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Michael J. Benton

INTRODUCTION

The fossil record of repules provides a rich supply of morphological and
phylogenetic data, and many of i1s components have been interpreted as
trends. Certain lineages show trends of increasing body size, increasing brain
size, digital reduction or crest development. Larger-scale trends are indicated
in the step-by-step acquisition by therapsids of mammalian characters, and in
the apparently sequential modification of theropod dinosaurs into birds. At a
larger scale, the reptiles show supposed trends of increasing diversity and
increasing breadth of adapiation.

The term “evolutionary trend’ has a broad range of meanings (see Chapter
U herein), ranging from a rather non-committal sense almost synonymous
with “change through time’. 10 a strong sense of progressive impelied
modification in a single direction, a meaning rot far from the much-revited
teleological (goal-directed) interpretations of certain evolutionists earlier this
century. In the present chapter. various kinds of trend will be described, and
the term is used only to indicate a pattern of evolutionary change which, in
retrospect, heads in one direction. Examples will be given of large-scale
trends that lasted for hundreds of mitlions of years, and of small-scale trends
that occurred over a few million years. Atlempls will be made to identify the
causes, extrinsic {competition, predator pressure, progressive habitat modifi-
cation), inirinsic (heterochrony. canalisation) or non-exisienl (slatistical
artefact, imagination).
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Diversity incregse

All fossii records show increases in total diversi i
shoy ersity through time, wheth
wmmmonwam of marine invertebrates (Sepkoski er al., Gmm Raup and mmwmﬁ”w_w.w
), land plants (Niklas e al., 1983}, terrestrial vertebrates (Benton Emmm“..

see also Figure 12.1B). There are man 05sibl i i
large-scale trend (see also Benton, G%&m 1 Explanations for thi general

(8} The trend js an artefact of 1h i
J : € patchy quality of the fossi]
Mﬂo Emﬂ in which we study it (Raup, Emmv” ¢ + fecord and
! the volume of sedimentary rock reserved
i increases towards the present; P srmetamorphosed
W) the area of exposure of such fossilif i
Y e e nrnerous rock increases towards
{iit) palaecontologists devore much more attention to younger faunas
. and floras and hence Rame more species, genera, and famities
{b) .?a trend is .Sm_.m:m the result of genuine biological mm_nuoa such ﬁ..
(iv) _mna:n:o: 10 the probability of extinction by the omu:S_mNm:.o: A.um
Q.ﬂm:wwmm (Raup and mmmw@mwm. 1982}, or reductions in levels of
m iffuse no.BvM::o: within communitjes {van Valen 1984}, or
fiereases in the species: family . i ime (Flessa :
.gmc_o:mwr 1985) Y ratio through time {Flessa ang
?.v lncrease in the overall adaptive Space occupied by a clade:
(vi}  subdivision of niches, so thas later forms Occupy narrower w:.n:am
.. a@nd have more specialiseqd adaptations;
?E mmn«a.mmwm.o:a.oamﬁ.@ as a result of abiotic changes;
{viii) cladistic Inevitability’: if the &Ioups under study are )| clades
(i.e. monophyletic &roups, those that include aJ) of the descend-
ants of a singie common ancestor), their diversity is likely 10
Increase above one if they are to survive.

and the discovery of one spec; !
\ >, al pecics establishes the presence
MM%QMMJS onnw mmmm;m;cmh as well as the discovery of a hundred nmomw% related
'} TOCKS of the same age. [n other w ili i
| : . ords, families approximate
: . . . more
clasely N 1axic scale the Stratigraphic acuity and completeness of most of

. € 10 lime-scajes meas i
Hrm.ﬁmmz,au of years and with more complete representation. pred in
mnéuwnwm\o%ﬁm,wwwa mﬁ mquﬂw%mvvﬂrﬁ rising diversity trends are reai, was
oski ez al. (1981). They noted that five difs .
. - 0“
On marine invertebrates g} vielded simijlar gr i oin Qm:.m cmw.nm

LA e

Heptiles 283

through time, even when the sources of data were semi-independent, such as
marine trace fossil species, and families, genera, and species of body fossils
compiled from different standard sources. The third argument was used by
Signor (1982). He made estimates of the various postulated systematic
sources of error in the known fossil record, such as (i)~(ii1), and removed
them as far as possible, by computer modelling, from the data. He found that
the rising diversity trend was relatively little diminished by these manipula-
tions, and that this was true for orders. families, genera and species.

