cess could selectively filter out the high
spatial frequencies responsible for alias-
ing but not the low-frequency alias they
have already spawned. These high fre-
quencies that are not themselves re-
solved can still leave a clue to their
existence in the moiré patterns they pro-
duce. One solution to the aliasing prob-
lem is to remove the offending spatial
frequencies from the image prior to the
sampling process. Low-pass optical fil-
tering tends to protect human foveal
vision in this way (I5). Yellott (9) has
pointed out a second way the visual
system copes with aliasing: the irregular-
ity of the cone mosaic smears aliased
energy into a broad range of spatial fre-
quencies and orientations, making it less
easy to detect. Though spatial vision
through the B cone mosaic must also
benefit from sampling irregularity, our
experiments show that the spurious en-
ergy produced by photoreceptor under-
sampling in one’s own retinal mosaic can
be visualized.

DaviD R. WILLIAMS

ROBERT COLLIER

Center for Visual Science,
University of Rochester,
Rochester, New York 14627
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Macroevolutionary Trends: New Perspectives on the
Roles of Adaptation and Incidental Effect

Abstract. Trends, long-term directional tendencies in evolution, are traditionally
interpreted as selected for and adaptive. Alternatively, trends may be unselected
effects of characters and processes within species: the effect hypothesis. Thus
adaptations of organisms, varying among species, were selected for immediate
fitness, but they may also incidentally determine different speciation and extinction

rates and trends.

A new concept of how the long-term
patterns of evolution such as trends may
come about, the effect hypothesis (1),
focuses on a neglected potential of some
characters and processes at genomic and
organismal levels: the potential to deter-
mine differences among related lineages
in net species increase. It suggests that
differential species diversification and di-
rectional phenotypic trends in monophy-
letic groups (2) of sexually reproducing
organisms may be nonrandom and yet
not adaptive—that is, a particular trend
need not be more adaptive, progressive,
or successful than alternatives, although
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all evolution in component lineages may
have been under the control of natural
selection. In proposing direct upward
causation (3) to deterministic sorting
among species, and therefore to non-
adaptive long-term patterns, the effect
hypothesis differs from other models of
macroevolution, such as the traditional
synthetic concept (4), the species selec-
tion (5-8) and random' (9) models, and
the notion that trends are determined
largely by intrinsically directed introduc-
tion of phenotypic variation (/0).

Two aspects of trend evolution in
monophyletic groups are (i) phenotypic

divergence between early and late lin-
eage end points and (ii) the differential
increase in numbers of species. The net
rate of increase in species in a mono-
phyletic group R is S — E, where S is
speciation rate and E is species extinc-
tion rate (6, 7); speciation refers only to
lineage splitting. Mean divergence XY in
particular characters may theoretically
occur separately from or together with
differential R. Punctuated equilibria (5)
introduced the notion of linking diver-
gence and diversity, and to the extent
that a punctuated pattern predominates
in a phylogeny, we cannot extrapolate
notions of directional evolution within
species to explain a divergence trend.
Rather divergence must depend on var-
iation in S, E, speciation direction, or
permutations of them. The trend XY can
result from a bias in the direction of
speciation events (Fig. 1d) or an increase
in R (Fig. 1h). In contrast, divergence
trends evolved by ‘‘phyletic gradualism’’
(5) are not a function of S and E (Fig. 1, ¢
and g). Punctuated equilibria forces us to
consider not only the potential causes of
origin and sorting of variation at the level
of organismal phenotypes but also those
among species. In the absence of a punc-
tuated pattern we still need to explain
differential species diversity.

Williams (/7) suggested that adapta-
tions of organisms, shaped by natural
selection to perform particular functions,
may have incidental effects that are not
the direct consequence of selection. As
explicitly argued (/2) and generally ac-
cepted (/3), speciation is usually an
incidental consequence of the accumula-
tion of genotypic and phenotypic differ-
ences between populations. To the ex-
tent that evolution is about the mainte-
nance of adaptation (//), the environ-
mental events that cause speciation may
be seen as random accidents, the diver-
gence away from a common fertilization
system as disruption, relative to the ex-
isting adaptations in the parent species.
Thus species are not adaptations, al-
though the component organisms may be
adapted, but effects (12, 14).

