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Abstract

DiMichele, W.A., Phillips, T.L. and Olmstead, R.G., 1987. Opportunistic evolution: abiotic environmental stress and
the fossil record of plants. Rev. Palaeobot. Palynol., 50: 151-178.

Abiotic stress has played a major role in the evolution of vascular plants by creating or delimiting habitats with low
interspecific competition. These are, in effect, opportunities for survival of divergent phenotypes through non-
adaptive evolution. The patterns and processes associated with stress-related evolution lend support to concepts of
evolution as a process with a distinct hierarchy of levels.

There are two fundamental forms of abiotic stress. Extrinsic stress is induced by an external agent(s) that impinges
on ecosystems, altering conditions and leading to selection against indigenous forms; these are aperiodic or have long
return times and are thus beyond the limits of adaptation. Intrinsic stress is caused by physical, usually edaphic
conditions of certain kinds of habitats that select against almost all plants. These kinds of stress are fundamentally
different from “‘stress” induced by competition or intracommunity, short-period disturbance.

Extrinsic stress induces differential migration and extirpation/extinction as proximate effects. Evolution is a by
product of disrupted communities in which momentary opportunities for divergence are created. The fossil record
provides most of the critical sequences recording the effects of extrinsic stress. Evolution in stressed ecosystems is a
“sweepstakes”, with colonizers/dispersers and preadapted forms speciating the most and gaining the greatest
ecological advantage during these episodes. Extrinsic stress has been of extreme importance in shaping the
phylogenetic tree of vascular plants by progressively and sequentially pruning clades from the role of ecological
codominance.

Intrinsically stressful environments are bounded by asymmetrical ecotones. Entry to these habitats is made possible
by preadaptation. They generally are low diversity “‘species sinks” with highly specialized floras, rarely sites of
evolutionary innovations that subsequently spread into non-stressful habitats. Due to limited species exchange with
surrounding environments, these kinds of habitats tend to become progressively more archaic through time,
preserving a flora that changes little for long periods. They are very susceptible to mass extinction and vegetational
reorganization, at which point the cycle of increasing archaicism is reset. They appear to be good analogs for the
initial phases of “adaptive” breakthroughs in general, and strongly suggest a highly stochastic process.

Competition-mediated adaptive evolution may hone morphologies created during periods of non-adaptive
cladogenesis. The fossil record provides primary data and permits testing of theories by evaluation of predicted
patterns versus empirically-determined patterns.

Introduction be related through evolutionary processes, the
rules of which most biologists see as embodied

The earth has both a phylogenetic and by modern neo-Darwinian theory. This theory
ecological organization. These are presumed to and the principles of ecology describing ecosys-
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tem organization, the framework for natural
selection, are drawn almost exclusively from
studies of extant organisms. They reflect an
underlying uniformitarianism. That is the
conviction that the processes observable in the
human time-frame, the effects or results of
these processes, and the modern world in
which they have been observed, can be extra-
polated to the past and serve to explain the
biological organization of the world at any
time in geological history.

The patterns in the fossil record have long
been recognized as conforming poorly to the
predictions of Darwinian theory. For the most
part this lack of correspondence has been
attributed to an imperfect record, although
minor modifications have been made in the
central theory to accommodate it (Simpson,
1944, 1953). Recently, the fossil record again
has been raised as a potential test of neo-
Darwinian theory primarily through the impe-
tus of punctuated equilibria (Eldredge and
Gould, 1972) and the enormous amount of
empirical and theoretical research this has
engendered. The focus of this research has
been mostly on phylogenetic pattern, attempt-
ing to derive means to explain stasis and the
rarity of continuous transformation series
between species by studying organismal archi-
tecture and development (e.g.: Gould, 1977;
Gould and Lewontin, 1979; Alberch, 1982) or
by modifying more general population-level
approaches (e.g.: Slatkin, 1981; Lande, 1985).

An additional element to be considered is the
role of changing global ecosystems through
time. The dominant morphologies and life
histories of plants and animals, and the com-
munities that these organisms form define the
“selective landscape”’, the conditions under
which biological diversification will occur.
Evaluation of ecosystems and their dynamics
over geological time suggests that the predomi-
nant evolutionary processes and resultant
patterns could and did differ in past times from
those of today (Valentine, 1980; Arthur. 1984).
Furthermore, events outside the scope of
adaptive evolution, such as periodic, wide-
spread perturbations of the earth, may have

played a major part in shaping the history of
life (Valentine, 1980; Gould, 1985; Jablonski,
1986). These raise the possibility that non-
adaptive processes may play a significant role
in the origin of plant diversity.

Abiotic stress is one of the major elements of
ecosystem dynamics, either as extrinsic factors
that impinge on ecosystems, or as intrinsic
elements of specific habitats. Studies of modern
stressful ecosystems, cited subsequently in this
paper, indicate that abiotic stress creates
opportunities for the establishment and sur-
vival of new forms, acting as an agent of
selection against individuals intolerant of the
stress. Furthermore, the fossil record of plants
suggests that abiotic stress has been an impor-
tant modifier of terrestrial ecology, and hence
evolutionary pattern, since plants colonized
the land. While this is a fragment of the entire
evolutionary picture, it brings nonadaptive
evolution into relatively sharp focus.

Arthur (1984) has defined two kinds of
selection, which are relevant to our discussion.
The first, w-selection, leads to adaptation,
sensu Gould and Vrba (1982), and is the core of
neo-Darwinism. The second, n-selection, occurs
under conditions of very reduced or no compe-
tition where a population growth rate >1 (at
low densities) is the only necessary condition
for establishment of a mutant lineage. These
are hierarchically related in that n-selection
permits establishment of new forms and in-
volves, in essence, non-adaptive evolution. W-
selection, driven by competition, hones these
forms as population size increases, and also
can lead to anagenic evolution of new low-rank
taxa. In Arthur’s terms, abiotic stress creates
opportunities for the manifestation of n-selec-
tion, which is followed by variable amounts of
w-selection, depending upon specific condi-
tions.

The fossil record of plants provides us with
an unusual opportunity to evaluate these
phenomena and to search for generalities
because of the enormous changes in flora and
vegetation that have occurred since the Silu-
rian. In effect, the plant fossil record presents a
test case in which we can analyze the predic-



tions of theory based on modern organisms and
ecosystems in worlds that are vastly different
from that of today. This provides both a test
and a means to enhance and expand general
concepts of how life evolves and is organized
into complex landscapes.

Stress characterization

In a general sense, stress can be character-
ized as "any environmental factor potentially
injurious to living organisms” (Levitt, 1980,
p.3). However, this includes several distinct
classes of “‘stress” with very different relation-
ships to evolution. Biotically-induced stress is
that resulting from competition among mem-
bers of the same or different species. It is
manifest primarily through natural selection
acting upon differences in relative fitness
within populations. It 1s believed to be the
major driving force of adaptation.

Abiotic stress includes at least two distinct
forms, extrinsic and intrinsic. Extrinsic stress
includes stresses with short return times and
local effects, i.e. disturbances (sensu Pickett
and White, 1985), and stresses with regional to
global impact that are unique or have long
return times. Disturbances that occur regu-
larly within the span of plant life-histories
have “predictable” effects and return time;
they are ecological time phenomena, as are
biotically-induced “stresses’’, and thus are
driving forces of adaptive evolution. There are
numerous examples of organisms, such as
weeds, dependent for their continued existence
upon regular disturbance. In contrast, extrin-
sic stresses that occur infrequently, causing
widespread ecosystem change or destruction,
create opportunities for evolution in a changed
landscape. These also modify evolutionary
opportunities by changing/reducing genetic
variability by large scale destruction of popu-
lations.

Intrinsic stress, resulting from physical, usu-
ally edaphic attributes of a habitat, has been
dealt with in detail by Grime (1977, 1979).
Intrinsic stress excludes most organisms from
potential resources, often creating low-competi-
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tion, target-of-opportunity sites for plants that
possess, a priori, a stress-tolerant phenotype.
Our discussion is confined to abiotic intrin-
sic and extrinsic (widespread, long-period)
stress and how they affect plant evolution.

Temporal hierarchy

The effects of extrinsic and intrinsic stress on
organisms can be studied both with regard to
immediate, proximate effects and effects on a
geological time scale. Geological time also
permits evaluation of stress effects in different
“selective landscapes”, revealing generalities
about process and how past events place
constraints on later events. Things could and did
happen in the past that can not and do not
happen today, and vice versa, because of changes
in organisms and kinds of ecosystems they
create.

Intrinsically stressful habitats in any single
slice of time can be separated from habitats in
which competition or disturbance are the
dominant factors structuring communities
(Grime, 1977, 1979). The evolutionary dynamics
of intrinsic abiotic stress can be understood
almost completely on an ecological time scale.
Intrinsically stressful habitats can be recog-
nized in the fossil record by analogy to modern
stressful habitats, e.g.: swamps, saline coastal
or inland regions, etc., assuming such habitats
can be indentified in the past.

Extrinsic abiotic stress, because it impinges
on ecosystems regardless of the factors struc-
turing them, 1s fudamentally distinct from
intrinsic abiotic stress, Extrinsic stress has
proximate effects on an ecological time scale,
but much of the ecological and evolutionary
consequences of natural extrinsic stress must
be studied on a geological time scale. Oppor-
tunities to study extrinsic stress in extant
systems are rare because of the time required
to observe the effects.

