIN THE RIVERS . .
In this section we will turn our attention to fish communities mhab1t}ng
pools and slow raceways of third- and fourth-order streams in the White,
Gasconade, and Wisconsin driftless river systems. Since the presence/ab-
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NIPPERSINK CREEK ROUBIDOUX CREEK NORFOREK RIVER
(Wisconsin driftless) {Gasconade River) (White River}

N. dorsalis - N. zonatus

N. pilsbryi

N. cornuius N. telescopus

=t N. boops

N. spilopterus

N. stramineus Notropis nubilus

Campostoma oligolepis

~t= Campostoma anomalum

-4 Nocomis biguttatus

Fig. 8.42. Distribution of predominant species (> 5% of all individuals) collected in pool and

slow raceway habitat of third- and fourth-order streams from three river drainages. N. = No-
tropis.

sence of rare fishes may be strongly affected by sampling errors, we will base
this analysis upon the predominant species in these habitats.

1. The ecological data: Let us begin by mapping the distributions of pre-
dominant species onto an unresolved diagram for the creeks (fig. 8.42).

2. The phylogenetic perspective: Now, let us reexamine these distributions
in light of the historical relationships of the river (creek) systems (fig. 8.43).

The distribution of species in these headwater communities indicates that
Roubidoux Creek (Gasconade River drainage) and Norfork River (White
River drainage) are more closely related to each other than either is to the
Nippersink Creek (Wisconsin driftless drainage). Since this agrees with May-
den’s phylogenetic analysis, it appears that the effects of historical con-
straints on community structure can be detected at both the large spatial
scale of river drainages and the small spatial scale of individual habitats
within those drainages. The incorporation of additional phylogenetic infor-
mation into this study uncovers even more interesting aspects of the evolution
of community structure. For example, the relationships depicted in figure
8.41 indicate that Notropis nubilus and Campostoma oligolepis are primi-
tively present in all three drainages, while N. boops is shared between the
Gasconade and White rivers. Based upon this we can see that,

1. Roubidoux Creek community structure is completely predicted by his-
tory (six out of six species): four species are primitively present in all these
river drainages (Nocomis biguttatus, C. anomalum, Notropis nubilus, C. oli-
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NIPPERSINK CREEK ROUBIDOUX CREEK NORFORK RIVE
74 N. telescopus #*
4 LOSS of N. boops
N. zonatus ‘ N. pilsbryi

N boops
LOSS of N. ntubilus ancestor of N. zonatus

and C. oligolepis '\7 N. pilsbryi

Campostoma anomatum
Nocomis biguttatus

% N. dorsalis
#* N. cornutus

N. spilopterus
N. stramineus

Campostoma oligolepis
Notropis nubilus

Fig. 8.43. Analysis of data within the phylogenetic framework presented by Maydin (1988) ax%d
inC(.)rp.()rating additional information from the drainage-level analysis (fig. 8.41). * = endemic
species.

golepis), one species is shared with its sister system the White Riveg (Notr.o-
pis boops), and one species, Notropis zonatus, occurs due to a sharg specia-
tion event with the White River—remember, N. zonatus and N. pilsbryi are
SIStZe.rIiIF(’)?f?:;; River community structure is almost cgm'p.letely predicte.d bﬂ
history (five out of six species): four species are primitively pre_sent ;)gla
these river drainages (Nocomis bigurtatus, C'. angmalum, Notropis nuhz us(,j
C. oligolepis), and one species, Notrqpis pilsbryi, o'cc.:urs due‘ to zzlv share:
speciation event with the Gasconade Rlyer. The: remaining spec1elz, ! otropzf
telescopus, is endemic to the White Rlver drainage so we would have tehx
pected to find it based upon our analysis at the drz_m.xage level. Howevgr, fxs
does not tell us where that species came from originally (see discussion for
ics i eceding section). .
engénl\lllicpsplenrstil;ipéreek cgmmunity struc.tu:e is orqy fv‘eakly predictecllv by h1§-
tory (two out of six species): tWo species are pnm1t1v§1y prcsent.( docomlz_s
biguttatus, C. anomalum), and two species are e'nderr'ucs, Notropis Norsa is
and Notropis cornutus. The presence of Notropzs sp‘tlopterus. and Notropis
stramineus is problematical; as discussed in the previous section, these spe-
i ispersed into the area. o
Cleézizlﬁife:, glirteen out of eighteen of the predomin@t species in th'ese
pool and slow raceway habitats represent the presence of hlgtoncal co.nstrz‘nnts
on community structure. This, in turn, raises .the following questlonsl.) .51)
Why is Notropis boops absent in the Norfork River? (2) Why are N. nubilus

|
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and C. oligolepis absent in Nippersink Creek? (3) Why are N. spilopterus
and N. stramineus absent in Roubidoux Creek? The answers to these ques-

tions might be found by examining the ecological interactions among species
within these communities.