If species commonly result as effects
of evolution at lower levels, then it is
probable that differential S does as well.
If there are characters of genomes and
organisms that confer characteristic
probabilities of speciation and if such
characters in related species differ, then
S will differ. Combinations of S and E
may vary across a monophyletic group
to cause trends toward higher R (Fig. 1,
e-h). Suggestions of characters, adapta-
tions, or others, which could potentially
effect differential R, focus on susceptibil-
ity to new genomic and phenotypic vari-
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Fig. 1. Phylogenetic trees with
phenotypic characters varying

along the horizontal axes, and

Mean phenotype divergence (X -Y)

time along the vertical axes.
(b, d, f, and h) Cases show a

Absent Present

pattern of punctuated equilib-
ria (5); (a and b) cases are not
trends; (¢ and d) cases are
trends only in terms of pheno-
typic divergence; and (e and f)
cases are trends only in terms
of differential R; in trends g

Absent

b c y d v

and h divergence occurs to-
gether with increase in R. (¢ to
h) Increasing S overwhelms
increasing E and results in dif-
ferential, positive R, but these
cases could also have been
drawn to show increasing R as

o

Present

Differential net species increase (R)

f

i
1Y

a result of decreasing E over-
whelming §.

ation (10, 15), on the spread of mutations
without selection (/6), or on different
susceptibilities to directional selection. 1
suggested (I, 17) that features such as
adaptations that confer breadth of re-
source use may be characters of orga-
nisms, with incidental but deterministic
effects that translate to patterns of
among-species evolution. Organisms
that can use resources in alternative en-
vironments (such as a lineage may en-
counter through time) are subject to less
directional selection, and their lineages
to lower S and E. Specialist organisms,
whose resources disappear as environ-
ments change, are more subject to direc-
tional selection and range fragmentation
and their lineages to high S and E (7).

Many regard organisms as units of
selection (18, 19). Several caution that
assertion of an adaptation requires a
history of selection (/1, 12, 20, 21) and
that adaptation should be recognized at
levels higher than the organism only if
demanded by the evidence (11, 12, 22,
23). If mutants increase the fitness of
organisms, then their spread in some or
other groups (and any resultant differen-
tial fate of groups) need be attributed
only to selection of genotypes and phe-
notypes (I1, 19, 22). It would be as trivial
to describe such cases as group selection
as to describe species selection as the
differential reproduction or survival of
species that are determined directly by
selection of organisms. The point is that
group or species selection is not the only
possible cause of nonrandom patterns
among groups or species. Insofar as se-
lection is the cause, theoretically it may
be selection at the group and species
level or at lower levels, or both.

The effect hypothesis states that dif-
ferences between lineages, in characters
of organisms and their genomes, may
determine a pattern of evolution among

388

species in a monophyletic group. Take
the case where such characters are or-
ganismal adaptations. They were not se-
lected for promoting or retarding S, nor
for avoiding species extinction in the
face of future environmental change.
Natural selection acts for ‘‘reproductive
performance regardless of the effect on
long-term population survival. It is not a
mechanism that can anticipate possible
extinction and take steps to avoid it”
(11, pp. 31 and 32). Although not select-
ed for such functions, organismal adap-
tations may determine S and E. Adapta-
tions may have incidental effects within
species (11). The translation of effects to
patterns among species is the focus of
the effect hypothesis of macroevolution.
This proposal does not require punctuat-
ed equilibria: differential R may occur as
an effect in gradual phylogenies (Fig. 1, e
and g). To the extent that a punctuated
pattern predominates, long-term diver-
gence may result as an effect (XY in Fig.
1h). Originally (/) I used Wright’s sug-
gestion (24) that the direction of specia-
tion events may be random with respect
to trend direction. But this condition is
not necessary, since effect evolution
may superimpose on biases in speciation
direction.

