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Ecological polarities of mid-Cenozoic fossil plants and animals
from central Oregon

Gregory Retallack

Abstract.—Ecological polarities are theoretical roles of organisms, reflected in evolved behaviors
and characters. Ecological polarity includes what has been called life history strategies, functional
types, habitat templates, and r and K selection. Three common ecological polarities emphasize re-
production, agonistic behavior, and withstanding harsh conditions. Such organisms can be called
breeders, competitors, and tolerators, respectively. Polarities of ecospace can be envisaged graph-
ically as apices of a triangular diagram within which each species occupies a particular region.
Quantitative studies of ecological polarities rely on proxy measurements of specific morphological
features, such as the proportional functional area of canines (for competitors), molars (for tolera-
tors), and incisors (for breeders) among mammals. Such proxy measures of morphospace or che-
mospace are traditionally judged successful by the degree to which they reveal adaptive differences
between species. This approach to approximating ecological polarity is here applied to modern
soils, plants, snails, and mammals, as well as to comparable fossils of the Clarno and John Day
Formations (Eocene and Oligocene) of central Oregon. An advantage of this approach is that adap-
tive similarities can be tested quantitatively, as shown here for Oligocene oaks and maples, rather
than assuming that extinct species were comparable to related living plants. Paleosols that sup-
ported fossil creatures provide useful supporting evidence of past selection pressures for ecolog-
ically significant adaptations. Degree of hardship can also be quantified from paleosol features. For
example, fossil snails had narrower apertures in paleosols of drier climates as revealed by their
shallower calcic horizons, and leaves of extinct relatives of Meliosma and Oreomunnea were scler-
ophyllous in paleosols showing evidence of waterlogging, nutrient-deficiency, and metal toxicity.
Evolutionary trends of ecological specialization revealed by this approach include molarization (in-
terpreted as evolution toward the tolerator pole) in ungulates. Adaptive breakthroughs that initi-
ated evolutionary radiations also can be reassessed by using these approximations of ecospace, for
example, the convergent evolution by bears of degree of caninization previously evolved in an ex-
tinct creodont (Hemipsalodon). Ecological polarities provide new concepts and metrics for ordering
morphological, chemical, and ecological characters of fossil and modern organisms, and for reas-
sessing evolutionary trends.

Gregory Retallack. Department of Geological Sciences, University of Oregon, Eugene, Oregon 97403.
E-mail: gregr@darkwing.uoregon.edu

Accepted: 17 March 2004

Introduction breeding, competition, and toleration, and can
be regarded as generalists (within the 50%
line for each polarity measure in Fig. 1). Other
organisms are more effective in all categories.
Even so, organisms evolve with a particular
orientation within ecological polarities, and
these adaptations differentiate them from oth-

An ecological polarity is a theoretical role
toward which organisms and ecosystems
evolve by means of a variety of behavioral,
chemical, and morphological adaptations.
Three theoretical polarities are widely recog-
nized (Schad 1977; Grime 1979, 2001; South- er organisms. Qualitative assessment of or-
wood 1988; Westoby et al. 2002) and are here

! ‘ ganisms as breeders, competitors, or tolera-
h called breeders (with emphasis or reproduc- tors tends to enshrine boundaries, which may

tion), competitors (with emphasis on agonistic 1,0t pe natural. In contrast, quantitative stud-
... behavior), and tolerators (with emphasis on jeg along axes of measurement chosen to rep-
¢ coping with resource shortages). All organ- resent ecological polarities can reveal grades
isms breed, compete, and suffer shortages to  of adaptational compromise and adaptive dif-
some extent within their lives, but organisms ferences between organisms.
differ widely in the proportion of resources Theoretical ecological polarities are quan-
devoted to each (Fig. 1). Some organisms tified by specific measurements, called vari-
show a balance between the demands of ables, ““axes’” (Westoby 1998), or ““dimensions’’

© 2004 The Paleontological Society. All rights reserved. 0094-8373/04/3004-0005/$1.00




562

f

competitor

generalist
breeder

FiGure 1. Idealized ecological polarity for organisms,
applying a simplified new nomenclature of breeder,
competitor, and tolerator to general concepts developed
by Ramenskii (1938: “explorer, violent, and patient’’),
Schad (1977: “‘nerve-sense, respiratory-circulatory, and
metabolic-limb’’), Grime (1979: “ruderal, competitor,
and stress tolerant’’), and Southwood (1988: “distur-
bance, biotic interaction, adversity’’). These theoretical
ecological polarities are approximated by a variety of
measurements (Figs. 2, 4, 6, 7) (Westoby et al. 2002).