Causes of diversity increase

If the rising diversity trend is real. is it possible 10 disentangle an explanation
from hypotheses (iv)}-(vii} noted above? Hypothesis (iv) may be true for
marine invertebrates, since they appear to show a significant reduction in the
probability of extinction through time (Raup and Sepkoski, 1982; van Valen,
1984; Flessa and Jablonski, 1985}, whatever the reasons are for that. However,
this is not the case for terrestrial tetrapods, in which Benton (1985a) found an
overall rising trend in total extinction rates (0.008 more families dying out per
million years: 5.0 per cent increase per stage; p < 0.005), and only a slightly
declining per-taxon extinction rate (0.0001 fewer families dying out per family
per million years; 0.08 per cent decline per stage; p < 0.05). The evidence
does not suggest that letrapods show a reduction in the probability of
extinction.

Explanation (viii), the inevitability of an increase in diversity from a single
ancestor, clearly plays a part, but this kind of stochastic, or random-walk type
of model cannot account for the overall pattern. Hoffman (1986} developed a
‘neutral’ model for diversification, but had to maintain the rate of origination
higher than the rate of extinction permanently in order to produce a realistic
curve. A straightforward random-walk model with no such constraint would
be as likely to decline as to increase.

This leaves three explanations, increase in adaptive space cccupied (v),
subdivision of niches (vi). and increasing endemicity (vii). These are all
testable, and some preliminary analyses {Benton, 1990) suggest that all three
factors have played a role in the diversification of the tetrapods.

The first known tetrapods,the families Ichthyostegidae and Acantho-
stegidae, were semi-aquatic piscivores that lived in and close to fresh waters.
During the Carboniferous and Permian, many lineages of tetrapods became
more fully terrestrial in habit, and various gliding and flying forms appeared
in the Permian and Triassic. Fully marine forms arose in the Permian
(mesosaurs), Triassic {ichthyosaurs, plesiosaurs, placodonts), Jurassic
(crocodilians), Cretaceous {mosasaurs), Eocene (whales), and Oligocene
(seals). Fliers became more diverse afier the evolution of birds in the Jurassic
and bats in the Eocene. Arboreal and burrowing habitats were occupied
at low diversity from the Permian and Triassic onwards (Figure 12.2A).
Furthermore, diets broadened 1o include insectivory and carnivory in
the Carboniferous, broadly adapted browsing herbivory in the Permian,
omaivory after the Late Permian, and ever-more specialised herbivorous and
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Size increase

A second major trend seen in reptilian evolution is body-size increase within
all clades, at all levels of the taxonomic hierarchy. Among tetrapods as a
whole, mean body size at any time has increased overall since the Devonizn
(Figure 12.4 A). The increase has, of course, been episodic, reset 1o lower
levels by mass extinction events, which have generally affected large animals
most. The overall increase in mean body size is not, however, as clear-cut us
might have been expecied, because the evolution of large animals has always
been matched by diversification of smaller ones, too. Hence, the ‘pulses’ of
evolution from modest o large size that foliows major extinction events
concern the targest taxa only and do not greatly affect the mean values. This is
an example of a trend that is more (o do with expansions of variance than with
any genuine overall shift in mean body size (Gould, 1988).

Similar results arc obtained from studies of particular major ciades within
ihe Tetrapoda, such as the Synapsida (Figure 12.4 B) and the Archosauriu
{(Figure 12.4 C). The mean size of the synapsids declines with the advent ol
mammals, and tha: of the archosaurs declines with the advent of birds. The
peak of maximum size represenied by certain dinosaurs has not since been
equalled.

The commeon finding of an evolutionary trend towards large body size in
many lineages has become codified as Cope’s Rule. Cope noted the tendency
and he, and others, interpreted it as the expression of an inbuilt drive which
could not be escaped. The trend has also been interpreted in terms of the
selective advantages of large size. such as improved ability 1o cupture prey or
escape from predators, greater reproductive success, increased intelligence
(large bodies have large brains), better stamina, expanded size range of
possible food items, decreased annual mortality, extended individual
longevity, and increased heat retention per unit volume (reviewed in Stanley.
1973). However, large animals suffer selective disadvantages, such as the
need for large amounts of food, proneness to suffer when CHVIren ety
change. and small population sizes and restricted gene pools, ail of which
mean a great likelihood of extinction,

Starnley (1973) interpreted Cope’s Rule in reverse: he argued that clades
are always founded by smalt, ofien generalised, ancestors and hence the only
way 1o evolve is up and towards specialization. Through time, the size ranges
of clades extend (o larger and farger values, an expansion of variance, even if
not a real increase in mean size. as noted above. It s not cusy Lo distinguish a

