
assumed causal agent to the plants. There- 
fore, the brown wheat mite m a y  play the 
role as both a vector and a host for the 
VLPs. Indeed, electron microscopv of ul- 
trathin sections of infective mites-indicates 
the presence of morphologically similar 
VLPs in the gut (1 7). 

Petrobia latens is a dm-weather oest and is 
usually a threat only when a crop is under 
drought stress (1 1). Coincidentally, from 
1983 through 1986, north central Montana 
experienced the most damaging drought 
conditions since the 1930s. Also, barley 
acreage has increased considerably during 
the 1980s. thereby creating; an abundant " 
supply of  host plants fbr both the causal 
agent and its vector. Changes in climate and 
vegetation most likely contributed to  the 
epidemic levels of the disease. 
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Macroevolutionary Interpretations of Symmetry and 
Synchroneity in the Fossil Record 

Quantitative analyses of global diversity in the marine fossil record over Phanerozoic 
time reveal an historically ordered pattern of sequential dominance and increasing 
diversity. Explanatory models applied to this empirical pattern lead to irreconcilable 
differences of interpretation. The issue may be resolved by determining the expected 
distributions and limits of temporal covariation among clades generated by a random 
branching process. Results also challenge the claim that asymmetries in intra-clade 
diversity variation provide a directional arrow for the history of life. 

I N THE LAST DECADE, THE ISSUE OF 

whether the global pattern of total di- 
versity change of the marine fossil re- 

cord over Phanerozoic time has been steady 
state (equilibrium) or directional has been 
decided in favor of directional increase with 
time (1). Within this overall trend, a series 
of studies (2) has recognized three groups of 
taxa, or so-called evolutionary faunas, that 
vary in diversity more or  less synchronously 
through time and whose dominance, once 
relinquished, is not regained: "Each of  the 
three major faunas seems to have its own 
characteristic diversity so that its expansion 
or contraction appears as being intimately 
associated with a particular phase in the 
history of total marine diversity" (3).  In a 
related analysis of within-clade diversity, 
Gould et al. (4) proposed a measure of  
temporal directionality based on the asym- 
metry of clade shape and concluded that 

directionaliq was dominant in the early 
Phanerozoic. They stated their intention "to 
replace the grand, but vague and noisome 
notion of progress with a question. . . 
imbued with the twin virtues of  definition 
and testability: if you were handed a chart of 
clade diversity diagrams with unlabeled axes, 
would you know whether you were holding 
the chart upside down or  right side up?" 

A current dilemma in analyzing both 
clade symmetry and diversity, admitted to 
by Gould et al. (4) and the focus of  a current 
controversy ( 5 )  involving the interpretation 
of patterns within the data compiled by 
Sepkoski (3), is that the taxonomic frame- 
work on which these data sets are based is 
largely paraphyletic. For evolutionan1 analy- 
ses, paraphyletic groupings are considered 
to be invalid in that they d o  not contain all 
descendants. Rather, they represent a por- 
tion of a monophyletic group based on  an 
arbitrarilv chosen feature. Patterns in Dara- 
phyletic groups consequently will vary de- 
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monophyletic (6); they include the ancestor 
and all descendants. 

A related problem has been that the appli- 
cation of random branching models to  a 
diverse set of problems in paleobiology has 
relied on a particular model, referred t o  as 
the MBL (7) ,  that divides simulated mono- 
phyletic clades into paraphyletic groups for 
analysis. The criterion used to form "para- 
clades" is size, including temporal longevity, 
of the group. Because of these problems, a 
clear understanding of the behavior of ran- 
domly produced monophyletic clades is 
needed in order to  compare expected with 
observed patterns of variation, particularly 
as taxonomic practices continue to  change. 
Gould et al. (4) correctly acknowledge that 
traditional taxonomic practice in paleontol- 
ogy has frequently identified paraphyletic 
groups. However, changes in (8 )  and chal- 
lenges to  ( 5 )  this practice are becoming 
increasingly common. Hence, in order for 
statistical properties to  be interpretable, the 
random model must be free of both nonran- 
dom elements and an imposed (paraphyle- 
tic) structuring of its data. 