(Westoby et al. 2002). For example, Grime
(1979, 2001) characterized what are here
called breeder species by field measurements
of maximum growth rate (weekly dry weight
gain normalized to total dry weight). Grime
characterized competitor species by measures
of canopy height and spread, and by accu-
mulation depth of persistent litter. Grime did
not measure tolerator adaptations, using only
growth and canopy axes to determine the po-
sition of species within his triangular ecos-
pace. Neither of his measurements are appli-
cable to fossils, for which this concept requires
preservable morphological or chemical prox-
ies of ecological polarities from among many
potential proxies (Tables 1-3). Few of the
many potential ecological indicators are pre-
served in fossils, but there are many studies of
such ecologically significant features of fos-
sils, such as proxies of body size through time
(Gingerich 1980; MacFadden 1992; Alroy
1998). Bivariate morphospaces also have been
applied to fossils, such as Walker and Tea-
ford’s (1989) characterization of Miocene apes
as frugivorous versus folivorous based on the
proportion of pits versus scratches visible on
SEM images of the surface of their teeth. Tri-
variate analysis of modern and fossil carni-
vore guilds by Van Valkenburgh (1985) used
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measures of body weight (estimated from
tooth size), cursoriality (from femur/metatar-
sal ratio), and scansoriality (from metacarpal/
phalangeal ratio), and a three-dimensional
representation. In a comparable trivariate
analysis, Gatesy and Middleton (1997; see also
Carrano and Sidor 1999) used triangular dia-
grams to assess relative importance of thero-
pod and bird tarsometatarsus, femur, and ti-
biotarsus for interpreting cursoriality and ter-
restriality. Multivariate analyses of fossils also
have used principal components or polar or-
dination analysis of ecologically significant
measurements, though only two significant
axes are usually shown at any one time (An-
drews 1981; DiMichele et al. 2001). Instead of
such a posteriori procedures and specific lo-
comotor or dietary studies, I have selected a
priori measures that independent research in-
dicates as approximating an ecological polar-
ity model. My approach is thus simply a mod-
ification of the Grime (1979, 2001) triangle
(Fig. 1) for application to the fossil record of
plants and animals. The Eocene and Oligo-
cene Clarno and John Day Formations of
Oregon were chosen for study because they
are well known for fossil plants (Chaney 1951;
Manchester 1986, 1994; Meyer and Manchester
1997; Wheeler and Manchester 2002), snails
(Roth 1986), and mammals (Fremd et al.
1994). In addition, the paleosols of these for-
mations have also been monographed (Retal-
lack et al. 2000; Retallack 2004).

Historical Development of Ecological
Polarity Theory

Ecological polarity is a new term for old
concepts. The cornerstone of Charles Darwin’s
(1869) insight of evolution by natural selection
was that the natural propensity of organisms
to reproduce cannot be sustained by resources
of the environment. In the conventional nota-
tion of population biology (MacArthur and
Wilson 1967; Hutchinson 1978), the intrinsic
rate of increase of a population (r) is eventu-
ally curtailed at the carrying capacity (K) of
the environment, to create the characteristic
sigmoid curve of population increase to equi-
librium, seen, for example, during plant suc-
cessional colonization of disturbed ground
(Rees et al. 2001). Individual species differ
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TaBLe 1. Theoretical ecological polarity indicators in living plants. Grime (1979) group in parentheses.

Category Breeder (Ruderal) Competitor (Competitive) Tolerator (Tolerant)
Seeds Small, numerous Large, few Large, few
Flowering Early peak Seasonal Intermittent
Pollen Small, numerous Large, few Large, few
Pollination Wind, water Insects, birds Mammals, birds
Dispersal Wind, water Insects, mammals Insects, birds
Perennation Dormant seeds Dormant buds and seeds Tolerant roots and leaves
Regeneration Seeds Seeds and vegetative Seeds and vegetative
Maximum growth rate Rapid Intermediate Slow
Photosynthate storage Seeds only Leaf, stem, seed, root Leaf, stem, seed, root
Plant size Small Large Very large
Canopy height Low High Medium
Tissues Herbaceous Woody Resinous, sclerophyllous,
succulent, thorny
Life form Herb Tree, shrub, herb Lichen, herb, shrub, tree
Shoot Small, limited lateral Dense leafy canopy, lateral-  Succulent, columnar, cush-
spread ly spreading ion, and others
Leaf form Various Robust mesomorphic Smali, coriaceous, needle
Leaf mass/twig size Medium High Low
Leaf phenology Early leafing out Seasonally deciduous Evergreen
Leaf longevity Low Medium High
Life span Annual Perennial Perennial
Horticultural Weed Shade Hardy
Palatability Various, often high Various Low
Habitat Disturbed Stable, fertile, moist Stable, infertile, frigid, dry
Litter Sparse, nonpersistent Copious, persistent Sparse, persistent
Soils Entisol, Inceptisol, Andi- Alfisol, Mollisol Oxisol, Histosol, Vertisol,