Figure 12.3. A: Maximum and mean number of tetrapod species in well-
preserved terrestrial faunas. This graph is based on a sample of 100 faunas, with
1-20 faunas sampled per stratigraphic period (or epoch in the Caenozoic). Each
‘fauna’ is the species list of & single guarry or restricted sedimentary basin. Note
the overall rise, with fluctuations in the maximum curve probably largely the
result of variations in preservation quality. B: Variations in the ultimate geo-
graphic distribution of terrestrial tetrapod families arising during each time
interval (as in Figure 12.2). Abbreviations as in Figure 12.1.
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Herbivorous adapiation of ornithopod dinosaurs

The ornithopods, bipedal plant-cating dinosaurs, arose in the Late Triassic or
Early Jurassic, and radiated at low levels during the Jurassic and Early
Cretaceous, but were spectacularly successful in the Late Cretaceous. This
success, as the duckbilied dinosaurs, or hadrosaurs, has generally been
attributed to their increasingly efficient jaws and, tooth-baiteries (see, for
exampie, Norman and Weishampel, 1985). Whereas early forms had low
snouts, few spaced teeth, and shallow jaws, the hadrosaurs had high horse-
like snouis, powerful batienies of up to 2000 teeth, deep well-muscled lower
jaws, and specialised skull joints that aillowed a form of chewing. These
anatomical changes occurred in several stages during the 140 miilion years of
the Jurassic and Cretaceous, and could be termed a trend,

This trend can be represented in several ways (Figure 12.5 B). First, a
statistical analysis of the agquisition of synapormerphies of the ornithopods
(cladistic analysis of Sereno, 1986) plotted against time, shows a pattern ol
jerky increase similar to the previous example. Unlortunately, the sequence
of taxa as determined by the cladistic analysis does not maich their temporal
sequence, probably because ol missing fossils, hence the zig-zag pattern of the
graph. The second iflustration of this trend is based on a single character: the
range in numbers of toth positions within each of the four jaw rami for key
ornithopod taxa {Weishampel, 1984}, There is an overall increase, from
1-15 1n Early Jurassic taxa to 20-57 in the Late Cretaceous hadrosaurs, but
much of the increase is produced by increase in variance. The lower limit rises
from 10 10 20, but the upper limit extends dramatically from 15 to 57. The
acquisition of dental and jaw characters and the rise in numbers of teeth is
matched to some extent by an episodic rise in ornithopod species diversity
{Weishampel and Norman, 1989), although much of this pattern merely
reflects the distribution in time of dinosaur-bearing rock formations.

The trends in ornithopod teeth and jaw mechanics throughout the Jurassic
and Cretaceous are generally interpreted as the result of responses 10
environmental stimuli, particularty changes in the available plant food,
(Weishampel and Norman, 198%), and possibly to extinctions of other
herbivores. Peaks in the cvolutionary rates of ornithopod  feeding

Figure 12,5, Two large-scale trends in reptitian evolution. A: The acquisition of
mammal-like characters by synapsid reptiles of the Carboniferous, Permian and
Triassic, based on the cumulative addition of synapomaorphies at each node on
the ‘direct line’ from the first synapsid 1o the first mammai. The 1axa are those
iettered A~H, J-R in Kemp ({1982}, with synapomerphies from Kemp (1882,
1988; solid line}, and frem Hopson and Barghusen (1986; dashed line}. Dates
are those of the oldest representative of the family, obtained from Benton
(1987b}. B: The trend to more specialised jaws and teeth {data from Sereno,
1986); ranges of the number of teeth in each jaw ramus of typical forms (dala
from Weishampel, 1984); and ornithopod species diversity, plotted stage by
stage {data from Weishampel and Norman, 1889).
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au.. M.J. Benton

stages. but digir 4 disappears, and digit 3is mueh reduced i adults. Further, 4
juventie theropod, Ornitholestes | shows a tny nubbin of digit 4, which is sy
in the aduli (Gauthier, 1986). It secms likely that 1he trend of digita)
reduction iy Peramorphic {ancestral adui morphology present in Juvenife
phase of descendant; see MeNamara, 1986). 1t is not clear whether the “add.
an’ developmenta) stages in which digits 4, or 3 and 4, of the juvenile gre
reduced and tost hag resulted from earlier initiation of digital development
{predisplacement), aceeleration of the rate of development (acceleration), or
delay in the onser of sexual maturity ﬁ:vﬁmﬁaoﬁzomav.