Our objectives are twofold: (i) to  provide 
the necessary probability distributions to  
evaluate these macroevolutionary interpreta- 
tions of synchroneity and symmetry and (ii) 
to  do so in a manner that is free of the "bias 
of paraphyly." Hoffman and Fenster (9) 
recently challenged the validity of the inter- 
pretation of directionality, synchroneity and 
sequential dominance in the empirical re- 
cord of Sepkoski (3) by asserting that these 
patterns are not significantly different from 
random. The argument remains unresolved 
because the expected synchroneity and se- 
quential dominance of clades anticipated 
from a random branching process is un- 
known. A second problem is that the ran- 
dom branching model of HoKman and Fen- 
ster (9) contains several nonrandom ele- 
ments. These include the a priori insertion 
and termination of a substantially large 
number of clades at times correlative with 
the known Late Carnbrc+Ordovician radia- 
tion and the Late Permian extinction, and 
the generation of new clades by recombin- 
ing clades in an effort to  expand the total 
number of clades analyzed. 

T o  provide the necessary basis for evaluat- 
ing these two incompatible interpretations, 
we present a new analysis of a truly random 
branching process, based on  45,000 simu- 
lated monophyletic clades and 500 factor 
analyses (10). When we assess the resultant 
probability distributions against the (em- 
pirical) observed, we obtain several unex- 
pected results. The behaviors of the first 
three randomly produced evolutionary fau- 
nas over time, corresponding to the faunas 
associated with first three factors (11), are 

illustrated in Fig. 1, A to C.  The figure 
shows probability surfaces, portraying the 
relative frequency of specific outcomes (fac- 
tor loadings) under the random branching 
hypothesis. As is evident, all solutions are 
not equally likely. Neither is there a unique 
solution. Inspection of the clades that load- 
ed most heavily on  factor 1 shows that, in 
general, the first random evolutionan fauna 
has a temporal pattern in which relative 
diversity increases with time. There is a 
bifurcation in the distribution of Fig. lA,  
however, resulting from an alternative mode 
of diversity variation characterized by a sub- 
stantial diversity decrease relatively late in 
time. Like the simulated dominant evolu- 
tionary fauna of Fig. lA,  the dominant 
empirical evolutionan fauna aggregated 
those groups that expanded almost continu- 
ously throughout their his ton [for example, 
Gastropoda and Bivalvia (3)]. 

The second and third random evolution- 
ary faunas have patterns of diversity varia- 
tion with time (Fig. 1, B and C)  that are 
necessarily different from the first, but close- 

ly resemble one another. This resemblance 
stems from a lack of consistent dominance of 
either factor 2 or 3 by clades that realize 
their diversity maxima in the early or middle 
portions of time. The dominant temporal 
pattern in both the second and third random 
evolutionary faunas is one that maintains a 
relatively low diversity over time, although 
secondary ridges indicate that a substantial 
number of clades reach a relatively high 
diversity early and again late in time. 

These distributions exhibit an unexpect- 
edly wide range of outcomes, indicating that 
it is incorrect t o  state that the random 
branching process typifies the empirically 
obsewed pattern. A substantial number of 
analyses of randomly generated clades yield- 
ed factors quite different from the empirical 
pattern. However, the random branching 
model cannot be refuted by the empirical 
data of Sepkoski (3) in that, as shown by the 
stippling in Fig. 2, most positive factor 
trajectories are statistically significant. 

Two other aspects of the analysis of em- 
pirical diversity data differ, however, from 

Factor loadings 

Flg. 1. Factor loading probabilin surfaces for first three rotated Q-mode factors on time calculated 
from 500 factor analyses of 45,000 (90 each analysis) random clade simulations. (A) First factor axis; 
(8) second factor axis; (C) third factor axis (11). Time interval 1 is the earliest; time intervals represent 
stratigraphic intervals (3). 

1 .o 0.0 1.0 0.0 
Factor loadings 

Fig. 2. Contour diagrams of the corresponding factor loading probability surfaces of Fig. 1. Stippling 
shows the regions significantly (P < 0.05) different from expectations for a random branching process. 
Contour intervals (5, 10, 20, 40, 60, . . .) correspond to absolute frequency (n = 500). 

27 MAY 1988 



Table 1. Distributional statistics for centers of gravity (CG) measure calculated for randomly generated 
clades. 

the random branching process. In the em- 
pirical analysis, the first three evolutionary 
faunas account for 38.7%, 36.7%, and 
15.4%, respectively, of the total variance 
(3), whereas in the random branching simu- 
lations the first three factors account for (on 
average) 57.6%, 17.5%, and 8.1%. This 
difference indicates that the empirical pat- 
tern is dominated by m70 sequential faunas 
of nearly equal diversity whereas the average 
first random fauna is three times more di- 
verse than the second. A second difference, 
between the structure of the random model 
and an interpretation of the empirical data, 
is that the random branching simulations are 
based on equal probabiliti& of branching 
(speciation) and termination (extinction) 
for all clades, as specified in (9 ) ,  whereas the 
model (3) applied to  the empirical pattern 
requires, for displacement to  occur, unequal 
probabilities of speciation and extinction 
between each fauna (12). \ ,  