Empirical studies of the plant-fossil record
indicate a broadening spectrum of morpho-
logical complexity of plants through time (e.g.
Hickey and Doyle, 1977; Banks, 1980; Niklas et
al., 1980), contributing directly to changes in
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ecosystems (e.g. Knoll et al., 1979, 1984; Beer-
bower, 1985). Consequently, selective land-
scapes within which we can examine stress
change through geological time. Patterns of
recovery from a severe extrinsic stress and the
phenotypes available to colonize intrinsically
stressful habitats, are highly dependent on
biologies of organisms of the time. The taxo-
nomic rank (Division, Class, etc.) assigned to
new lineages that evolve during reradiation
into vacated habitats following an episode of
extrinsic stress diminishes through geologic
time (Valentine, 1980). Similarly, the spectrum
of intrinsically-stressful habitats has narrowed
through time as groups evolved that could
exploit such environments. Some environ-
ments have specialized floras adapted to the
stresses, in the proximate sense (Gould and
Vrba, 1982), and remain stressful to most other
plants, e.g., deserts. In the Devonian much of
the land surface would have presented an
almost insurmountable ecological barrier to
plant migration. As a consequence, most of the
earth’s surface probably was “‘stressful” to
early land plants (Beerbower, 1985). Today,
environments that remain stressful to most
vascular plants include, for example, swamps
and bogs, terrestrial habitats high in salinity
or heavy metals, and brackish to saline coastal
regions.

Extrinsic abiotic stress

Extrinsic abiotic stress is caused by external
agents that alter prevailing conditions locally
to globally, causing strong selection against
indigenous species, alteration of ecosystem
structure and, thus, changes in interactions
among plants and animals. To differentiate
severe extrinsic stress from intra-ecosystem
disturbance a geological time axis and/or
evidence of short-term irreversibility of effects
is necessary. This concept is that of Rapport et
al. (1985) and differs, in part, from usage of
Vogl (1980) and Seyle (1973);, they consider
extrinsic disturbance to be ecosystem “‘stress”
that is repetitive and to which many species
have adapted. We consider such disturbances

to be fundamentally different from extrinsic
stress with long return times.

Extrinsic stress may result from severe, short-
term events, such as the purported bolide impact
at the end of the Cretaceous (Alvarez et al., 1980).
More commonly the stress agents are climatic
changes, glaciation, and many eustatic sea-level
fluctuations — physical processes, unidirec-
tional in ecological time. These stresses may be
imposed as increase in frequency of freezing
conditions or ground-water salinity, or change
in moisture availability. Physiological re-
sponses to such factors (Levitt, 1980) have
disturbance-type effects in ecological time. How-
ever, extension of these effects through time
results in permanently changed ecosystems.

Effects on plants and plant communities

Plant populations generally respond to ex-
trinsic stress by changes in distribution within
an ecosystem. On an ecological time scale it is
often difficult to distinguish between short-
term fluctuations and directional trends. Much
of the “noise” of fluctuation is lost in the fossil
record. Consequently, stratigraphic documen-
tation of the changes in relative abundance
and paleogeographic distribution provide a
basis for distinguishing longer-term effects.

Plant populations may undergo the follow-
ing kinds of changes when subjected to extrin-
sic stress. They may migrate, tracking favor-
able conditions by differential death and dis-
persal of individuals. This can occur only if
onset rate of extrinsic stress does not exceed
migration rate, and if areal extent of the stress
does not exceed the dispersal capability of the
population (Knoll, 1984). Favorable conditions
must persist somewhere and migration routes
must be available or the population will be
extirpated or the species may become extinct.
This is most likely to occur if the onset of the
stress is rapid.

The population may evolve toward stress
tolerance or stress avoidance. This usually
translates as an adaptive transformation of a
non-tolerant population into a tolerant one.
We argue that this is unlikely and may be



largely a stochastic process. Extrinsic stress,
acting through differential migration and ex-
tirpation or extinction, creates opportunities
for the survival of derived forms (populations
and species), a highly opportunistic process.

In modern ecosystems

The study of extrinsic stress in modern
ecosystems has focused mostly on the effects of
human activities (e.g. Barrett et al., 1976;
Rapport et al., 1985; Schindler et al., 1985).
Although the time spans involved are short,
these kinds of investigations can document
many of the responses of ecosystems to extrin-
sic stress.

Rapport et al. (1985) describe the changes in
ecosystems under extrinsic stress, and find
these to be relatively uniform in terrestrial and
aquatic systems. Stress affects five major attri-
butes of ecosystems: (1) nutrient cycling,
mainly by losses; (2) primary productivity; (3)
species diversity; (4) retrogression (“pushing”
the community succession to earlier seral
stages); (5) size distribution of species. If stress
were continued long enough, the effect would
be irreversible. These responses to extrinsic
stress result in changed community structure.
However, most of these ecological parameters
can not be recognized in the fossil record.

What can be detected on a geological time
scale 1s general pattern of change from one
community organization to another, allowing
inferences about the specific mechanisms of
change. Analyses of climatic and other physi-
cal factors may permit correlation of commu-
nity change with identifiable extrinsic stresses.

Paleobotanical record

Extrinsic stress has been a major modifier of
terrestrial vegetation since plants colonized
the land. We have tentatively indentified some
time intervals in which extrinsic abiotic stress
apparently had major effects on the world’s
vegetation (Fig.1). The patterns point out how
the fossil record contributes to our understand-
ing of abiotic stress in plant evolution. The
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examples will focus on Tertiary—Quaternary
and Carboniferous—Permian plant responses to
climatic change, and consequences of a short-
term disruption at the Cretaceous/Tertiary
boundary.

Climatic change in the Quarternary and
Tertiary

Major fluctuations in global climate since
the beginning of the Tertiary have had a major
impact in the northern hemisphere, particu-
larly in the modern temperate zone. Vegetation
has ranged from tropical and paratropical to
cool-temperate and even boreal. These climatic
changes were driven by tectonics, glaciation,
and global energy budget affecting patterns of
atmospheric circulation (Parrish and Curtis,
1982; Parrish et al.,, 1982), and possibly by
fluctuations in atmospheric CO, and Milanko-
vich cycles (Wolfe, 1978; Berger et al., 1984).
The time scales over which the vegetational
changes can be observed are highly resolved,
and the sampling base is excellent. Complica-
tions arise in sorting out evolutionary patterns
from migration (a persistent problem in the
fossil record), particularly during the Paleo-
gene, due to asynchroneity of effects globally
and because the woody angiosperms were
undergoing extensive phylogenetic radiations
during this time.

Pleistocene. The Pleistocene was a time of
extensive quasi-periodic changes in climate.
During the last 10,000-15,000 years the re-
sponse of vegetation to warming climate has
been almost exclusively migration. Extinction
of pre-existing taxa and the evolution of new
taxa appear to be insubstantial among woody
plants. Palynological data clearly indicate
individualistic species responses resulting in
changed associations within certain vegeta-
tional limits (e.g. Davis, 1976; Tsukada,
1982a,b, 1983). Plant macrofossils from desert
fossil pack-rat middens in the western United
States indicate the importance of migration
(Van Devender and Spaulding, 1979; Spaulding
et al., 1983; Spaulding, 1983, 1985; Cole, 1985).
Cole (1985) documented this migration as
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Pleistacene glaciatians [8,40,41,43]
desert flaras, U.S.A.

Late Paleogene climatic change [16,46,47,48 51]

Shart term ecasystem disruptian (?extraterrestrial impact) [17,19,29,43,49,501

Climatic change, increasing cantinentality
and pravincializatian
}[6,9, 11,12,13,15,22,23,24,25,27,28,30,32,38,39,40,45]

Climatic change

Climatic change [2,3,4,5,10,31,33,34,35,36,371

Sea-level fluctuatian [1,7,14,18,19,20,21,26]

DEVONIAN J CARBONIFEROUS PERMIANW TRIASSIC | JURASSIC [ CRETACEOUiJ:TERTIARY} QUATERNARY,

Fig.1. Intervals of extrinsic abiotic stress in the fossil record. This sample of extrinsic-stress events is drawn from the
following literature: 1. Banks, 1980; 2. Broadhurst et al., 1980; 3. Caputo and Crowell, 1985; 4. Cecil et al., 1985; 5. Chaloner
and Lacey, 1973; 6. Chaloner and Meyen, 1973; 7. Chaloner and Sheerin, 1979; 8. Cole, 1985; 9. Cross, 1975; 10. DiMichele et
al., 1985; 11. Foster, 1982; 12. Fredericksen, 1972; 13. Galtier and Phillips, 1985; 14. Gensel and Andrews, 1984; 15. Gillespie et
al., 1975; 16. Hickey, 1980; 17. Hickey, 1981; 18. Johnson et al., 1985; 19. Knoll, 1984; 20. Knoll et al., 1979; 21. Knoll et al., 1984;
22. Mamay, 1967; 23. Mamay, 1968; 24. Mamay, 1975; 25. Mamay, 1976; 26. McLaren, 1983; 27. Meyen, 1982; 25. Milner and
Panchen, 1973; 29. Nichols et al., 1986; 30. Olson, 1979; 31. Parrish, 1982; 32. Parrish et al., in press; 33. Peppers, 1979; 34.
Pfefferkorn and Thomson, 1982; 35. Phillips and Peppers, 1984; 36. Phillips et al., 1974; 37. Phillips et al., 1985; 38. Read
and Mamay, 1964; 39. Remy, 1975; 40. Romer, 1973; 41. Spaulding, 1985; 42. Spaulding et al., 1983; 43. Tschudy et al., 1984; 44.
Van Devender and Spaulding, 1979; 45. Winston, 1983; 46. Wolfe, 1977; 47. Wolfe, 1978; 48. Wolfe, 1980; 49. Wolfe and
Upchurch, 1986; 50. Wolfe and Upchurch, in press; 51. Wolfe and Wehr, 1986.



glacial-age woodland gave way to desert scrub.
He discovered apparent response lags of some
dominant taxa to changing climate. As new
species immigrated, they gradually displaced a
depauperate remnant of earlier vegetation,
resulting in a period of locally reduced
diversity between dynamically stable species
associations; however, the generality of this
phenomenon, which Cole (1985) called *“‘vegeta-
tional inertia”, has yet to be demonstrated in
other desert areas.