Many radiations show positive corre-
lations of S and E (6, 7, 17). This result is
expected, for instance, if breadth of re-
source use of organisms dictates both
rates (/). If the trend shown in Fig. lh
resulted by effect, then (i) the pattern is
punctuated, (ii) the directions of specia-
tion events do not on their own account
for divergence XY, and (iii) the trend
results in spite of increasing E from left
to right because increasing S over-
whelms E. This trend is not adaptive
(25). Another kind of trend would result
if only (i) and (ii) apply, but decreasing F
is the important element determining the

trend. Such a trend would be toward
better-adapted organisms (26).

Causes of trends may be especially
well studied in monophyletic groups with
a good fossil record and extant survivors
that are still in a phase of radiation.
Particular hypotheses of effect evolution
can lead to precise predictions of how
character variation should correlate with
S, E, R, and trends. These can be tested
by comparing phylogenetic hypotheses
with the distribution of variation in ge-
netics, karyotypes, population genetics,
morphology, ecology, geographic distri-
bution, and so on among extant and,
where possible, extinct species. The hy-
pothesis is supported by data from sever-
al Miocene to Recent mammal groups
7).

Before 1980, species selection stressed
two themes (5-8). First, differential sur-
vival of species, or higher E of the less
well adapted species, was regarded as
dominant in accounting for a trend. Thus
even where brief consideration was giv-
en to the possibility that high S might
overwhelm F in producing a trend, high
S (as documented in the fossil record)
was seen as a function of the survival
rate of incipient and new species (7, p.
198; 27). Second, species were interpret-
ed as owing their success at the pinnacle
of a trend to adaptive improvements that
were more efficient, competitive, and
advanced than those of the losing species
(28). Species selectionists implied that
more species equates with more orga-
nisms and genes and did not address the
possibility of intrinsic determination of
S. In this model species are irreducible
units of selection; hence species-selected
macroevolution is seen as decoupled
from microevolution (6, 7). The distinc-
tion between species selection and effect
macroevolution does not lie in whether E
or S is stressed as determining trends,
but in the level or levels at which apta-
tion (21) and selection are identified.

I suggest that we theoretically sepa-
rate two processes: one in which spe-
cies’ aptations (29) result in their selec-
tion, called species selection; the other
in which Darwinian selection of orga-
nisms and other lower level processes
simply determine differential R and pat-
terns among species, called effect mac-
roevolution. Species selection requires
species as units of selection and species
aptations that are not merely the simple
additions of organism adaptations or oth-
er characters; thus resultant trends are
adaptive, and the process is not reduc-
ible to natural selection within species.
The effect hypothesis requires no units
of selection above the level of organisms
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and no aptation above the level of orga-
nisms; any resultant trends need not be
adaptive, and the process is reducible to
combinations of long-recognized micro-
evolutionary processes. If we follow
widely accepted analyses of what may
not be termed group selection (//, 22,
23), then consistency demands recogni-
tion of effect macroevolution as separate
from species selection.

There are suggestions that the fre-
quency of certain variants available at
genetic and phenotypic levels may be
intrinsically determined (/0, 15). The ef-
fect hypothesis translates this notion to
variation among species. It suggests that
life’s diversity patterns, and through
them some long-term directional tenden-
cies, may be incidental nonadaptive con-
sequences. The effect hypothesis is sim-
pler and makes fewer assumptions than
the hypothesis of species selection. The
onus is on those who assert group selec-
tion in any particular case to show that
the concept is demanded by the evi-
dence—that is, that selection of geno-
types and phenotypes or other lower
level processes do not provide a suffi-
cient explanation of the deterministic
pattern among groups. The effect hy-
pothesis is of particular relevance to
analyses of species diversity in ecosys-
tems. It recognizes hierarchy of biologi-
cal organization. But a hierarchical ap-
proach, which addresses the causes of
sorting among species, cannot ‘‘negate
the importance of population level phe-
nomena’ (30). Testing for causes of
macroevolutionary pattern may require
studies involving many subdisciplines
from genetics to paleontology.