Non-vascular plants

Vascular plants

sol

Liverworts (Marchan-
tiales)
Horsetails (Equisetales)

Pteridophytes Horsetails (Equisetaceae)
Conifers Pine (Pinus contorta)

Pines Lodgepole (Pinus contorta)
Angiosperms Grasses (Gramineae)
Grasses Hyparrhenia

Eucalyptus E. piperita

Hornworts (Anthocerotales)

Angiosperms (Angiosper-
mae)
Tree ferns (Cyatheaceae)

Redwood (Sequoia sempervi-
rens)

Ponderosa (Pinus ponderosa)

Oaks (Quercus)

Themeda

E. regnans

Spodosol, Aridisol, Ulti-
sol
Mosses (Sphagnales)

Conifers (Coniferales)

Clubmosses (Lycopodi-
aceae)

Juniper (Juniperus occiden-
talis)

Bristlecone (Pinus aristata)

Cacti (Opuntia)

Chloris

E. pauciflora

Sources: Grime (1979, 2001), Keeley and Zedler (1998), Westoby et al. (2002).

widely in their capacity for reproduction and
for nutrient acquisition, with species empha-
sizing reproduction (r-selected) dominating
communities early in plant succession and
those emphasizing resource acquisition (K-se-
lected) dominating late in ecological succes-
sion (Tilman 1988). Among animals, crickets
(Gryllus rubens) show an inverse relationship
(and implied resource trade-off) between
wing size and ovarian growth that reflect un-
derlying r-selection for wing size versus K-se-
lection for ovarian growth (Zera and Denno
1997). Alternative terms for r-selected and K-
selected plants include proletarians and cap-
italists of MacLeod (1894) and Niobe and Leto

strategists (Krassilov 2003), respectively. In
the simplified terminology advocated here,
some species are breeders and others are com-
petitors.

In addition to r and K polarities, a wide-
spread third evolutionary polarity is adapta-
tion to nutrient or other resource shortage, as
in cacti of deserts or wind-swept conifers of
the montane tree line. Ramenskii (1938) was
first to recognize explorers, violents, and pa-
tients among plants. This tripolar ecological
analysis was later popularized by Grime
(1979, 2001), who considers plants according
to their “ruderal” (r-selected, weedy, or
breeder), ““competitive’” (K-selected, ““climax
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TaBLE 2. Theoretical ecological polarity indicators in living placental mammals.

Category Breeder Competitor Tolerator
Schad (1977) groups Nerve-sense Respiratory-circulatory Metabolic-limb
Newborn Very altricial Altricial Precocial
Litter size Large Moderate Small
Placenta Discoidal Zonary Enveloping, diffuse, and
cotyledonary
Placental shedding Yes Yes No

Placental nutrition

Sexual dimorphism
Life span

Food chemistry

Food

Food quality

Chewing direction
Dung quality

Tooth emphasis

Head emphasis
Emphasized postcrania
Body center of gravity
Body size

Color patterning
Psychic profile
Habitat quality
Habitat

Mammals
Carnivores
Mustelidae
Weasels
Voles

Cetaceans

Perissodactyls
Rhinoceroses

Bovids
Caprids

Apes

Blood (hemochorial)

Little

Months

Fats, oils, starch

Nuts, seeds, fruits

Energy-rich

Backward-forward

Dry pellets

Incisors

Whiskers, eyes, ears

Clavicle

Posterior

Small

Dark on top, light below

Timid

Disturbed

Ground surface, bur-
rows, river banks,
cliffs, towns

Rodents

Civet (Civettictis civetta)

Weasel (Mustela nivalis)

Least (M. rixosa)

Bank (Cleithriomys glareo-
lus)

Porpoise (Phocaena pho-
caend)

Horses (Equidae)

Javan (Rhinoceros sondaia-
cus)

Aurochs (Bos taurus)

Chamois (Rupicapra rupi-
capra)

Bonobo (Pan paniscus)

Clotted blood (endothelio-
chorial

Modest

Years

Protein

Meat

Similar to animal

Vertical

Moist turds

Canines

Nose, tongue

Retractile claws

Balance

Medium

Spotted, striped or pied

Active, balanced

Stable

Forest trees, permanent
water

Carnivores

Lion (Panthera leo)

Marten (Martes martes)
Common (M. nivalis)
Common (Microtus arvalis)

Killer whale (Orcinus orca)

Tapirs (Tapiridae)

Sumatran (Didermoceras su-
matrensis)

Yak (Bos mutus)

Sheep (Ovis ammon)