W.G. Spaulding (pers. comm. 1986, Paillet,
1982; Spaulding et al., 1983) has suggested the
following scenario linking extrinsic stress and
evolution in the Pleistocene. Pleistocene glaci-
ations have had predictable return times
(7-10 x 10* yr) and upper limits (maximum sea
level change of approximately 120 m, maximum
southerly extent of continental glaciations
to approximately 40°N latitude, maximum
temperature change of ~6°C worldwide). These
cyclical, relatively closely spaced climatic
fluctuations are extreme and may have forced
similar repeated changes in terrestrial floras.
Pleistocene glaciations may have represented a
single stressful interval for plant species.
During such an interval the most severe
conditions will be those with the greatest
selective effect. So, although the return time of
glaciations 1s beyond the limits of adaptive
response, regular return of the severe condi-
tions will periodically eliminate marginal forms
or excess variation that evolves duringintergla-
cials. The greatest period of extinction should
have occurred at the beginning of the first
glacial cycle, declining subsequently as the
proportion of species in the flora capable of
tolerating or escaping the peak glaciations
increased.

Tertiary. Tertiary climatic changes were rela-
tively frequent, although they do not appear to
have had the quasi-periodicity of the Pleisto-
cene. Tertiary woody vegetation was complex,
and the dynamic processes regulating it during
periods of stable climate dictate caution if the
effects of directional climate change are to be
differentiated from effects of local disturbance
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regime (Cross and Taggert, 1982). In western
North America considerable change in vegeta-
tion has been documented during the Paleo-
gene (Wolfe, 1977, 1978, 1980; Hickey, 1980;
Wing, 1981). Migration seems to be the princi-
pal plant response to climate change resulting
in quantitative changes in species associa-
tions. Species appear to respond individualisti-
cally within larger qualitative limits. This 1s
emphasized by latitudinal zonation of floras
during periods with steep climatic gradients,
and reduction in zonation with homogeniza-
tion during periods of high climatic equability
(Wolfe, 1977). A Tertiary parallel to Cole’s
“vegetational inertia” may be the low in
diversity reached during the Eocene/Oligocene
climatic deterioration in the Pacific northwest
region; paratropical forest species were re-
placed gradually by cool-temperate species
(Wolfe, 1978).

Changing climate, by causing differential
migration and extinction of the plants and
animals, alters plant communities and the
patterns of resource use. Evolution is not a
direct “response” to climate change, but a
consequence of opportunistic exploitation of
resources made accessible by differential mi-
gration and extinction. The probability of
survival of new phenotypes i1s higher during
these episodes of environmental disturbance
because chances of encountering a momentar-
1ly unexploited resource (“empty” niche) are
higher. The climatic cooling that began in the
Late Eocene may have created conditions that
permitted radiations of plants from ancestral
stock living in temperate or cool upland
regions. During earlier periods of warmer
global temperatures these ancestral forms may
have persisted in spatially disconnected,
peripheral areas. Evidence of this pattern is
found in the diversification of the Pinaceae,
Salicaceae, Betulaceae and Rosaceae begin-
ning in temperate and upland areas during the
Eocene and progressing rapidly during the
Oligocene (Wolfe, 1977, Wolfe and Wehr,
1986). This pattern illustrates a possible rela-
tionship between extrinsic stress and evolution
— the opportunistic expansion of tolerant
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forms rather than the transformation of non-
tolerant forms into stress-tolerators by a direc-
tional extrinsic stress.

Woody forest vegetation of the Paleogene
and early Neogene was evolving and diversify-
ing and opportunities for phenotypic radi-
ations may have existed. In contrast, during
post-glacial times, immigration of well-estab-
lished existing forms has effectively eliminated
the possibility for establishment of new major
phenotypes in many environments because of
the high levels of resource overlap that have
evolved among angiosperms. These differences
in pattern may reflect the “time-dependence”
of evolutionary events.

Effects of climatic change in the Late
Paleozoic

During the Pennsylvanian and Permian
Periods plant communities were subject to
repeated extrinsic abiotic stress (Fig.2). The
floral and vegetational changes induced by
climatic fluctuations are best documented for
the Euramerican floral province. Climatic
changes are deduced from indicators of conti-
nental glaciations (Caputo and Crowell, 1985),
models of atmospheric circulation and climate
(Parrish, 1982; Parrish et al., in press), patterns
of coal quality (Cecil et al., 1985) and distribu-
tion (Phillips and Peppers, 1984), not all of
which suggest the same interpretation. The
most detailed data relating community struc-
ture and appearance of new taxa come from
coal-swamp deposits (Phillips et al.,, 1985);
complementary data from non-swamp, clastic-
compression floras suggest similar patterns
and present a refined picture (Read and Mamay,
1964; Gillespie and Pfefferkorn, 1979; Pfeffer-
korn and Thomson, 1982).

Dominance and diversity patterns in
swamps, particularly, and in lowland vegeta-
tion, in general, changed slowly, and in some
cases not at all between major extrinsic stress
events. During and immediately following a
change in prevailing climatic conditions domi-
nance-diversity structure changed within iden-
tifiable kinds of habitats. This usually was

associated with some floral migration and, if
rapid, with elevated levels of extinction.

Pennsylvanian Period. New species that ap-
pear in association with extrinsic stress are
most often from clades in one of two major
categories: those with greatest colonizing or
dispersal abilities, and those preadapted for
growth under the changed climatic regime.
Psaronius tree ferns were colonizers/disper-
sers. These plants with small, light homospores,
could establish a breeding population from one
or few colonizing gametophytes. Trees had
cheap construction and rapid growth, probably
with tolerance of nutrient stress. These attri-
butes allowed them to preempt vacated habitat
space quickly, and favored speciation by the
establishment of peripheral isolates. Tree-fern
spores first appear in significant numbers in the
Westphalian B, during the first drier interval of
the Pennsylvanian (Peppers, 1979; Phillips and
Peppers, 1984), and increase in diversity and
abundance in a step-wise manner, expanding at
the expense of lycopods and pteridosperms
(Fig.3), after each subsequent climatic change
(Pfefferkorn and Thomson, 1982; Phillips et al.,
1985). The displaced groups lacked such coloniz-
ing potential and probably were narrower in
ecological tolerances (Phillips and DiMichele,
1981; DiMichele and Phillips, 1985).
Preadaptation probably was the key to the
increasing success of conifers and associated
gymnosperms during the Late Pennsylvanian
and Early Permian. Conifers are detected first
in the early Middle Pennsylvanian (Westpha-
lian B) (Scott and Chaloner, 1983), but did not
appear in abundance until the second drier
interval of the Pennsylvanian, when they
became a major element of lowland, non-
swamp floras previously dominated by medul-
losan pteridosperms (Cross, 1975; Winston,
1983; Galtier and Phillips, 1985). Conifers
radiated extensively in the Permian as climatic
fluctuations increased in magnitude.

Permian Period. During the Permian Period
terrestrial floras underwent a major transfor-
mation. Arborescent lower vascular plants and
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Evolution of numerous higher taxa in
isolated floral subprovinces

Complex patterns of extinction, dominance-
diversity changes

Swamps: areal coverage decreases in tropics

Compressions: " Pennsylvanian" flora replaced gradually;
radiations of conifers, cycadophytes, tree-terns

Floristic changes not 1:1 ecological replacement

Directional sequential extinction, dominance-
diversity change

Swamps: tree~fern dominated, pteriodsperms
subdominant

Compressions: pteridosperms and tree-ferns
conifers appear in some lowland assemblages

Extinctions of most tree lycopods, many tree
ferns and pteridosperms

]

Swamps: lycopod~dominated; tree-ferns rise to ~15%
biomass; pteridosperms increase
Compressions: pteridosperms and tree-ferns dominate

Major extinction, dominance-diversity changes

Dominance-diversity changes

Swamps: lycopods-cordaites (different sp. than earlier)
Compressions: pteridosperms
Tree-ferns appear in swamps, ~ 5% biomass

Dominance-diversity changes

Swamps: lycopods-cordaites
Compressions: pteridosperms
Tree-ferns begin to rise in spore floras

Minor extinction, dominance-diversity changes
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Fig.2. Carboniferous and Permian extrinsic stress events and the general consequences of these events on terrestrial plants

and ecosystems. Nature of the extrinsic stress is shown to

immediate right of geologic column. On far right, the immediate

effects of the stress are shown in the rectangles, the specific effects on swamp and non-swamp floras, with other general
comments, are shown in areas above the respective rectangles.

primitive seed plants, such as the medullosan
pteridosperms, declined in diversity and ecolog-
ical importance, except perhaps for the marat-
tialean tree ferns. Coniferophytes (conifers and

cordaites), and a diversity of cycadophytic
seed-plant groups formed regionally heteroge-
neous vegetation. These floral and vegetational
changes were globally asynchronous (Knoll,
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Fig.3. Changes in the relative abundance of major plant
groups in Pennsylvanian coal swamp assemblages. Inflec-
tionsin the Fern curve correspond to time periods of change
in extrinsic conditions, inferred from other sources of data.
Modified from Phillips and Peppers (1984).