Similarly, the arguments raised by Gould 
e t  al. (4) regarding the significance of asym- 
metries in clade diversitv histories must be 
evaluated against some expectation. Gould 
e t  al. (4) computed a statistic of relative 
asymmetry for kmpirica~ clades, termed the 
center of gravity (CG), that expresses the 
relative temporal position of the clade's 
mean diversity (13). Two asymmetries are 
possible: bottom-heaviness (achieved by 
clades that reach their mean diversity nearer 
their origin) and top-heaviness (achieved by 
clades that reach their mean diversity nearer 
their extinction). The symmetrical clade 
(that is, mean diversitv at the middle of its 
history) has been regarded as the expected 
outcome of a random model with equal 
probabilities of branching and extinction in 
each time interval (4, 14) .  Gould et al. 
divided the clades into mlo groups: those 
originating during the Cambro-Ordovician 
periods as early clades, and those originating 
during later periods. Their results indicated 
that "mean CG for the total sample of 350 
later clades is as close to  the symmetrical 0.5 
of random models as anyone could expect 
(0.4993), whereas 353 Cambro-Ordovician 
clades show a significant tendency to bot- 
tom-heaviness at CG = 0.482. Therefore, 
early arising clades of marine invertebrates 
have a characteristic bottom-heavy asymme- 
try (statistically defined in large samples), 
whereas clades arising later are temporally 
symmetrical." 

The specific questions we have addressed 
are: (i) is the reported difference that senres 
as the basis of the claim of a fundamental 
difference of symmetry in the empirical data 
significant in a probabilistic context; (ii) to  
what extent is CG = 0.5 the ex~ected out- 
come of a random branching model; (iii) 
how robust are these results to  variation in 

Simulat~o~l Clades illten,als Time Mean Mini- Maxi- 95% C.I. 

of clades ( n )  CG S.D. mum mum 
( n )  CG CG Lower Upper 

All clades 1000 63 0.500 0.032 0.359 0.710 0.428 0.578 
All clades 1000 77 0.503 0.033 0.387 0.716 0.431 0.577 
All clades 703 77 0.502 0.030 0.387 0.716 0.432 0.576 
All clades 1000 400 0.491 0.040 0.279 0.645 0.388 0.571 
All clades 1000 77 0.505 0.049 0.505 0.736 0.422 0.602 

2 2 lineages 

number of time intervals and exclusion of 
nonbranching clades. Any proper evaluation 
of these questions and thhoriginal claim of 
significance of Cambro-Ordovician clade 
asymmetry requires knowing the probability 
distribution for CG. 

T o  determine this probability distribu- 
tion, we first generated 1000 monophyletic 
clades using the random branching model 
with equal probabilities of branching and 
termination (15). From the equation pre- 
sented in 14). the CG statistic wis calculated 
for each clade. Resultant distributional sta- 
tistics are given in Table 1. By a purely 
random process alone, the lower and upper 
bounds of the CG statistic [for time inter- 
vals = 77, to  be consistent with ( 4 ) ]  ranged 
from 0.387 to 0.716. The reported range of 
the empirical mean CG values [0.460 to 
0.519 (4, table 1; 14, table 4)]  is less broad 
than this randomly generated range. Our 
results indicate statistically significant 
(P < 0.05) bottom-healy asymmetry only 
for clades of CG < 0.431 and top-heaw 

ferences in patterns, frequently of specia- 
tion, extinction, and diversification, with 
earth history time. Both the identification of 
and comparison between these patterns rest 
on methods of phylogenetic and statistical 
inference. The basic requirement of statisti- 
cal inference is that one be able to  specie the 
form of probability distributions of different 
generative processes. In cases lacking analyt- 
ical solutions, this is achieved by computer- 
intensive simulations of processes that re- 
flect current understandings of phenomena. 
The basic requirement of phylogenetic infer- 
ence is that one be able to  identify mono- 
phyletic groupings that reflect evolutionary 
relationships. In this study, we have generat- 
ed two such probability distributions, free of 
the problem of nonevolutionary grouping, 
central to  future arguments regarding the 
interpretation of sequential ordering and 
temporal symmetry of clade diversity over 
Phanerozoic time. 
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Predator-Induced Trophic Shift of a Pree-Living 
Ciliate: Parasitism of Mosquito Larvae by Their Prey 

Larvae of the treehole mosquito, Aeries sierrmis, release a waterborne factor that 
induces morphogenesis of one of their prey, the tetrahymenid ciliate Lambornella 
clarki. Induced free-living trophonts of L. clarki undergo a synchronous response in 
which cells divide and transform into patasitic cells (theronts) that encyst on larval 
predators. Parasitic ciliates penetrate the cuticle, enter the hemocoel, and ultimately 
kill their predator-host. In nature, this trophic shift can lead to predator extinction and 
dramatic changes in microbial populations. Facultative parasitism by this polymorphic 
ciliate may have evolved as an antipredator strategy. The experimentally inducible 
parasitic response of  L. clarki provides a novel model for studying cellular morphogen- 
esis of ciliated protozoa. 