ANALYSIS BASED UPON CATEGORIES OF ECOLOGICAL INTERACTIONS

Let us begin by adding the ecological profiles to the information discussed
in the previous section (fig. 8.44). There are some fascinating patterns here.

1. The oldest component of all these creek communities is the near-benthic
forager. In the Ozark systems, the upper and midpelagic species may have
been added next if the ancestor of Notropis zonatus and N. pilshryi was a
midpelagic forager. If not, the upper-pelagic forager was added to the com-
munity first, and the midpelagic species second.

2. Both the Ozark communities have the same functional structure: three
near-benthic species, one lower-pelagic species, one midpelagic species, and
one upper-pelagic species. This agrees with both the historical relationship
of the areas and the similar environmental parameters found in the creeks.

3. Nippersink Creek has a radically different ecological composition from
the Ozark creeks: one near-benthic specics, three lower-pelagic species, and
two midpelagic species. We need to resolve the phylogenetic relationships for
the four most recent additions to this community in order to determine which,
if any, of them are present because they evolved there (perhaps the endemics

NIPPERSINK CREEK ROUBIDOUX CREEK NORFORK RIVER

# N. dorsalis (3)

N. telescopus (1) #
# N. cornutus (2)

LOSS of N. boops
LN. zonatus (2)| ll.pilsbryi (2)—l

N. spilopterus (2)
N. stramineus (3)

N.boops (1)

ancestor of N. zonatus
and N. pllsbryl (2 7)

LOSS of N. nubilus
and C. oligolepis

Campostoma anomalum (4)
Nocornis biguttatus {3)
Campostoma oligolepis (4}
Notropis nubilus (4)

Fig. 8.44. Ecological profiles of dominant species mapped onto the cladogram for the river sys-

tems. Foraging categories: / = upper pelagic; 2 = midpelagic; 3 = lower pelagic; 4 = near
benthic.
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i ] us) or because they dispersed in (perhaps N.
No'tlroiliiOfoczill;V .a I;z(‘lrzfu;z’;:;n If)we can find historical evidence for di'sper-
Z{;{ Otltieen the phylogenies can be used to determine whether the current inter-
act;ons among the residents and colonizers is ancestral (type 111, t‘able 8.4;)i gz
derived (type IV). This, in turn, will tell us where to look for interspe
coilp‘e‘s\?l:m i?[:/hlzzgzvrzgrslgn}; in the Norfork?” The macroevoluti.onary pat-
tem; indic);te th;it N. boops was potentially replaced by its ecol'ogwal gqulv-
alent N. telescopus. Is there any way to move from a hypqthesm bﬁse upon
patterns to an experiment designed to tesg processes? In thls.case t eta'nsvtvhe;
to this question is definitely yes. Although rare, N. bo<.)ps is presgn h¥nt0r
Norfork. Given this, we need to collect further 'mformano‘n a.bout t1 e his thz
of N. telescopus (i.e., what is ifs siste-r species, apd did it e:foxf md °
Norfork or disperse into that area?). Ifit dlspersgd into the No. o;h,tar'lver
experiments reveal that it is currently out-corggetlng N. l?oops '12 tahzlvm,
then we have convincing evidence for competitive exclusion withou g

i of competition past. . §
N ;’f"fi‘;}f;wafg l;\slt r{ubilu{: and C%’ oligolepis. absent in Nippersink C:ieek"ih
Contrary to the N. boops example, thesg species hav.e th been replace: ;v:h "
ecological equivalents. The answer to tt.ns.probably lies in the StFuCtﬁre 8 e
substrate in Nippersink Creek (i.e., 1t is more sandy than mhtbc?t e
streams, and both these species are near-benthic for_agers). If so, habitat- a
food-preference experiments should help resolve this problem.