ELISABETH S. VRBA
Transvaal Museum, Pretoria 0001,
South Africa

References and Notes

1. E. S. Vrba, S. Afr. J. Sci. 76, 61 (1980).

2. Monophyletic groups refers to all known species
(and only those) descended from the hypotheti-
cagl7ancestor [G. J. Nelson, Syst. Zool. 20, 471

1

3. T. Campbell, in Studies in the Philosophy of
Biology: Reduction and Related Problems, F. J.
Ayala and Th. Dobzhansky, Eds. (Umv of
California Press, Berkeley, 1974), pp. 179-186.

4. See G. G. Slmpson, The Major Features of
Evolution (Columbia Univ. Press, New York,
1953); W. J. Bock, Carnegie Mus. Nat. Hist.
Bull. 13, 20 (1979).

5. N. Eldredge and S. J. Gould, in Models in
Paleobiology, T. J. M. Schopf, Ed. (Freeman,
San Francisco, 1972), pp. 82-115; S. J. Gould
and N. Eldredge, Paleobiology 3, 115 (1977).

6. S. M. Stanley, Proc. Natl. Acad. Sci. U.S.A.
72, 646 (1975).

, Macroevolution: Pattern and Process
(Freeman, San Francisco, 1979).

8. N. Eldredge and J. Cracraft, Phylogenetic Pat-
terns and the Evolutionary Process (Columbia
Univ. Press, New York,

9. D. N. Raup etal.,J. Geol 81 525 (1973).

10. A recent example is R. Riedl, Q Rev. Biol. 52,
351 (1977).

11. G. C. Williams, Adaptation and Natural Selec-
tlig&)(Princeton Univ. Press, Princeton, N.J

.

22 JULY 1983

12. H. E. H. Paterson, S. Afr. J. Sci. 74, 369 (1978);
ibid. 11, 113(1981)

13. B. Charleswonh
tion 36, 474 (1982)

14. Where selection causes divergence of a popula-
tion to result in allopatric speciation [see, for
example, Paterson (/2); D. J. Futuyma and G.
C. Mayer, Syst. Zool. 29, 254 (1980)], selection
acted for adaptations that promote reproductive
success, certainly not for isolation or speciation,
and in relation to the selection regime, specia:
tion is an effect. I extend Williams’ notion of
effect (11) to suggest that speciation may also be
effected by processes containing large nonselec-
tive components. Such arguments need not deny
the status of species as individuals [M. Ghiselin,
Syst. Zool. 25, 536 (1974)].

15. E. Zuckerkandl paper presented at the Second
International Congress of Systematics and Evo-
lutionary Biology, Vancouver, July 1980; S.
Rachootin and K. S. Thomson, in Evolution
Today, G. E. Scudder and J. L. Reveal, Eds.
(Hunt Institute, Pittsburgh, 1981), pp. 181-193.

16. G. A. Dover, Bioscience 32, 526 (1982).

17. E. S. Vrba, Colloque: L’environment des Ho-
minidés (Fondatlon Singer-Polignac, Paris, in
press); in Living Fossils, N. Eldredge and S. M.
Stanley, Eds. (Springer, New York, in press).

18. E. Mayr, Animal Species and Evolution (Har-
vard Univ. Press, Cambridge, Mass., 1963); Th.
Dobzhansky, F. J. Ayala, R. L. Stebbins, J. W.
Valentine, Evolution (Freeman, San Francisco,
1977); S. Wright, Evolution 34, 825 (1980).

19. R. C. Lewontin, Annu. Rev. Ecol. Syst. 1, 1
(1970).

20. C. Darwin, On the Origin of Species (Murray,
London, 1859); S. J. Gould and R. C. Lewontin,
Proc. R. Soc. London Ser. B 205, 581 (1979).