1984). For example, coal swamps persisted in
France until the Early Permian (Galtier and
Phillips, 1985), after their decline in North
America. In China, lycopod—tree fern—cordaite
coal swamps persisted until the end of the
Permian.

These patterns reflect an increasing provin-
cialization of the world’s floras during the
Permian (Read and Mamay, 1964; Chaloner
and Lacey, 1973; Chaloner and Meyen, 1973), a
pattern also reflected by vertebrate distribu-

tions (Milner and Panchen, 1973; Romer, 1973;
Olsen, 1979; Parrish et al., in press).

The formation of Pangaea is generally be-
lieved to have been the impetus for these
changes. Changing atmospheric circulation
patterns by increasing continentality altered
rainfall patterns. This constituted severe, pro-
tracted, extrinsic stress, manifested at differ-
ent times and to different degrees throughout
the globe. The general patterns of floral change
reflect ultimately major changes in the repro-
ductive and growth strategies of the dominant
plants (Niklas et al., 1983; Knoll et al., 1984).
Vegetational change in the Carboniferous—
Permian transition was gradual. This has been
documented in the Dunkard Group of the
Appalachians (Cross, 1975; Gillespie et al.,
1975; Remy, 1975), in several areas of the Soviet
Union (Meyen, 1982), and in Australia (Foster,
1982). These areas were floristically distinct at
the time, but the same general trend is
suggested in all of them. Despite an essentially
gradational change, the declining flora is
ecologically different from the expanding flora.
Therefore, this does not appear to involve
extensive competitive displacement of the older
flora by the younger flora.

Gradual climatic and physiographic changes
during the Permian had effects at two levels.
The most direct effects were within floral
provinces where communities were disrupted
and changed as radiations occurred in pre-
viously marginal or newly established clades.
Less direct, but of great importance, was
increase in the number of floral provinces
within which discrete evolutionary events
occurred. Mamay (1976) noted that the earliest
Permian radiations had little “morphological
significance”’; the affinities of the expanding
groups usually are very clear. However, by the
later Early Permian many novel forms began
to appear among seed plants, often of unknown
ancestry and with relatively narrow geograph-
ical distribution. In summary, the Pennsyl-
vanian vegetational changes in Euramerica
1llustrate the proximate effects of extrinsic
stress and the relationship of these phenomena
to evolution. The Permian vegetational



changes are much more complex and demon--

strate a hierarchy of effects within floristic
provinces and among them.

Cretaceous|Tertiary boundary

There is now extensive evidence of a major
environmental catastrophe at the Creta-
ceous/Tertiary (K/T) boundary. Coincident ex-
tinctions in many groups of terrestrial and
marine organisms, evidence of large quantities
of atmospheric dust and soot, and iridium
enrichment of a clay layer derived from the
particulates, suggest impact of an extraterres-
trial body (Alvarez et al., 1980) or massive
volcanism (Officer and Drake, 1985) as the
proximate cause. It appears that all or part of
the earth was blanketed with a dense cloud that
reduced insolation and caused a short, but
pronounced climatic cooling — a geologically
instantaneous, global extrinsic stress.

The immediate ecological effects of this
event on terrestrial plant communities are
reasonably clear. The standing biomass in
many parts of the northern hemisphere may
have been killed, followed by extensive fires
(Tschudy et al., 1984, Wolbach et al., 1985). As
recovery ensued, colonizing species, in particu-
lar ferns, moved rapidly into vacated areas,
persisting for a short time before being re-
placed by typically woody, early successional
angiosperms (Tschudy et al., 1984; Nichols et
al., 1986; Wolfe and Upchurch, 1986). Ecological
effects over the long-term are less clear. Large
herbivores, in particular dinosaurs, were elimi-
nated by the boundary event. As a consequence,
recovering plant communities had a major
modifier of ecosystem structure removed (Wing
and Tiffney, this issue). Furthermore, there
appear to have been some significant plant
extinctions selectively affecting broad-leaved,
evergreen species, especially at higher latitudes
(Hickey, 1981, 1984; Wolfe and Upchurch, in
press).

It seems likely that this event, through the
ecological changes it engendered, would have
had a major, long-term impact on plant evolu-
tion during the Early Tertiary. Regional extir-
pation or extinction of many plant and animal
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species and massive, widespread disruption of
communities altered the ecological conditions
under which evolution was occurring, that is the
“selective landscapes” of the time, were radi-
cally altered. The subsequent diversification
resulted in a flora/vegetation very different than
that existing prior to the perturbation. The land
surface of the earliest Paleocene may have been
a mosaic of terrestrial “islands” in which
resources were abundant and competition low,
permitting the establishment of stem species in
many clades that later radiated extensively.
These events may have been much like those
that occurred in plant groups of the Hawaiian
Islands, where extensive morphological diver-
gences from small founder populations have
occurred (Helenurm and Ganders, 1985; Lowrey
and Crawford, 1985).

The plant fossil record is not particularly
revealing on this issue, at least at our present
level of resolution. Hickey (1981) concluded that
extinctions across the K/T boundary were
gradual and induced by gradually changing
climate and continuing angiosperm radiation.
This analysis has been extended by Knoll (1984),
implicating competition as a major driving force
of Paleocene angiosperm evolution. In contrast,
Wolfe and Upchurch (1986, in press) argue
for significant extinction, focused primarily on
broad-leaved, evergreen taxa, leaving a depau-
perate flora in which deciduous species were
most abundant. They estimate that vegetation
required much of the Paleocene to recover from
this disequilibrating event. It is clear that much
greater resolution, both stratigraphic and geo-
graphic, is needed if a clear picture of events is to
be constructed, and if we are to be able to
distinguish competitively driven from opportu-
nistic patterns of diversification.

Extrinsic stress: summary

Study of life histories, biogeography and
ecology of extant plants lead to a general
hypothesis of how plants should respond to
extrinsic stress. Migration and extinction are
the most likely immediate consequences. Evolu-
tion is a considerably different phenomenon
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because it involves genomic change. During and
immediately following the onset of severe
extrinsic, abiotic stress, communities are dis-
rupted. Differential rates of migration and
extinction lead to change in community struc-
ture and, hence, to altered patterns of resource
use. Fragmentation of populations magnifies the
consequences of vacated resources by creating
lowered diversity in many areas. Fragmentation
also provides the potential for divergence as
effective population sizes are diminished
(Wright, 1931; Levin and Wilson, 1978), and gene
exchange is reduced or eliminated (Carson, 1982,
1985, Arthur, 1984). These factors create oppor-
tunities for the differentiation of divergent
populations, ultimately the stem populations of
new species. This is a highly opportunistic
process. The probability of establishment of a
new phenotype is increased in an environment in
which previously occupied resources are va-
cated and surviving species are fragmented into
isolated populations.

Extrinsic stress acts primarily in opening up
resources, permitting the occasional survival of
a new phenotype. Thus, its role in evolution is an
indirect one. Evolution of stress tolerance in a
pre-existing phenotype is no more likely than the
appearance and establishment of any new set of
traits. This contrasts with expectations of
adaptive evolutionary response to extrinsic
stress, 1.e., In situ gradual change due to a
particular “selective pressure”. This is sup-
ported by modern quantitative genetic studies,
which suggest that existing additive genetic
variance in populations usually is exhausted or
greatly diminished in relatively few generations
causing a plateau in the rate of adaptive change
(Falconer, 1981). Strong extrinsic stress, direc-
tionally changing conditions, should quickly
override the ability of local populations to
adjust, particularly if population size has been
diminished.

Fossil evidence

The fossil record provides critical evidence
on the response of species and vegetation to
extrinsic stress (long-term effects). Migration is
the principal response to climatic change.

Responses of species are individualistic. This
results in continuously changing species asso-
ciations during times of directional extrinsic
stress, or during recovery from an event like
that at the K/T boundary. Evolutionary radi-
ations appear to occur as ecosystems are
disrupted. Evidence for this comes from Penn-
sylvanian (Phillips et al., 1974, 1985; Pfeffer-
korn and Thomson, 1982), Permian (Remy, 1975;
Meyen, 1982), and Eocene (Wolfe, 1977; Wolfe
and Wehr, 1986) data sets. This implies that
release from competitive constraints underlies
most of these radiations. This is particularly
significant because plants of very different
phylogenetic lineages diversify nearly simulta-
neously as resource space is temporarily
opened. The most successful species in any one
of these events are those with life histories
conferring colonizing ability and/or preadap-
tive tolerance of the stress (xeromorphs or cold-
tolerant taxa, for example). Radiations may
occur because populations of the stem species
can diverge quickly and independently in a
large variety of phenotypic “directions” given
an opportunity (the colonizers), or because
populations have special access to the newly
vacated resources due to the traits evolved in
previously marginal areas (the preadapted
forms). Not all evolutionary radiations occur
under these conditions.

Extremely severe, short-term stresses (the
K/T boundary, Middle/Late Pennsylvanian or
Eocene/Oligocene transitions) that cause wide-
spread extinction, dislocation or destruction of
existing species associations often trigger
long-term evolutionary changes by resetting
all or part of the vegetation far from a global
ecological equilibrium. Increased provincial-
ization of the vegetation by widespread clima-
tic change should result in increase of higher
taxa, even if global diversity remains stable.

