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Clade dynamics in the fossil record broadly fit expectations from the operation of competition, predation, and mutualism, but
data from both modern and ancient systems suggest mismatches across scales and levels. Indirect effects, as when antagonistic or
mutualistic interactions restrict geographic range and thereby elevate extinction risk, are probably widespread and may flow in both
directions, as when species- or organismic-level factors increase extinction risk or speciation probabilities. Apparent contradictions
across scales and levels have been neglected, including (1) the individualistic geographic shifts of species on centennial and
millennial timescales versus evidence for fine-tuned coevolutionary relationships; (2) the extensive and dynamic networks of
interactions faced by most species versus the evolution of costly enemy-specific defenses and finely attuned mutualisms; and (3)
the macroevolutionary lags often seen between the origin and the diversification of a clade or an evolutionary novelty versus the
rapid microevolution of advantageous phenotypes and the invasibility of most communities. Resolution of these and other cross-
level tensions presumably hinges on how organismic interactions impinge on genetic population structures, geographic ranges,
and the persistence of incipient species, but generalizations are not yet possible. Paleontological and neontological data are both
incomplete and so the most powerful response to these problems will require novel integrative approaches. Promising research
areas include more realistic approaches to modeling and empirical analysis of large-scale diversity dynamics of ostensibly competing
clades; spatial and phylogenetic dissections of clades involved in escalatory dynamics (where prey respond evolutionarily to a broad
and shifting array of enemies); analyses of the short- versus long-term consequences of mutualistic symbioses; and fuller use of

abundant natural experiments on the evolutionary impacts of ecosystem engineers.
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Organisms interact with members of other species and clades aihpinge significantly on speciation, extinction, morphological va-
the time. Competition, predation, parasitism, and mutualism haveety, and/or spatial deployment on one or more of those clades.
been documented in all major environments, and each interactiodowever, the local and short-term existence of biotic interactions
type is recorded in the geologic past. More subtle, or at least lessoes not demonstrate their overriding role at large spatial and
clearly reciprocal, interactions are also pervasive: corals and tre¢gesmporal scales, or in molding species- and clade-level dynamics
structure their respective reef and forest environments but are n¢¢.g., Ricklefs 2004, pp. 5D6; Jablonski 2007). In short, we lack a
directly affected by all of the organisms dwelling there. Although powerful theory for how lower-level processes cascade upwards
these and other interactions have been heavily studied within pope clade-level dynamics, and vice versa.

ulations and communities, their macroevolutionary consequences Much of the fossil recordNfor example, the tendency for
are poorly understood. Clades are said to interact when interaspecies to respond individualistically to climate changes, the
tions between their constituent organisms, populations, or speciegaxing and waning of clades in association with tectonic and

€2008 The Author(s). Journal compilatidnZ®08 The Society for the Study of Evolution.
715 Evolution 62-4: 715739









COMMENTARY

Is the conceptual tension between the transience of most ecsification or rise to ecological prominence of the clade it defines
logical associations and the apparent pervasiveness of evolutiofe.g., calcareous algae, mammals, and angiosperms) have sev-
ary accommodation and antagonism among species fully resolvegtal potential explanations (Jablonski and Bottjer 1990). When
by coevolutionary theories founded on diffuse interactions or gethe null model of simple exponential growth can be ruled out (as
ographic mosaics? Ecological communities at any one time anBatzkowsky 1995 did for mammals and bryozoans), a macroevo-
place tend to skew toward a few strong and many weak interactiorisitionary role of antagonistic biotic interactions must be consid-
(Wootton and Emmerson 2005), which may reduce the challengered, as most famously held for the long Mesozoic lag and exu-
for theory and models, but translation of short-term observationderant Cenozoic diversification of mammals after the extinction
on geographic mosaics, interaction networks, and skew in intera@f nonavian dinosaurs and several other dominant terrestrial, ma-
tion strengths, to macroevolutionary outcomes through time andne, and aerial vertebrate clades. Such discordances can also be
across clades remains poorly constrained. seen in comparisons among the macroevolutionary currencies. For