P REDATION IS A POTENT ECOLOGICAL 

force that has affected physiological, 
morphological, and behavioral traits 

of prey species through evolutionary time. 
The widespread occurrence of toxins, cryp- 
sis, mimicry, and nocturnalism may be at- 
tributed, to a considerable extent, to the 
evolutionary power of predation for shaping 
natural histories of prey species. Some ani- 
mals have inducible antipredator defenses 
that are manifested only in the presence of 
predators, an ecologically prudent strategy 
that conserves an individual's resources until 
the threat of predation is imminent. Most 
induced defenses lower the value of prey by 
increasing a predator's handling time or by 
making the prey unpalatable. Such induced 
antipredator transformations are known for 
a variety of aquatic organisms including 
protozoa ( I ) ,  rotifers (2),  and cladocerans 
(3). In these interactions, prey respond to 
waterborne substances released from natural 
predators by developing spines, crests, cap- 
sules, or other protuberances that increase 
prey size and preclude or restrict predator 
consumption. 

While searching for new biological con- 
trol agents of larval mosquitoes, we discov- 
ered a more extreme induction defense in a 

De artment of Entomological Sciences, University of 
CJfornla, Berkeley, CA 94720. 

protozoan living in water-filled treeholes of 
western North America: larvae ofAea2s siw- 
rensis (Diptera: Culicidae) induce transfor- 
mation of one of their protozoan prey, 
Lambornella clarki (Ciliophora: Tetrahy- 
menidae), into obligate parasites that attack 
the insect predator. Larval mosquitoes re- 
lease a water-soluble factor that induces cell 
division and rapid morphological transfor- 
mation of the free-living, pyriform morphs 
(trophonts) of L. clarki. Daughter cells of 
induced trophonts transform into spherical, 
astomatous cells (theronts) that form inva- 
sive cysts on cuticles of larval predators. 
These encysted morphs form small holes in 
the cuticle and enter the hemocoel where 
they multiply and ultimately kill their preda- 
tor-host. Moribund and deceased hosts re- 
lease numerous trophonts, some of which 
differentiate into theronts that attack surviv- 
ing predators (Fig. 1). Using the ecological 
strategy of shifting trophic levels, trophonts 
avoid predation and parasitize their would- 
be predators. This shift allows for changes in 
the microbial community by reducing or 
eliminating populations of the dominant 
predator. 

Aedes siewensis and L. clarki are wide- 
spread inhabitants of treeholes on the west 
coast of North America (4, 5). Mosquitoes 
and ciliates survive during the summer dry 
season in desiccation-resistant eggs and 

cysts, respectively. Larval mosquitoes hatch 
within a few hours after treeholes fill with 
water during the fall rainy season; shortly 
thereafter, L. c k k i  and other protozoans 
appear in the water column (5). Larvae 
persist in diapause throughout the winter 
and feed by browsing substrates and filter- 
ing microorganisms from the water. 

With the exception of newly hatched first 
instars (<48 hours old) which are too small 
to ingest trophonts, all larval instars of A .  
sierrensis feed on L. clarki, and filter feeding 
rates progressively increase with later in- 
stars. In nature, larval populations are often 
limited by food ( 6 ) ,  and their feeding activi- 
ties eliminate free-swimming L. clarki and 
other protozoans from treehole water (Fig. 
2) .  When A .  sierrensis and L. clarki co-occur 
in treeholes, trophonts are rare or absent, 
and ciliate populations primarily consist of 
endoparasitic morphs within the hemocoels 
of larvae. However, in the absence of mos- 
quito predators L. clavki may reach densities 

Fig. 1 .  Polymorphism in the ciliate Lambmella 
clarki. (A) Three free-living trophonts and one 
parasitic theront of L .  clavki. Specimens stained by 
protargal. (B) Invasive cysts formed by theronts 
on the cuticle of a first instar A. siwrenrri. Cysts are 
stained with amide black dye. 

27 MAY 1988 REPORTS I193 