The fossil record of plants indicates that the
evolutionary importance of extrinsic stress has
varied greatly depending on its timing in
geological history. This is due to changes in
the plant groups dominating the earth’s terres-
trial ecosystems, the biologies of the dominant
taxa, and the structure and areal extent of the



communities formed; all of these change direc-
tionally through time due to the strongly
Markovian, historical nature of the evolution-
ary process. The major effect of extrinsic stress
over geological time has been periodic severe
selection, mainly against those plant groups
comprised of species with similar, relatively
narrow ecological amplitudes, particularly ar-
borescent species. In an evolutionary sense
this selection has been “nonconstructive”, as
suggested by Raup (1986) for periodic severe
extinctions. Its effect has been to remove
species and disrupt ecosystems creating oppor-
tunities for evolution rather than directing
evolution in a constructive sense.

During the Carboniferous and Early Per-
mian most wetland lowland ecosystems were
dominated by varying proportions of arbores-
cent lycopods, tree ferns and sphenopsids, as
well as by seed plants. In many cases plants of
these groups were co-dominant in lowland
forests, giving that particular type of land-
scape a taxonomic complexity unmatched
since. Toward the end of the Paleozoic most of
the major arborescent, lower vascular plants
disappeared during climatic oscillations of
increasing magnitude, which apparently se-
lected most strongly against plants in the most
hydric and mesic environments. These extinc-
tions were asynchronous and affected the most
strongly swamp-centered species first, the ar-
borescent lycopods (Phillips et al., 1974). Ulti-
mately, after the temporary or permanent
return of pre-stress conditions, tree ferns and
seed plants gained ascendancy as they moved
into vacated habitats. Although all major
groups continued to be represented into the
Mesozoic, seed plants, in considerable diver-
sity, were the only major clade to dominate
most terrestrial ecosystems. They appear to
have been the most resistant to extrinsic
stress, with some species always able to persist
through physically unfavorable periods, pro-
viding the stem groups for further diversifica-
tion. Ultimately, the angiosperms rose within
this clade and have expanded and diversified
enormously since their appearance.

This pattern illustrates the progressive nar-
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rowing of the phylogenetic affinity of the
dominant vegetation of the earth. Essentially
all post-Devonian groups (Classes) “leave the
gate” together. These groups are selectively
reduced in dominance and diversity during
intervals of major extrinsic stress, but they are
seldom eliminated completely. During geologi-
cal intervals in which climate is equable for
long periods of time the flora will diversify, and
regional variability in vegetation will de-
velop. This taxonomic and vegetational vari-
ability is severely reduced during relatively
brief intervals of extrinsic stress, during which
selection reaches its maximum intensity, prun-
ing the marginal clades, a process suggested by
Waddington (1975). It is during these periods of
most stringent selection that the phylogenetic
tree is reshaped most profoundly. With each
decimation, the more resistant groups persist
and move opportunistically into the available
resource space. This does not appear to repre-
sent competitive displacement because the
groups that disappear during this time were
quite effective at maintaining their ecological
positions in stable ecosystems. Arborescent
lower vascular plants and seed plants had
coexisted since the Late Devonian; this global
equilibrium was not changed until major
ecosystem disruptions and sequential, pro-
tracted extinctions of the late Paleozoic. This
pattern reflects the hierarchy of natural events
in which extrinsic environmental catastrophes
play a major part in modifying the specifics of
phylogenetic history (Gould, 1985).

Intrinsic abiotic stress

Describing stress as intrinsic indicates that
it 1s confined to specific habitats and is due to
physical attributes of those habitats. The effect
is strong selection against plants not tolerant
of the stress agents. Some plants are able to
grow under the adverse conditions because of a
greater threshold of tolerance and because
severe interspecific competition is lacking in
such sites (Bradshaw and McNeilly, 1981).
Their presence in these habitats represents the
fortuitous intersection of habitat and pre-
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adapted, marginally tolerant phenotype. There
are, of course, gray areas in the concept when
scrutinized in detail, but generalities applying
to most cases can be discovered, and it is these
generalities we wish to address.

Grime (1977, 1979) defined intrinsic stress as
the external constraints that limit the rate of
dry matter production of all or part of the
vegetation. This definition has three major
parts. First, by referring to external condi-
tions, Grime attempts to exclude “‘stress”
induced by interspecific competition among
organisms. None the less, in his examples of
such sites he includes shaded habitats, which
overextends the concept and blurs it with
biotic competition. The definition could be
made more explicit by limiting external con-
straints to abiotic external conditions, particu-
larly edaphic factors. Second, stress is recog-
nized by limitations it imposes on dry-matter
production. This has been criticized as circular
(Van der Steen and Scholten, 1985) because it
relies on the plants rather than specific physi-
cal characteristics of the environment to
identify habitats in which stress is intrinsic.
However, the concept of stress is relative and
meaningless without reference to organisms.
Hence, organisms must be included in the
recognition of stress at some level. This should
be tempered by recognizing that some organ-
isms may adapt evolutionarily to stressful
conditions so effectively that their rate of dry
matter production becomes maximized in
stressful habitats and actually depressed in
typically non-stressful habitats. Third, Grime’s
definition requires that stress affect all or a
significant part of the vegetation. This is
important because it requires unrelated organ-
isms to suffer similar negative effects in
stressful habitats. It makes stress a general
phenomenon, recognizing that it selects
against basic attributes of most terrestrial
plants. It partially addresses the problem that
through evolution some species or populations
may have adapted to a particular stress and
hence no longer respond negatively to it.
Grime separates disturbance from intrinsic
stress by couching stress in terms of vegetation

rather than limiting it to specific effects on
individuals or populations. In so doing he
delimits entire habitats, rather than local
patches created by disturbance in otherwise
non-stressful settings.

In Grime’s scheme terrestrial plants exhibit
three primary strategies, with intermediates,
described in terms of stress and disturbance
(Fig.4). Competitors grow in stable environ-
ments with low intrinsic stress and low distur-
bance. Ruderals also occur in areas of low
intrinsic stress but favor recently disturbed
sites or environments with frequent distur-
bance, resulting in low levels of competition.
Stress tolerators grow in environments of high
abiotic stress and low disturbance. The low
competition (intra- and interspecific) aspect of
highly stressful environments is important
evolutionarily because this permits marginally
preadapted plants to colonize stressful sites
and establish breeding populations. Correla-
tion of high stress and low competition has
been identified empirically in swamps
(Schlesinger, 1978), mine-tailing sites (Brad-
shaw and McNeilly, 1981), and subalpine fell
fields (Del Moral et al., 1985), among others.
When intrinsic stress is not strictly edaphic in
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————
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Fig.4. Model illustrating relationship between intrinsic
abiotic stress, abiotic disturbance, and competition. Large
triangle represents the universe of possibilities. Small
triangle represents the local site, community or region
being considered; its size may vary from a point to the size
of large triangle, and its position may vary. Modified from
Grime (1979).



origin, the differentiation of stress-structured
and competition-structured communities be-
comes more difficult (Welden and Slauson,
1986).

A hierarchical expansion of Grime’s triangle
(Fig.4) (David Chapin, pers. comm. 1986) may
resolve some of these difficulties. Any particu-
lar vegetational region can be viewed as a
small triangle within the larger one. For
example, the “alpine” includes a range of
environments, all of which are modified by the
indigenous temperature and seasonal patterns;
within this setting the small triangle is skewed
to the stress-disturbance part of the larger
triangle. Most intrinsically stressful environ-
ments are edaphically distinct from others
within their general geographic region, strong-
ly ecotonally bounded, and confined to the
narrower high stress part of Grime’s scheme.

Recognition of stressful environments

Most stressful habitats are recognized by
their edaphic characteristics: swamps and
bogs, serpentines or sites enriched in specific
heavy metals or toxins, highly saline environ-
ments, low-nutrient environments, and, in
some cases, moisture-limited areas. Attempts
to formulate a definition of stress either aim to
include the unifying aspects of these kinds of
habitats (Grime, 1977, 1979), or attempt to
delimit stress by its effect on individual
organisms (Levitt, 1980; Welden and Slauson,
1986). The latter concept usually makes stress
indistinguishable from disturbance or local
environmental fluctuation. Preferring the ap-
proach of Grime, we describe the common
attributes of most intrinsically stressful habi-
tats, based largely on those in which stress is
edaphic in origin.

The characteristics of stressful environ-
ments must be deduced almost entirely from
modern ecosystems. Analogy with the present
allows recognition of intrinsically stressful
habitats in the fossil record. The ecological
and evolutionary behavior of stressful systems
through geologic time can not be determined
empirically from studies of extant systems, but
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can be predicted from their structure and
dynamics. The fossil record can serve as a test
of these predictions because it preserves such
information. The following description is di-
vided into ecological aspects of intrinsically
stressful habitats, determinable in a single
slice of ecological time, and the evolutionary
consequences.

Ecology of habitats

Habitats recognized as intrinsically stressful
usually are ecological islands with physical
conditions, and hence floras, markedly differ-
ent from those of surrounding areas. Physical
conditions of the habitat strongly select
against most plants. Those plants capable of
growth under a particular kind of stress must
be preadapted to the stress, having evolved
tolerance mechanisms fortuitously in non-
stressful habitats.