21. S. J. Gould and E. S. Vrba [Paleobiology 8, 4
(1982)] define an exaptation as a character cur-
rently subject to selection, whose origin can be
ascribed to processes other than selection or to

. Lande, M. Slatkin, Evolu-

selection for ja different function; adaptations
and exaptations are included in the set of apta-
tions: all characters currently subject to selec-
tion.

22. J. Maynard Smlth’ Annu. Rev. ‘Biol. 51, 277
(1976).

23. D. L. Hull, -Annm Rev. Ecol. Syst. 11, 311
(1980).

24. (swzv;lgm WistarInst. Symp. Monogr. S, 117

25. All survivingiorganisms may be adapted, but
those in lineages of more species are not better
adapted than those-in lineages of low §. Also,
more specneswdo not necessarily equate with
more organisms (/7).

26. E. S. Vrba and N.,Eldredge, in preparation.

27. A comparable S has been suggested for general-
ist and specialist species, with a high E of new
generalist species.:resulting from large niche
overlap (8, p. 310):

28. Species-selected trends represent new and im-
[l)gg;/ed efficiency (5), see also Stanley (7, p.

29. Just as a claim of gioup aptation requires special
argument (//, 22), so does a claim of species
aptation (26). lIf all. organisms in a species are
black, black celor is a species character. If black
organisms are:subsequently removed by selec-
tion, but those of.different color in a related
species survive, this is differéntial species ex-
tinction. Selectnon of organisms is enough to
account for events, ‘and there is no need for
concepts of species’ aptation and selection.

30. J. S. Levintontand.C. M. Simon, Syst. Zool. 29,
130 (1980); see also G. L. Stebbins and F. J.
Ayala, Science! 213 967 (1981).

31. I'thank G. A. Dovék, S. J. Gould, D. A. Hull, J.
Maynard Smith, HI E. H. Paterson M. J. Sco-
ble, and C. K. Brain for comments on the
manuscripts. .

30 July 1982; 16 March!1983

Interactions Among Converging Sensory Inputs,r in the

Superior Colliculus

Abstract. The responses of superior colliculus cells to.a given sensory stimulus
were influenced by the presence or absence of other sensory cues. By pooling
sensory inputs, many superior colliculus cells seem to amplify the effects of subtle
environmental cues in certain conditions, whereas in others, responses to normally
effective stimuli can be blocked. The observations illustrate the dynamic, interactive
nature of the multisensory inputs which characterize the deeper laminae of the

superior colliculus.

One assumption underlying neuro-
physiological studies of the superior col-
liculus has been that detailing the re-
sponse properties of its constituent cells
in the laboratory will give us insight into
how these cells function under more
‘‘natural”’ environmental conditions. In-

Table 1. Frequencies of superior colliculus
neurons from cat (59 cells) and hamster (49
cells) by type of interaction (9) and laminar
distribution (8). Numbers in parentheses are
percentages.

Cell location

. Super- To-

Interaction ficial | qup tals
laminae '2minae

Enhancement 0 26 (29.2) 26

Depression 0 21 (23.6) 21

None 19 (100) 42 (47.2) 61

Totals 19 89 108

vestigators have usually determined the
characteristics:of a given superior collic-
ulus cell by examining its responses to a
modality-specific ‘(for' example, visual)
stimulus whose physical parameters are
systematically- varied. In this manner,
the investigator identifies the physical
characteristicsi of those stimuli likely to
have optimal access to the circuitry of
the superior colliculus and, therefore,
most likely torevoke an orientation re-
sponse (I).

Yet during normal behavior an animal
is confronted with.a variety of simulta-
neous stimuli fromvdifferent sensory mo-
dalities. The likeliliood of an orientation
response may (depend as much (if not
more) on the dombination of stimuli as
on the normal effectiveness of any indi-
vidual stimulus. It is possible that this
behavioral phenomenon occurs because
the influence of a $ensory stimulus on a
given neuron can vary in the presence of
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