At least some of the newer approaches to coevolution ainexample, clades might theoretically reach ecological dominance
explicitly toward addressing the failure of local coevolution to prior to diversification, but abundance more frequently appears to
extrapolate to longer timeframes (e.g., Thompson 2005), but wiag behind diversity, as in the 10-Myr gaps between taxonomic
still need to know whether spatial and among-clade variationgliversification and increase in abundance among angiosperms
in the topology of species interactions within networks impose(Lupiaetal. 1999) and among North American grasses(Stefg
predictable, first-order controls on the fates of species and th2005).
long-term shaping of phenotypes. One direction is suggested by Incumbency or priority effects, where one clade excludes or
evidence that antagonistic networks (herbivore-plant, predatofinders another owing notto competitive superiority but to histori-
prey) tend to be more modular or compartmentalized (Holt 1995¢al contingency (colonization or origination sequence) (e.g., Case
Holt and Hoopes 2005), whereas mutualistic networks tend to b&991; Almany 2003; Fukami 2004; Irving et al. 2007; Louette
more nested with generalists interacting with each other and sp@nd De Meester 2007), are held to underlie many macroevolu-
cialists interacting only with generalists (e.g., Thompson 2005tionary lags (e.g., Valentine 1980; Van Valen 1985; Rosenzweig
Guimalaes et al. 2006; Lewisohn et al. 2006; Waser and Ollertorand McCord 1991; Alroy 1996; Jablonski and Sepkoski 1996;
2006; Ollerton et al. 2007; antagonistic symbionts may also tendEldredge 1997, 2002; Jablonski 2000, 2001; Seilacher etal. 2007).
toward nested distributions, see Rohde et al. 1998). These strués already noted, the most famous example is the Mesozoic lag
tures could translate into macroevolutionary dynamics if neste@nd early Cenozoic diversification of the mammals (Alroy 1999
structures are indeed more resistant to environmental perturband references therein; Bininda-Emonds et al. [2007] were taken
tion and extinction than modular ones (e.g., Memmott et al. 2004to negate an evolutionary effect of dinosaur extinction on mam-
Jordano et al. 2006; Ollerton et al. 2007), and nestedness vari@sals, but their molecular analysis overemphasized crown groups,
with species richness (either for mathematical or biological reasee Cifelli and Gordon 2007; Wible et al. 2007). Other exam-
sons, see Guimaes et al. 2006). Most interaction modules could ples of evolutionary incumbency and its release arguably include
be short-lived, for example, with the participants repeatedly find-other diversifications following major extinction events (Miller
ing new partners in time and space so that just a few of the myrand Sepkoski 1988; Patzkowsky 1995; Foote 1997; McKinney
iad local coevolutionary experiments have any significant dura1998; Sepkoski 1998; Erwin 2001; Jablonski 2001) (Fig. 2); the
tion (Thompson 2005). But a deeper-time and spatially explicitdelay inthe replacement of straight-necked turtles by more derived
window is needed to test this attractive hypothesis in macroevoelades (Rosenzweig and McCord 1991); the rarity of evolutionary
lutionary terms. Amazingly, virtually nothing has been done totransitions between aquatic and terrestrial ecosystems (Vermeij
integrate the rich, spatially detailed Quaternary fossil record ofind Dudley 2000); the slowing of the Cambrian Explosion of ma-
plants (Jackson and Williams 2004 and others cited above) withine invertebrates (Valentine 1995); and the limited number of
the equally rich record of Quaternary insects (Elias 1994; Coopémb-reducing lizard clades within a given region of the globe
1995, 2004). A few anecdotes suggest that phytophagous insedi/iens et al 2006). The radiation of clades on OemptyO islands,
have detached from and rejoined their putative host plants ovesuch as the Galapagos finches, the Hawaiian honeycreepers, and
time (Coope 1995), but the evolutionary implications of thesethe Hawaiian silverswords, have also been viewed as escapes from
sparse observations have not been explored. incumbency effects (e.g., Schluter 2000a). Many of these exam-