These kinds of habitats often are bounded by
very sharp ecotones (Fig.5). If stress is induced
by factors such as chemical composition of the
substrate, the contact between the stress-
tolerant vegetation and vegetation in adjacent
non-stressful sites may be abrupt and non-
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Fig.5. Physical and evolutionary relationship between
intrinsically stressful and non-stressful habitats. Ecotone
separating such habitats can be described as asymmetrical:
most plants are excluded from intrinsically stressful
habitats by inability to tolerate the stressful conditions;
stress-tolerators are confined to intrinsically-stressful
habitats by inability to compete effectively outside of these
low-competition sites. To enter an intrinsically-stressful
habitat a plant must be preadapted for stress tolerance.
These sites become species sinks, enclosing a low-diversity,
specialized flora.
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gradational. Only occasionally will there be
clinal contact between stressful and non-
stressful sites. Examples of sharp contacts are
found between serpentine and adjacent non-
serpentine vegetation (Mason, 1946; Krucke-
berg, 1969, 1984), Taxodium-Nyssa swamps
and surrounding vegetation in non-flooded
areas (Hall and Penfound, 1943; Penfound,
1952; Monk, 1966; Schlesinger, 1978), between
plants of peat bogs and adjacent mineral soils
in Malaysia (Anderson, 1983), mangrove vege-
tation in areas of contact with dry-land forest
(Barbour, 1970; Semeniuk, 1985), and the con-
tact between tailing soils of metal mines
and adjacent “normal”’ soils (Bradshaw and
McNeilly, 1981).

These ecotones can be described as asym-
metrical. Individual plants are restricted from
growth in intrinsically stressful sites by their
inability to tolerate the physical conditions of
the habitat. In contrast, plants that are charac-
teristic of stressful habitats rarely are success-
ful in non-stressful habitats because they are
inferior competitors, perhaps due to lowered
growth rates or changes in resource allocation
from reproduction to stress-tolerance mecha-
nisms (Parsons, 1968). Where it has been
investigated, plants of serpentine substrates
(Kruckeberg, 1984), mangrove or other saline
habitats (Barbour, 1970), heavy metal sub-
strates (Bradshaw and McNeilly, 1981, and
papers cited therein), or swamps (Grime, 1979),
grow better in normal soils than in those
characteristic of the intrinsically stressful sites
they normally occupy. The species or ecotypes
largely confined to the stressful habitats are
capable of tolerating the conditions; they do
better under non-stressful conditions, if com-
petitors are removed, but otherwise are ex-
cluded from non-stressful sites by competition
with non-tolerant forms.

Because of the high levels of selection
against most plants in these habitats, biomass
and taxonomic diversity often are low. The
result is considerable open physical space or
limited niche partitioning. Competition has
been difficult to document, although the major-
ity of ecologists appear to believe it exists and

1s important in structuring some communities.
Grime’s assertion that competition is low in
highly stressful sites has been corroborated for
the Okefenokee Swamp (Schlesinger, 1978) and
subalpine fell fields (Del Moral et al., 1985),
and suggested by studies of saline habitats
(Barbour, 1970) and metal mine tailings sites
(Bradshaw and McNeilly, 1981). From their
observations, Del Moral et al. (1985) suggest
that plants in intrinsically stressful habitats
actually facilitate each others growth by
creating protected sites where nutrient ac-
cumulation is increased and harshness of the
physical environment reduced. This contrasts
with high competition sites where expropria-
tion of resources is the rule.

Plants of intrinsically stressful habitats
have reduced rates of biomass accumulation
(Grime, 1979). Corroboration comes from com-
parative studies, such as those cited pre-
viously, that show stress-tolerant plants to
have higher rates of biomass accumulation in
“normal” soils than in soils from stressful
sites, If competitors are excluded. These
studies do not utilize Grime’s standardized
methods but suggest that his conclusions are
largely correct.

As a result of these ecological character-
istics, intrinsically stressful environments can
be considered species “‘sinks”. Many species or
ecotypes capable of exploiting these sites are
confined to them by the inability to compete
under more favorable conditions. The stressful
environments tend to accumulate a low-diver-
sity, specialized flora of stress-tolerant species.
The local distinctiveness of the flora from an
intrinsically stressful habitat is highly modified
by two major factors. The severity of the stress
relative to conditions in surrounding habitats
strongly influences the number of marginally-
tolerant individuals from adjacent populations
that can exploit the stressful habitat. The areal
extent of the intrinsically stressful habitat and
proximity to similar sites control, in part, the
amount of migration among sites. In extensive
stressful settings, such as deserts or brackish
coastal regions, the flora may be cosmopolitan
but restricted to the stressful areas. In areas



where stressful conditions occur in isolated
patches of small areal extent, such as many of
the serpentine areas of the western U.S., many
narrow endemics occur (Mason 1946).

Evolutionary consequences

The key evolutionary feature of intrinsically
stressful habitats is the strong selection ex-
erted by physical factors against intolerant
forms. Under these conditions stress-tolerance
does not devolop gradually within non-tolerant
populations; the critical traits permitting
growth in these stressful habitats were not
created by selection for stress tolerance, which
is adaptation, sensu Lewontin (1978). Rather, a
phenotypic preadaptation within the ancestral
population permits nonadaptive entry of indi-
viduals to such sites, from which a new
population is founded. This is a major evolu-
tionary consequence of the natural bounding
of intrinsically stressful habitats by selective
filters. Individuals must possess a preadapted
phenotype that confers tolerance to the
specific stress before they are dispersed into
the habitats; i.e., they must possess nonapta-
tions or exaptations (Gould and Vrba, 1982;
Fiedler, 1985).

Experimental studies of the ecology and
genetics of these phenomena confirm the inter-
pretations, particularly of stress-tolerant popu-
lations on mine-tailing soils enriched in heavy
metals and on serpentine substrates (Bradshaw
and McNeilly, 1981; Kruckeberg, 1984; Fiedler,
1985). Low interspecific competition in the
early phases of population establishment per-
mits survival of stress tolerators that other-
wise may be poor competitors. Establishment
of a large breeding population depends almost
solely on a population growth rate greater
than 1, which is n-selection. As population size
builds, intraspecific fitness effects will result in
a rising importance of w-selection, but not to
levels found in non-stressful sites. These inter-
vals of low competition may be quite pro-
tracted in intrinsically stressful habitats and
permit fixation of derived traits that may
deviate quite significantly from those in the
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ancestral taxa. Once a breeding population is
established in a stressful environment micro-
evolutionary change may increase its thresh-
old of stress tolerance. It also is possible that, if
extrinsic conditions remain stable for extended
periods, the level of interspecific competition
would rise gradually, the extent of this being
controlled by the local disturbance regime and
nature of the stress agents.

Fossil record of swamps

There is an extensive fossil record of floras
from intrinsically stressful environments, par-
ticularly deltaic or coastal plain swamps and
shoreline habitats (Fig.6). Desert, arctic-al-
pine, periglacial, or other kinds of vegetation
from environments not specific to lowland
areas are rarely preserved as fossils. Because
intrinsically-stressful habitats often are spa-
tially disjunct they draw much of their flora
locally from non-stressful surrounding en-
vironments. As a consequence, edaphically
similar environments in different parts of the
world often contain distinctly different floras
(Elsol, 1985). This can be assumed to be true for
intrinsically stressful environments of the
past. Interpretation requires understanding
the nature of the stress, the physical extent of
the habitat, and also the taxonomic composi-
tion of the surrounding vegetation, which may
contain the ancestors of many of the stress-
tolerant species. In order to understand the
dynamics of intrinsically-stressful ecosystems
over long time spans, it is necessary for a
particular kind of habitat and flora to have a
reasonably dense stratigraphic record.

Freshwater swamps

Swamps are intrinsically-stressful environ-
ments due to periodic flooding, resultant reduc-
tion of oxygen supplies to plant roots, and
associated factors such as low pH and low
nutrient availability. Swamp vegetation 1is
common in the fossil record, represented by
coals, organic shales, or completely preminer-
alized peat beds, and by non-fossiliferous
gleyed clayey soils. In many cases it is possible
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SWAMP FLORAS

28,29,33,37,38]

Tempskye caastal swamps [27,35]

Linguifoiium coastal [25]
swamps (Australia)

Glossopteris/Gangamopteris [26]
swamps (Australia)

clastic swamps

Price Farmation (Virginia) [14,30]
coal swamps

Recophyton swamps [31]

Rhynie Chert [8,12,13,34]

LBEVONIAN LCARBONIFEROUS | PERMIAN LTRIASSIC JURASSIJCRETACEOUS [ TERTIARY ]

Taxodiaceaus swamps [3,7,9,11,16,17,18

MANGROVE FLORAS

Rise of extant angiosperm [15]
mangrave families

Pseudofranelopsis (gymnasperm) [16,26]
Waichselle (fern) [2,5]

Pechydermophyiium {gymnasperm) [10,24]

preuromeia (lycopad) [24,25]

Pennsylvanian ceal and [1,6,19,20,21,22,32} Cardaite (gymnasperm) [4,23]

Fig.6. Plant assemblages of intrinsically-stressful environments in the fossil record. Sample is representative, not
exhaustive. Data are drawn from the following sources: 1. Batenburg, 1982; 2. Batten, 1975; 3. Christophel, 1976; 4. Cridland,
1964; 5. Daber, 1968; 6. DiMichele et al., 1985; 7. Elsik, 1978; 8. Gensel and Andrews, 1984; 9. Hall and Penfound, 1943; 10.
Harris, 1965; 11. Hickey, 1980; 12. Hoeg, 1967; 13. Kidston and Lang, 1921; 14. Kreisa and Bambach, 1973; 15. Muller, 1981; 16.
Oldham, 1976; 17. Parker, 1975; 18. Penfound, 1952; 19. Peppers and Pfefferkorn, 1970; 20. Pfefferkorn and Thomson, 1982; 21.
Phillips and Peppers, 1984; 22. Phillips et al., 1985; 23. Raymond and Phillips, 1983; 24. Retallack, 1975; 25. Retallack, 1977; 26.
Retallack, 1980; 27. Retallack and Dilcher, 1981; 28. Rich and Goodrum, 1982; 29. Saulnier, 1950; 30. Scheckler, 1985; 31.
Scheckler, 1986; 32. Scott, 1978, 33. Taggert and Cross, 1980; 34. Tasch, 1957; 35. Tidwell et al., 1976; 36. Upchurch and Doyle,