PON A SPECIFIC ECOLOGICAL INTERACTION .
ANI:LtEZI;:aiSSeIz;t[iJon of his study, Gorman perfo_rmed a §eries of expel:)?mentsf
designed to investigate the role of preferred habltat use in the assem zltge od
the Roubidoux Creek community. The experimental Protocol was simp ;l a;t-
elegant. Preferred vertical distributions were .deterrfuned for I'Vocomzts k li -
tatus, Notropis nubilus, C. anomalum, C . (')lt‘golepzf, Notroptl)s zotna ui‘hese
Notropis boops, by observing isolated‘md‘mduals in thg la org (;(riy. e
patterns were then compared with dismputlons obse¥ved in t}'1e e im >
tained in the laboratory in a mixed—spemes. group, with stunning results. o
fishes that demonstrate the same distributions in the lab (both alsne m} t;l;
mixed-species groups) and in the field are the fc.)ur oldest mem ersC ) -
communities, Nocomis biguttatus, Notrogzs nubilus, and.the two azgtlpoe
stoma species. Additionally, the overlap in preferred habitats arncmg1 lisal
species is low. So, as would be expected for t.he o‘ldest p?lIt n?f an eco otg ol
association, this component has reached, and 1slbemg maintained in, a sta
state. On the other hand, the more recently c_ienved me‘mbers of Fhe comrr'xg;
nity (Notropis zonatus and Notropis boops) still show evidence of interspeci
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interactions, that is, they are displaced from their preferred position in the
field and in the mixed-species group. As discussed in the previous section,
evidence of competitive interactions should be sought in two places within
the community: between an older member of the community and its func-
tional replacement (Notropis boops and Notropis telescopus) or between the
most recently derived member of the community and the original residents
(Notropis zonatus).

Overall, three generalizations about the evolution of these freshwater fish
communities can be drawn from this extensive study: communities are com-
posites of both historical and nonhistorical components; this pattern can be
detected on both large and small spatial scales; and historical ecological anal-
ysis can provide a framework for experimental investigations of the impact
of ecological interactions on community assemblage.

Summary De 1/

Ad ey, |
Although the preceding two studies are preliminary, we have pre- * ﬂ’wb”

sented them to illustrate two points. First, it is possible to comb
netic, biogeographic, ecological, and behavioral data to ask qu
the relative contributions of historical and nonhistorical influences on the spa-
tial and resource allocation patterns in biotas, Second, patterns of evolution
in communities are generally not the result of a single influence. This is a
familiar result. We discovered a similar generalization in the speciation dy-
namics involved in producing clades, and the coevolutionary processes in-

volved in producing tight ecological associations. Paleontological studies

(g.g.. Boucot 1975a,b, 1978, 1982, 1983) tend to support this view,
F Adaptive\ changes in community structure|involve both species composi-
tion and interactions. They tend to be evolut onarily conservative today, and

the paleontological evidence suggests that they have been conservative in the
past. Thus the conservative nature of adaptive changes and adaptive radia-
tions in individual clades (chapter 5) is carried through into biotic struc
Type IIT and IV influences in community evolution encompass the two
ponents of the MacArthur-Wilson (1967) equilibri of i

geography, colonization by preadapted species when biotas are below equilib-

estions about

com-

near equilibrium numbers. Type I and II influences are nonequilibrium phe-

ine phyloge- €Ll )1;7’10 "

¢

Compm,

ture.
L s 77
e,
io- z (2074
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rium numbers, and colonization by competing species when biotas are at or ~ %n<Z

g
nomena, which also must be t'aien into account when attempting to explain =, <
biotic structure and diversity. If these nonequilibrium influences are as per- Q?L-,X

vasive as we (and others—see, e.g., Wiens 1984) think, and as the examples '

we have presented in this book suggest, much of the structure found in com- il

munities could be due to historical associaﬁoyThis structure, in turn, could
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be misinterpreted to indicate the influence of proximal factors (e.g., strong
synecological interactions) if the evolutionary interactions within the com-
munity are not investigated within a historical framework.

At the moment, it is impossible to draw any meaningful generalizations
about the relative contributions of historical constraints and adaptive change
to the evolution of either closely interacting species (coevolutionary studies)
or interacting communities (community evolution studies). Traditionally
there has been very little interaction between biologists who study these two
aspects of coadaptation. We hope we have demonstrated that there is so much
common ground between these research programs, at least from a macro-
evolutionary perspective, that any cross-fertilization will be mutually benefi-
cial. Indeed, some researchers are already discovering the benefits of exam-
ining complex systems within a cooperative atmosphere (see, ¢.g., Futuyma
and Slatkin 1983 and Strong et al. 1984).