How to reconcile rapid microevolution of advantageous phe-ples are plausible, but improved protocols for retrospectivelyN
notypes, and the invasibility of most communities, with the delaysonexperimentallyNseparating incumbency effects from more
often seen between the origin of a clade or an evolutionary noveonventional competitive hierarchies would be valuable.
elty and its later diversificationThe delaysNmacroevolutionary The processes actually underlying postextinction and oppor-
lagsNoften seen between the time a novelty appears and the divetunistic diversifications are poorly known. Relaxed selection at
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carnivores and raptorial birds is difficult to exclude at this pointhas been proposed to promote speciation by several mechanisms,
(see also Hooker 1998). This system deserves more detailed evalith varying degrees of theoretical or empirical support (Schluter
uation of spatial patterns, dynamics of subclades, and morpholo@000a,b, 2001a,b; Funk et al. 2006; Meyer and Kassen 2007); past
ical and functional spaces occupied by the potential interactors.spatial dynamics are again an issue, as apparent examples of eco-
Perhaps the best system for evaluating the macroevoluegical character displacement can be difficult to separate from
tionary impact of competition involves encrusters of marinedivergence in allopatry followed by ecological fitting of species
hard substrata. Although some key players are poorly preservetiat most readily coexist, (e.g., Cadena 2007; Rice and Pfennig
(e.g., sponges and tunicates), overgrowth patterns of skeletoniz&®07). On the other hand, interspecific resource competition may
encrustersNincluding bryozoans, corals, bivalves, gastropodsieduce the strength of divergent selection and damp speciation, as
polychaetesNoffer snapshots of ecological interactions sample@lso appears to have occurred with some stickleback populations
on geologic timescales. The rise to dominance of cheilostome bry®Vamosi 2003), and character displacement may push species to-
ozoans from humble Cretaceous beginnings and the persistena@rd extinction rather than diversification (Pfennig and Pfennig
of cyclostome bryozoans, often at high latitudes or as fugitive2005). The next step will thus be to ask whether clades subject to
near the bottom of a competitive hierarchy, is a good case, andompetitive character displacement regularly exhibit significantly
plays out differently in the different macroevolutionary curren- different dynamics in any of the macroevolutionary currencies rel-
cies, as noted above (see also McKinney 1995; Jablonski et ative to clades in which this is a less potent force. This topic has
1997; Barnes 2000, 2002; Barnes and Dick 2000; Sepkoski et aharely been explored in the subtidal marine molluscs that provide a
2000; McKinney et al. 2001; Taylor and Wilson 2003). Still lack- large part of the macrofossil record; competitive interactions may
ing in these admirable analyses is the phylogenetic dissection dfe relatively unimportant for these taxa (e.g., Stanley 2007, 2008)
the Order-level patterns and how they are conditioned on the onleut related species often do exhibit clear environmental separation
hand by adaptations of the competitors, and on the other by evde.g., by bathymetry and temperature, see Carlon and Budd 2002;
lutionary changes in the rest of the encrusting biota. For exampléRex et al. 2005).
the rather constant 66% overgrowth success of cheilostomes over
cyclostomes might represent a constrained competitive standofEREDATION: ESCALATION
an upward-spiraling arms race within subclades, a relay of inPredation (here including herbivory) is generally held to increase
creasingly powerful subclades on both sides, or interference bthe extinction probability of prey species, and the biotic inva-
other competing clades. Such analyses in the fossil record agon literature abundantly attests to that linkage (Sax et al. 2007).
complicated by the diffuse nature of many of the interactions unHowever, such antagonistic interactions can also promote popula-
der consideration, but this is a singularly promising system fottion differentiation of prey, and, in a smaller but growing number
neo/paleo collaboration. of studies, speciation and net diversification (Table 1), another
Atfiner scales, competition has often been viewed as drivingstriking mismatch between the expectation from organismic in-
evolutionary size increases (e.g., Kingsolver and Pfennig 2004gractions and clade-level effects.
Hone and Benton 2005). Some size increases have probably in- Evolutionary interactions of predators and prey need not
volved sexual selection or sexual competition among conspecificsesemble a coevolutionary arms race. Situations in which prey
and so fall outside the purview of this article. However, the contextrespond to selection imposed by classes of increasingly danger-
dependent nature of macroevolutionary size increase serioustyus enemies have been termed escalation. Evolutionary escala-
undermines CopeOs rule of evolutionary size increase as a vatidn has been most heavily studied in the fossil record, with ex-
generalization, and often does not support competitive interacamples including the Cambrian diversification of marine inverte-
tions as the primary driver. A number of major groups fail to brates (e.g., Stanley 1976; Vermeij 1990; Bengtson 1994; Marshall
show pervasive size increase when a broad inventory of size tren@906; Bambach et al. 2007); the marine-invertebrate response to
is available (see Jablonski 1996, 1997; Moen 2006 for reviewsthe mid-Paleozoic rise of shell-crushing fish (Signor and Brett
for a possible exception see Hone et al. 2005). Further, at lead984; Dietl and Kelley 2001; Huntley and Kowalewski 2007); the
some size trends track temperature and other abiotic factors, sigalcareous-algal response to durophagous grazers (Steneck 1983,
naling context-specific mechanisms rather than pervasive bioti€992; but see Aguirre et al. 2000); and the lake-snail response
drivers (e.g., Kaiho 1998; Hunt and Roy 2006; Millien et al. 2006;to durophagous predators in Lake Tanganyika (West and Cohen
Schmidt et al. 2006). 1994, 1996; for a potentially similar case in ancient Indonesian
More compelling evidence for a macroevolutionary role for lakes, see von Rintelen et al. 2004). The most famous case is the
competition, although one that opposes simple expectations froqost-Paleozoic increase in shell-penetrating predation and in prey
organismic fithess, comes from the renaissance in research atefenses, termed the Mesozoic Marine Revolution (MMR). The
divergent character displacement. Such character displacemekey point for the MMR is not that Paleozoic and Cenozoic clades
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and evolutionary dynamics of its species. If changes in genetic
population structure can increase a cladeOs propensity for estab-
lishing mutualisms, this represents a form of macroevolutionary
hitchhiking that has been little considered. At the same time, if
subdivided population structure is one of several loosely covarying
features that tend to increase both speciation and extinction rates
(Jablonski 2007), then it will be difficult to separate macroevo-
lutionary effects of population structures per se from those of
the mutualisms promoted by such structuresNand of course this
is a situation in which the two factors should be mutually re-
inforcing. Models testing the effects of each factor separately
and together (as in Jablonski and Hunt 2006) would be valuable
here.