1981; 37. Wing, 1981; 38. Wolfe, 1980.

to compare swamp floras with those of contem-
poraneous non-swamp environments, permit-
ting tests of the patterns predicted from studies
of modern intrinsically stressful habitats. Tax-
onomic comparisons often are limited by differ-
ent forms of preservation (anatomical vs.
compression—-impression) or different means of
assessing the floras (palynology vs. megafos-

sils), but some equivalences have been estab-
lished at the species level. A general picture
emerges for modern and ancient swamps.
Swamp floras are of markedly lower diversity
than those of adjacent non-stressful sites, they
contain species, genera and sometimes higher
taxa that are absent or occur infrequently and
in low abundances in non-stressful habitats,



and few species and genera abundant in
adjacent non-stressful settings occur 1in
swamps. Where taxonomic overlap does occur
there often are subtle morphological differ-
ences between swamp and non-swamp forms.

Our sample of swamp vegetation covers
eight stratigraphic intervals. In each case the
swamp floras are of lower diversity and differ
substantially or completely in taxonomic com-
position from contemporaneous non-swamp
fossil floras (Fig.6). This pattern is consistent
with these being naturally-bounded “ecologi-
cal islands”. Where stratigraphic patterns
provide additional information, particularly
for the Rhynie Chert, Pennsylvanian coal
swamps and Tertiary taxodiaceous swamps,
the swamp floras illustrate a much greater
conservativeness than the surrounding vegeta-
tion. This is illustrated in taxonomic composi-
tion and, perhaps more interestingly, also in
vegetational structure and in the predominant
morphologies of the plants. For example,
plants of the Rhynie Chert flora are morphol-
ogically simple, reflecting the grades reached
by plants in their respective clades earlier in
the Devonian. Pennsylvanian coal swamps
remained the bastion of lower vascular plants,
particularly heterosporous arborescent lyco-
pods, until the end of the Middle Pennsylva-
nian, a pattern of dominance established in the
Mississippian. Species in these swamps were
very long ranging stratigraphically and the
clades to which they belonged appear to have
included less morphological variation than
clades centered in non-swamp, clastic-sub-
strate lowlands. The Tertiary and Recent
swamps dominated by Taxodium, Glyptostro-
bus, and, in some cases, Metasequoia, parallel
the Pennsylvanian coal swamps. There is
regional and stratigraphic variation in floristic
composition but there also is a persistent
dominance-diversity structure and conserva-
tive composition. This pattern contrasts with
the taxonomically distinct, much more vari-
able non-swamp vegetation throughout the
Tertiary and Holocene.

Knoll (1985) suggests that swamps may
preserve a relictual flora, but in a special
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sense. These environments undergo periodic
colonization with establishment of a flora
drawn mostly from ancestral stock in contem-
porary non-swamp habitats. Swamp vegetation
then persists, semi-isolated from species ex-
change with non-swamp habitats, and develops
its own swamp-centered patterns. Once a
lineage is established in swamps the rate of
morphological evolution is slowed relative to
lineages in non-stressful habitats by environ-
mental stress. This results in a progressively
developing relictual character. This “clock” is
reset during the next severe disturbance of
these environments, at which time they are
recolonized by plants drawn from the then-
existing, contemporaneous, non-swamp flora,
or from surviving swamp taxa. Our analysis
lends strong support to this interpretation.

Saline swamps

Vegetation from coastal regions, where in-
trinsic abiotic stress presumably is induced by
salinity and seasonal or long-term flooding, is
preserved occasionally in the fossil record. All
of the examples (Fig.6) are isolated “time
windows”. They illustrate low diversity floras
comprised of species that occur rarely or not at
all in the contemporaneous surrounding vege-
tation. In the coexisting lowland floras from
non-stressful sites, diversity is higher and
species are much less confined in their habitat
distributions and cooccurrences with other
taxa. For example, Harris (1965) encountered
Pachydermophyllum at only 24 of 235 sites
sampled in the Yorkshire Jurassic flora. The
Pachydermophyllum assemblage has a totally
distinct flora, very low diversity compared to
the other sites, which may overlap vegetation-
ally, and occurs in a distinct lithofacies
(Retallack, 1977, 1983). This appears to be
characteristic of most of the purported man-
grove vegetation described from the fossil
record.

Long-term dynamics of swamp habitats

The fossil record provides a means to assess
the long-term dynamics of ecosystems struc-
tured by intrinsic abiotic stress. In so doing,
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additional characteristics of these environ-
ments may be discovered that are not obvious
if investigation is restricted to single slices of
time. The most continuous record of intrinsi-
cally stressful habitats is that of Pennsylva-
nian-age coal swamps from the Euramerican
region. The plants of these deposits are ana-
tomically preserved in coal balls (permineral-
ized structural peat) and their morphology and
systematics are known as well, or better, than
those of any geological period before the
Quaternary. In addition, great strides have
been made in recent years in understanding
the paleoecology and biostratigraphic distribu-
tion of Pennsylvanian plants, and the climatic
and tectonic factors that may have affected
their distributions (see Phillips and Cecil,
1985). Pennsylvanian coal-swamp vegetation
has been characterized quantitatively from 32
coal seams, based on megafossils, and over 150
coal seams, based on palynology (Peppers,
1970, 1979, 1985; Phillips et al., 1974; Phillips et
al., 1985).

Coal-swamp vegetation differed greatly from
that of non-swamp habitats In taxonomic
composition and structure (dominance-diver-
sity patterns, etc.). This difference was greatest
during the Early and Middle Pennsylvanian,
when lycopods and/or cordaites dominated
coal-swamp floras, and pteridosperms, ferns
and sphenopsids dominated non-swamp floras
(Scott, 1978; Pfefferkorn and Thomson, 1982).
The distinction decreased signifcantly in the
Late Pennsylvanian, when both peat swamps
and clastic environments were fern and pteri-
dosperm dominated (Fig.3). The difference
increased again in the latest Pennsylvanian
and earliest Permian as clastic environments
became gymnosperm, especially conifer, domi-
nated, and swamps retained their archaic
character (Winston, 1983; Galtier and Phillips,
1985).

The taxonomic composition and community
structure of coal swamps did not change at a
continuous, uniform rate during the Pennsyl-
vanian. Rather, it changed little for relatively
long periods of time, then underwent rapid
changes in dominance-diversity pattern and

species composition during short intervals
(Fig.3) (Phillips et al., 1985).

The rise of tree-fern dominated vegetation is
detected palynologically (Peppers, 1979) and in
clastic-compression megafossil assemblages
(Pfefferkorn and Thomson, 1982) well before it is
detected with coal balls. This suggests that the
fern radiation began in non-swamp habitats. The
pattern is similar for the Late Pennsylvanian
rise of the coniferophytes, which appear in
clastic environments before they can be detected
in coal swamps (Winston, 1983).

The sequential stratigraphic change from
one major coal-swamp plant association to the
next is correlated with inferred changes in
regional climate and/or with changes in re-
gional and global tectonics (Cecil et al., 1985;
Phillips et al., 1985). The ultimate demise of
Euramerican coal-swamp vegetation in the
Permian may reflect continuing cyclical, and
increasingly severe climatic changes (Parrish
et al., in press).

This suggests a major role for extrinsic
abiotic stress in the long-term dynamics of
intrinsically stressful habitats. Coal swamps
were periodically disrupted and even momen-
tarily eliminated by severe extrinsic stress
(Figs. 2 and 3), breaking up internal species
associations and the low levels of niche
partitioning that may have evolved. It was
during and immediately after these times of
community disruption that reorganization of
the coal-swamp assemblage occurred. With
each major disruption there appeared an
opportunity for invasion of the swamps by
preadapted tolerant forms, or for establish-
ment of new taxa evolved from swamp-centered
ancestors.

Swamps dominated by the Taxodiaceae and
other conifers during the Tertiary appear to
conform to the same basic patterns of organiza-
tion, invasion resistance, and occasional dis-
ruption as Pennsylvanian coal swamps. These
swamps are taxonomically heterogeneous in
time and space, and their stratigraphic record
has not been studied as intensively as that of
late Paleozoic swamps. However, the similarity
in long-term dynamics is striking, which,



considering the totally different floras of these
time periods, suggests that basic ecological
controls on swamp dynamics transcend the
taxonomic composition of those swamps.

The fossil record confirms the generality of
patterns observed in modern intrinsically
stressful habitats. The foundation of our
understanding of these environments comes
from studies of extant plants in which factors
controlling colonization of and evolution in
intrinsically stressful sites can be evaluated.
The fossil record enhances our understanding
of the long-term dynamics of these ecosystems
and the relationship of these dynamics to
evolution.

Once groups have established successfully
in intrinsically stressful environments, they
appear to undergo little evolutionary change.
The reasons for this are not entirely clear.
Because of the relative physical homogeneity
of intrinsically stressful sites, once a rela-
tively large flora and large population sizes
have developed there may be little ecological
opportunity for evolutionary divergence.
Even low levels of competition, when com-
bined with physical stress, may be sufficient
in such settings to preclude establishment of
most invaders and to inhibit significant mor-
phological evolution within indigenous
clades.