Hypermorphosis is often associsted with an increase in adul size, which
Wb generally the case ar times of digital reduction in the course of theropod
cvolution. However, more study of (he developmenial sequences of tharo.
Pods will be needed in order 1o decide which peramorphic mechanism
apphies.

Rivvnchosaur o Kully

The rhynchosaurs WErC IMportant herbivores i the Triassic of much of the
world. They were (is andy related 1o the archosaurs (Figure 121 A). and
they died our Just before the tadiition of the dinosaurs. During thejr
relitnely shorg spun of 17 million Years or so, rhynochosaurs cvolved some
remarkable speciudisations i their skulis and tectiin particular. Qpe striking
trend was expansion of the posterior part of the skuli,

The firgt rhynchosaurs had a typical reptilian skull shape, with & widih to
fength ratio of 0.6 or 0.7, Later rhynchosaurs had much broader skulls, ofteq
broader thap they were long, with width 10 length ratios of F0W L2 (Figure
126 B). A developmeniyl sequence ol 13 skulls of (he Late Triassic
thynchosaur Scaphonyy fischers from Bragil demonstrated that this trend of
skull expansion was peramorphic {Benton und Kirkpatrick, 19893, Although
the vouppes: Specimen in the sequence was six months 1 5 year old, its skul}
width 1 length ratio of 0.8 was close 1o the ancestra) adult condition. The
peramorphic mechanism was wentified tentatively s :vﬁﬁ.h:c_.v::m_w since
aduft Late Trinssic rhynchosaurs are generally larger than those ol the Early
or Middle Triassic,

PARALLEL EVOLUTION

Large-scale ung medivm-seale trends iy teirupod history have been hard (o
mierpret in g clear-cut way, whether ay rey) Progressive chunges induced
by competition. Predation, environmenty) change or chunce Smatler-seafe
trends often scem 10 result from rEcchcE\. Is there another way of testing
among the various caugal mechanisms?

Parallel cvolution, the evolution of simjlar features in two or mure fineages
along approximately the same Pathways, has occurred several times in the
evolution of repuites. The character palterns may provide a o5 between
CXUISIC and intrinsic Causes sinee the underlying principles differ natural
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selection/adaptatnon und _?._c_.:.r._:,::Eﬁ_:m:mg:._ﬁ_f _.m.f.nn%”_cctu.uu~§_N.v_~_;__M_hﬂ
evolution is to be expluined Dy extrinsic causes ..,:o_un_.ﬁ o E,va e U.:.a
logical changes should oceur :E.n_.:_v_. at the r.:wr. nme V_Mﬁw:oq VM:.AM:_
presumably ciused by purtic _,E, new .r:aw of oc:._Jr,:.ﬂcﬂ m_ﬂ,ﬂ:cm _:v.mom_n:.m
particular changes in the physical environment. In T.‘r. . Mocoh_ :WJE._EW <l
changes may scem very ditterent. even though they w_“_c_r.rcc. ao:.:.:mwmnm i
same function (Le. anajogics). Parallel awcr._r:: :nw”_ i Jrnated by
INITiNsic  consiraints 322:2::_&__ canalisation) mmr , ::c_ :rc‘m__ F:
chronously in all lincages, and _:n final Ex::u. :ﬂ_x.sr ,Bmmv_ 0 mmnrw:wa:c.“m
similar T...c. hard o distingaish from homologies) x:? 1 ﬁ m?woﬁ .:2.:.;..
along & limited selection of developmental _xi:é.,wv. H_E_s rww_:..ﬂ”._a.qﬁ_. .E.mi
mnm__mr?:u:m_ evolutionan trends among tetrapods will be consi :

gait and skuit-clement reduciion.