Finally, not all endosymbioses are benigvolbachia a mi-
crobial parasite that manipulates host reproduction to enhance its
own cytoplasmic transmission, has been the subject of intense

Figure 4. The macroevolutionary downside of mutualism. The  g,dy. Evidence is accumulating thafolbachiacan facilitate
an:r;ttalme;u:t;]rif exr:ic:]tc(:;orr]n;\ilstsicn;c;:)ex:\t/re]zlaznzr:iecor:r:S or even drive speciation of the host (Hurst and Werren 2001;
efar; than iyn azooxanf]hsllate ci)lrals (az-like genera), whether gata BordenSte!n 2003; Telschow et al. 2005; Jaer_"ke et al. 20_06;
combine the last two stratigraphic stages of the late Cretaceous Bordenstein and Werren 2007; but see Champion de Crespigny
(CM data) or are restricted to data confirmed to be from the lat- ~ and Wedell 2007). Conversely, selection for limiting the impact
est, Maastrichtian, stage (M data). From Kiessling and Baron-Szabo ~ Of these and other parasites might favor strongly subdivided pop-
(2004), used by permission. ulations and so promote speciation (e.g., Ardlie 1998; Werren
and Beukeboom 1998; van Boven and Weissing 1999; Hatcher
the lucinid bivalves perhaps the best target because they are abl2800; Hatcher et al. 2000). The intensity\Wblbachiainfection
dant and accessible today and have a rich fossil record, with disraries widely among clades (as high B&0P6 of Australian and
tinctive shell morphologies in symbiont-bearing species (TaylolPanamian species of fig wasps [Haine and Cook 2005], but with
and Glover 2000). Chemosynthetic mutualisms freed deep-sdhe global average for insects closer to 20% [Werren and Windsor
metazoans from reliance on surface-water productivity and clearl2000]), which should prompt comparative tests of the broader
spurred molluscan diversification around hot vents and cold seepsacroevolutionary impact of these intracellular parasites. How-
complete with apparent cospeciation of chemosymbionts and the@ver, a much broader array of cytoplasmic symbionts awaits anal-
hosts (Peek et al. 1998), but the vent/seep fossil record is patchsis before the macroevolutionary role of this mode of clade in-
and preservation is highly uneven (but see Kiel and Little 200&eraction can be assessed (e.g., Weeks and Breeuwer 2003). Even
for encouraging signs). for Wolbachia the lineage infecting filarial nematodes is appar-
The outlines of ageneral theory of interspecific mutualism areently required for normal host development and fertility (to the
beginning to emerge. This work is (not inappropriately) focusedextent that antiolbachiachemotherapy shows promise against
on cost-benefit ratios at the organismic level, but the most succesthe nematode infections causing such diseases as elephantiasis
ful approaches have a strong spatial component (e.g., Doebeli arahd African river blindness), is transmitted only vertically, and
Knowlton 1998; Thompson 2005; Foster and Wenseleers 2006as a smaller and more static genome than the arthropod lin-
and references therein), which suggests potential feedbacks &ages (Foster et al. 2005). Comparative analyses of the causes
and from higher levels. For example, genetically subdivided omand macroevolutionary consequences of these different pathways
narrowly distributed species, where local conspecifics are likelyhave barely begun.
to be closely related, have significantly greater scope for the evo-
lution and maintenance of mutualisms than species where lIocC@IOMENSALISM AND AMENSALISM: ECOSYSTEM
relatedness is low (Foster and Wenseleers 2006; see also FraBKGINEERS
1994; West et al. 2002). Whether this hypothesis holds over th€lades allowed to diversify at a constant per-taxon rate will grow
long term is testable in the fossil record of some clades, and corexponentially, but we do not know the extent and evolutionary
versely it would also be very interesting to test whether indepenimpact of positive feedbacks whose dynamics outpace the intrin-
dent paleontological evidence of a cladeOs acquisition of an obkic exponential. The evaluation of such dynamics is complicated
gate mutualism coincides with changes in the spatial distributiorby at least two considerations. First, many diversity trajectories
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factors when the geographic ranges of one cladeOs species anee of genetically versus morphologically defined genera varies
consistently nested within those of the other interacting clade. significantly among clades but is high in some key components