Lastly, the fossil record of swamps suggests
that floras of intrinsically stressful habitats
are susceptible to extinction of a large propor-
tion of their biota much more readily than the
vegetation in non-stressful habitats. This is
predictable, although not easily testable, from
modern stress-tolerant vegetation. Because of
the low competitive ability of the stress
tolerators in non-stressful sites, and because
intrinsically-stressful habitats often are dis-
junct spatially, opportunities for migration are
limited. Tolerant forms are effectively trapped
in local intrinsically stressful sites as external
conditions change (see also Knoll and Niklas,
this issue).

1m
Summary and discussion

Paleoecology is a central theme in this
analysis, providing the means to circum-
scribe “selective landscapes’ of the past. The
relationship between abiotic stress and evo-
lution can be understood only when organ-
isms, living or fossil, are studied within their
respective ecological spheres. This is the
basis of the ability to test, with the fossil
record, hypotheses constructed from data on
modern plants and animals. There appears to
be a fundamental relationship between
abiotic stress and evolution, independent of
geological time. However, changes, many of
enormous scope, 1n vascular plant taxa and
in the ecosystems they created during the
Phanerozoic have made many aspects of
these patterns very dependent on when in
geological time they occurred.

Common ground of extrinsic and intrinsic
abiotic stress

Extrinsic stress impinges on ecosystems,
disrupting them by causing differential extinc-
tion, migration and fragmentation of popula-
tions. The fossil record contributes greatly to
our understanding of the effects of this kind of
stress because these effects are long-term,
often on a geological-time scale, or involve
catastrophic events that we can infer but not
study directly today. Intrinsic abiotic stress
creates areas or habitats that are physically
inhospitable to almost all plants, selecting
strongly against forms not tolerant of the
stress agents. Much of the ecological and
evolutionary dynamics of intrinsically stress-
ful systems can be constructed from data on
extant environments, although the fossil re-
cord adds elements not detectable on an
ecological-time scale.

These otherwise different phenomena are
tied together by a common thread. Abiotic
stress either creates (extrinsic) or delimits
(intrinsic) habitats that are momentarily in
severe disequilibrium, such that a great deal of
potential resource is unutilized. In these en-
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vironments levels of interspecific competition
are reduced, and opportunities for divergent
evolution created. Survival of forms capable of
locating targets of opportunity is enhanced
because they may not be eliminated by local
resource competition and can diverge rapidly
from ancestral populations.

Evolution and abiotic stress

Intrinsically stressful environments as new
adaptive zones

Intrinsically stressful habitats present con-
ditions under which macroevolutionary, salta-
tional phenotypic changes have a greater
likelihood of surviving than in non-stressful
habitats. The low interspecific competition
found in intrinsically stressful sites permits
establishment of individuals and populations
that deviate significantly from ancestral mor-
phology if the derived forms can tolerate the
stress and if reproductive capacity is not
compromised. Traits not associated with stress
tolerance or reproduction should be able to
vary widely particularly during the low-den-
sity phases of initial colonization and popula-
tion establishment. Rapid change may occur
through drift (Carson, 1982; Carson and Tem-
pleton, 1984) or by truly saltational changes
controlled by genes with major phenotypic
effect (Hilu, 1983, Gottlieb, 1984) because of
reduced (or no) selection.

This argument can be extrapolated, by
analogy, to certain types of macroevolutionary
events that occurred in the geological past. In
much of the past, particularly before the late
Paleozoic, a great proportion of the land surface
may have been unvegetated (Cross, 1975), funda-
mentally unaccessible to the vascular plants
existing at the time due to constraints of their
physiology and reproductive biology. Thus,
many habitats that we now characterize as non-
stressful were intrinsically stressful relative to
the earth’s vegetation of some past time.

The fundamental modern organizational
plans in vascular plants (Classes: Isoetopsida,
Selaginellopsida, Lycopodiopsida, Progymno-
spermopsida, Spermatopsida, Arthropsida,

Filicopsida) all originated during the Late
Devonian and Early Mississippian. This repre-
sents a series of phenotypic breakthroughs
that made accessible to plants resources pre-
viously unavailable to their ancestors, due in
large part to intrinsic physical stress. The
dynamics of these evolutionary events may
have been very similar to those that accom-
pany colonization of intrinsically stressful
habitats today. Preadaptations permitted the
initial “colonization”’, the fundamental pheno-
type breakthrough, into conditions with little
or no interspecific competition for resources,
while densities remained low. The radiation of
these lineages then occurred under little or no
selection, permitting diversification to occur
limited primarily by the breadth of the new
adaptive zone (Simpson, 1953). We do not see
events of such morphological/taxonomic mag-
nitude occur today because of changes in the
selective landscapes and the spectrum of exist-
ing morphologies. Thus, intrinsically stressful
habitats constitute a unique analogy for the
dynamics of these past events.

The confinement of these major macroevolu-
tionary events to such a narrow spectrum of
geological time may be a consequence of two
factors. First, ancestral form places progres-
sive architectural and developmental con-
straints on descendants (Gould and Lewontin,
1979). This results in reduced morphological
“distance” between ancestor and descendant
with continuing cladogenesis. Therefore, there
will be progressively fewer occurrences of
highly deviant descendant forms through time,
l.e., less raw material. Second, with each
colonization and subsequent exploitation of a
new adaptive zone the spectrum of major
habitats (resources) that remain as sites of low
or no competition narrows. There is progres-
sive filling of ecological-adaptive space
through time (Valentine, 1980). Consequently,
the likelihood that a preadapted deviant mor-
phology will locate such a site declines
through time.

This implies that, as a generality, n-selection
(sensu Arthur, 1984) is the critical element in
the origin and establishment of many new



species, particularly if a large ancestor—
descendant discontinuity exists. Subsequent
w-selection and filling of adaptive space com-
bine to slow any one adaptive radiation and to
reduce the frequency of major breakthroughs
through time. In this context we are not
overextending the concepts developed to ex-
plain evolutionary events in intrinsically
stressful environments. Rather, we believe that
the processes controlling aspects of evolution
in these settings are general ones that have
broader explanatory value when considered in
specific contexts.

Simpson (1953) argued that adaptive evolu-
tion was the process driving exploitation of
new adaptive zones. Hence, in his formulation,
an “adaptive” breakthrough is simply a rapid,
adaptively-driven shift from the old mode of
life to the new one. Population genetics
suggests that this can occur by a combination
of drift and weak selection in small popula-
tions (Wright, 1982). Evidence from intrinsi-
cally stressful environments suggests that non-
adaptive entry to new adaptive zones is at least
as likely an explanation of major phenotypic
breakthroughs as their attribution to direc-
tional selection.

Extrinsic abiotic stress in the evolutionary
hierarchy

Extrinsic stress has been a major factor in
the evolution of vascular plants. Widespread
destruction or alteration of ecosystems give
extrinsic stress a very different role than
processes described in traditional formulations
of adaptive evolution. By periodically disrupt-
ing ecosystems through extinction or enforced
migration, times of extrinsic stress are qualita-
tively different from more stable periods. This
indicates that simple extrapolation of un-
broken, competition-mediated adaptation is
probably inadequate to explain phylogenetic
patterns. Extrinsic stress is part of a hierarchy
of processes that mediate evolution.

The search for this hierarchy of natural
processes in evolution has long been a major
concern in the formulation of “macroevolu-
tion”” hypotheses (e.g., Schindewolf, 1950; Stan-
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ley, 1975, Gould and Eldredge, 1977; Valentine,
1980). Recently an explicit case has been made
(Gould, 1985; Jablonski, 1986) for the role of
extrinsic stress in this hierarchy. Gould (1985)
described three evolutionary ‘tiers”. The
“third tier” is periodic mass extinctions, which
can be expanded to include any severe extrin-
sic stress as we have defined it here. It is the
ecological consequences of mass extinction
rather that the extinction itself that are
important to evolution. Similar consequences
can result from mass migration, mixed with
extinction. If the scope of this “third tier” is
broadened the available evidence from the
fossil record of plants lends strong support to
the concept.

Knoll (1984) suggested that competition for
resources has been a major process causing
plant extinction and stimulating the evolution
of new form. This relationship of competition
to evolution and extinction is essentially the
Red-Queen hypothesis of Van Valen (1973),
which integrates coevolution and competition.
In order to demonstrate competition convin-
cingly as a primary agent of evolution on a
geological time scale, it is necessary to hypo-
thesize ecological replacement in kind in a
stable physical-climatic setting. Simple corre-
lation of rise in one species or group with
decline in another is not sufficient to demon-
strate competition. During periods of changing
physical conditions, such as the Permian, late
Paleogene, or Pleistocene, extrinsic stress will
reduce the effectiveness with which indigenous
species compete locally. As a consequence,
they may be displaced by migrants from other
climatic zones, a competitive replacement, but
one made possible by extrinsic abiotic stress.
This is the essence of the “vegetational iner-
tia” pattern discussed by Cole (1985). At this
level and under these conditions, competition
is in effect the final blow to species at the edges
of their tolerance limits. Competitive displace-
ment has been made possible by changes in the
physical environment. Thus, during times of
extrinsic stress the relative importance of
physical processes and competition in mediat-
ing evolution appears to be different from
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periods of more stable environmental condi-
tions; the result is visible in different propor-
tions of micro- and macroevolution under these
different regimes.
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