Frect gair

[ HAS s e D vy ir t
Ereet (upright. parasagittaly sait is the derived posture seen in _:_car:n ” H
= . N .\ - Lrh » A . M { n--
and mammals in which the imbs are held directly cr:f:r the gup_wﬂa:”:_»,ﬂzca
N ) N N . . N . . .
backwards and forwards essentisdly inaovertical plane. Tt s not Mcm ¢ ?. P
; - N "y 2 Y Ty 3 e 13
with bipedal (two-feaged) sait. This posiure 1s reparded ﬂv derived z:_,.‘.ﬂV vios
TR or 5 X el ra el t > a sprawling gait,
Ossil ihians ¢ lrving anad fossil repriles have a 34 2y
and fossil amphibians and mos 2 ossil r v e g,
? which the limbs are held out 10 the sides and meve In horizontal
vertical planes during walking. . ‘ Alike renites of (he
\_,:c, n_?.ﬁ gait of mammals arose in ancestral mammal-like Fv:br.v p.m._h:.”
Triassic, while the erect it of hirds is traceable back through the m.::v._xl )
dRRIC, & A s, Erect o
to their Triassic thecodonting ancestors. the basal c::Ecmr_m:_a:.,ym .l:wr %
N b T . Y - . . ans o,
drose at least twice in two other Triassic aroups, the vvocr_ﬁ_vvc:w:_z i
actosaurs. ruuisuchids, and poposaurids (?7) 3 and Ec_ crocody c:,:mcmr e
, . seod; strial biped: sectivores
stors of crog ere small terrestrial bipedal insecti .
ancestors of crocodiians were S . di : > it cret
Am._:J How svinchronous were these foar parallel changes from _._%?_.w_,::r 0
: : N . .y 13oeee e >
crect giit m the Vriassic. and how morphologically simitar were :nm.w,:_ -
7 : [ oty - e fra 2
The changes wre not obviousiy synchronous. _::r-zé.: :“:m.r_,,“ :_M T
A . RN Cerect gmil in the his
235 million years ago for the e :r?_z.«_ﬂm% erﬂvr,ﬂ:wu_c i mb of
yr e reptiles (Ke E 10 about 22 yours iy
: ; al-bRe repuiles {Kemp. 198 l 4TS il
eynodont nimmal-like A{F _ b Salopoe
{ achicveime “ereet gait in the curly crocodylomorph . stech
tor the achrevement of erect gai dylome >4 e
This part of the analysis reveals some pireblenss of the kind ?:gwc:”.c_ﬁ. J:;
always fuce. First, ereet gail was achieved carly on in the _:.h:z_?.m_:_:._“:_r_ ;
) o ! " N N . " v . e . ....... ad o
anly in the hindlimb —the st mammals of the latest ﬂ:;.ﬁ._m MJ_”. _cw_;:,/
partially sprawling farelimb. Second. the fiest o_.onT__::?.wc C_E:.M “Hw”:c:. .w._
and D.m,cc:v._cS:,:ur.,.. were essentially bipedad, ﬁm:::w rwf._,nmvpﬁw az.?_‘c_.:
“hange ©lorclimbs may have been subje
least, and changes to the _:_L::. ect rens
evolutionary forces. The first erect-limbed mammal-like reptiles ME_M ﬁ“ww o
- . PR ~ . o1 . . . ¢ ‘
suchians were quadrupeds. Third, the origin of bipedality 1in w:x‘.c, vmoq_::_%:_.
; . [ il the sauridds are the sister-g
ay bemuch carlier than noted here if the poposaurids are
may be much carlier than , 0 e er-group of
> : : wd Clark, 1988). Conceivably, cali .
crocodylomorphs (Benten P e e, 4l dates
would converge buck on 233 million years ago. Hence, was the acquisi

: ) .
crect gail synchronous or nay’
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CONCLUSIONS

. Trends oceur in the fossil record of repiiles, and of tetrapods in general
at all scales, from their overall expansion in diversity. 1o chanpes in
individual characters withip lincages over a few million years.

2. Most large-scale trends seem 1o relate to major extrinsic causes, such as

mass extinction events, changes in the physical environment, or the

opening up of new adaptive space (e.g.. new habitats. new sources of
food).

Biotic factors such ag competition and predation no doubt play a role

M Benerating trends. but these are hard to imagine as remorseless

driving forces on the teological time-scales involved (see also Benton,

1987 a).

Most trends in ielrapods involve morphology and size ar the hineage

?_umgc& level, bu morphology, size and ecological strategies ar higher

taxic {major clade) levels. .

Long-term trends, like the appedrance of mammal-like characiers in the

ancestors of mammals, or modifications in herbivorous adaptations of

oﬂ:::cﬁ.cg dinosaurs, seem 1o occur sporadically rather thup in a gradual
progression. with key changes happening in bursts. ofien associated with

#n opportunist radiation occurring after an extinetion event of potentiy)

competitors,

5. Small-scale. species-level trends often involve clear evidence of hetero-
chrony and canalisution canstraining the pattern of change.

7. EB:& evolution may provide 4 test of the broad significance of extrinsic
and antrinsic factors or trends. When extrinsic factors dominute, the
n.m.ﬂ_:c,~ changes in more than one lineage may occur synchronously, and
differ in morphological detail, whereas paraliel trends dominaed by
:Em_ér._:.c_é and canalization may show no synchrony at all, and changes
should be morphologically similar. Examples of parallel evolution of
erect gait {extrinsic) and of skull-element reduction {intrinsic) are given.
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