(3) Interdisciplinary efforts that focus on systems accessi-of the fossil record (Jablonski et al. 2006b, and in review) On the
ble to both neontologists and paleontologists are needed to prather hand, spatial and temporal variations in species/genus ra-
mote more robust cross-level and cross-scale analysis. Paleolties within clades impose interesting challenges (e.g., Flessa and
ologists are limited in the kinds of ecological systems that theyJablonski 1985; Roy et al. 1996; Krug et al. 2007).
can analyze, but a major step would be to develop evolutionary-  (4) Paleontologists have rarely made full use of the spatial
ecological theory, models and experiments targeting a moderand temporal fabric of the fossil record in evaluating hypotheses
system well represented in the Cenozoic fossil record (e.g., soff clade interaction. The timing and location of the acquisition of
bottom molluscs, skeletonized marine microplankton, genus-leved predatory, competitive, or mutualistic capability, and how this
angiosperm pollen). Ecologists often increase tractability by rematches the supposed biotic impact can be analyzed even when
stricting study to phylogenetic or functional subsets of commu+as in most cases) the interactors have differing preservation po-
nities and food webs, and this highly productive strategy shouldentials. It is shocking that we have not seen a new generation of
be adjusted to frame hypotheses for the dynamics of the moshodels for macroevolutionary dynamics of interacting clades that,
preservable clades in target ecosystems. We need models for tfa example, dissect diversity more finely in phylogenetic terms,
macroevolutionary and macroecological effects of biotic interactake positive effects more fully into account, or are spatially ex-
tions in oceanic plankton communities that can be tested using jugticit. Concerns about the quality of the global fossil record are
the temporal and spatial dynamics of foraminifera, diatoms, radiwell founded, but much progress has been made in paleobiology
olarians, and coccolithophorans; or for reef ecosystem dynamicsimply by recognizing that the fossil record can neither be taken
using just corals, calcareous sponges, foraminifera, and shellgatecisely at face value nor dismissed as noise overwhelming sig-
molluscs. nal, and regional or clade-based analyses have already been shown

A few paleontological systems, including plants and phy-to be highly productive.
tophagous insects and competitors on marine subtidal hard- (5) In immediate, pragmatic terms, we need to foster more
substrata, can provide high-resolution snapshots of biotisustained interactions among fields. A postdoctoral program that
interactions, but paleo and neo analyses there have been neagyts evolutionary ecology PhDs into paleontology laboratories
independent. Challenges remain, as with the high variation irand paleontology PhDs into evolutionary ecology laboratories
preservabilty among the interactors and the need to integrate thoseuld be one way to intensify the exchange, and almost certainly
local snapshots into long term but discontinuous sequences, butould generate novel approaches to these issues. A repeat of the
the potential for deeper insights is strong. Given a set of interacinfluential 1998 Penrose conference OLinking Spatial and Tempo-
tions today or in the past, what are the expected macroevolutionamal Scales in Paleoecology and Ecology,O with the express aim of
consequences that can be measured (to paraphrase RaupOs [1p&8hoting collaborations and research consortia would be another
memorable wording), and given the features of clades today, whatverdue step. Stronger and more continuous intellectual exchange
unique dynamics must their deep-time histories (taxonomic, morbetween these two vibrant fields would be the most productive
phologic, spatial) exhibit to corroborate an hypothesized first-course of all.
order role for a set of interactions?
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