Chimpanzee (Pan troglo-
dytes)

Uterine “milk” (epithelio-
chorial, syndesmochori-
al)

Marked

Decades

Cellulose

Plants

Difficult

Side-to-side

Wet cakes

Molars

Horns, antlers, tusks

Hooves, monodactyl

Anterior

Large

Whole colored

Placid, phlegmatic

Difficult

Mountains, poles, open
plains, swamps, deserts

Ungulates

Wolf (Canis lupus)
Badger (Meles meles)
Ermine (M. erminea)
Water (Arvicola terrestris)

Blue whale (Balaenoptera
musculus)

Rhinos (Rhinocerotidae)

White (Ceratotherium sim-
ium)

Bison (Bison bison)

Muskox (Ovibos moschatus)

Gorilla (Gorilla gorilla)

Source: Schad (1997).

dominant,”” or competitor), or “stress toler-
ant” (withstanding, stunted, or tolerator)
characteristics (Table 1). Individual species
can be ordered within an ecospace between
these poles by using a variety of measure-
ments. Grime (1979), followed by Tilman
(1988), Westoby et al. (2002), and Krassilov
(2003), called these underlying emphases re-
flected in adaptive features of plants evolu-
tionary “‘strategies,” but strategy has conno-
tations of foresight contrary to both evolution-
ary theory and common experience with
plants. The features of the plants quantified

are also mainly inherited characteristics,
which individual plants cannot change. Rec-
ognizing these difficulties, Grime (2001) has
acquiesced in the alternative term ““functional
types”’ (of Smith et al. 1996). But this term sug-
gests ecological taxonomies of life form like
those of Raunkiaer (1937) and Hallé et al.
(1978), quite different from the vision of
Grime (1979) to discover underlying rules of
ecology by measurement and correlation.
Functional types are many and can be consid-
ered indicators of ecological niches, but eco-
logical polarities are broader axes along which
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Category

Breeder

Microbial communities

Trophic class

Microbial mats

Early successional

Plant formations Weedy, pole woodland
Community biomass Low

Community productivity High

Community diversity Low

Community stability Low

Soil fertility High (N limited)

Soil clays 1llite

Other soil minerals Pyroxene, plagioclase

Soil development Weak

Soil thickness Thin

Soil humus Moder

Soil moisture Moderate

Soil pH Moderately alkaline

Soil Eh Mild oxidizing-reducing

U.S. soil taxonomy
sol
FAO s0il classification
osol

Entisol, Inceptisol, Andi-

Fluvisol, Cambisol, Reg-

Competitor Tolerator

Microbial earth, freshwa-  Sabkha stromatolites,

ter stromatolites phytokarst
Eutrophic Oligotrophic
Forest, grassland Rain forest, swamp,

desert

High High-moderate
Moderate Low-moderate
Moderate High
High Moderate
High Low (P limited)
Smectite Kaolinite, palygorskite

Hematite, goethite Halite, calcite, dolo-

mite, gypsum, pyrite

Moderate Strong

Thick Intermediate

Mull Mor

Moderate Arid or perhumid

Near neutral Acidic or alkaline

Mildly oxidizing Very oxidizing-reduc-
ing

Alfisol, Mollisol Oxisol, Spodosol, His-

tosol, Ultisol, Vertisol

Nitosol, Ferralsol, Pod-
zol Podzoluvisol,
Histosol, Yermosol,
Solonchak

Luvisol, Chernozem,
Phaeozem

Sources: FAO (1974), Retallack (1990, 1997b, 2001b).

functional types are ordinated. The habitat
template model (Southwood 1988; Schoon-
hoven et al. 1998) is a comparable idea, but
also an unfortunate metaphor, because it im-
plies an unrealistically good fit between selec-
tion and adaptation, and between theory and
practice. Such a concept denies assessment of
maladaptation, which is attempted here by
comparing plants, animals, and snails with
soils assessed independently. The alternative
phrase “life history evolution” (Keeley and
Zedler 1998) is misleading because it empha-
sizes behavior and development rather than
adaptations and characters visible in fossils
that give a truly evolutionary perspective.
Grime’s (1979) term “‘stress tolerant” is also
problematic, because stress is so temporally
and spatially variable. For both living and fos-
sil plants, the result of the stress is examined,
such as succulence or sclerophylly. In physical
terms, this is strain, produced as a result of
stress. In biological terms, it is an adaptation
to natural selection, not selection itself, that
can be quantified by ecological polarity prox-
ies. Selective pressures in turn can be assessed
from ecological polarity proxies of the soils

and paleosols, which supported the plants
and animals.

For animals, the most comprehensive
scheme of ecological polarity is Schad’s (1977)
“threefoldness’”” of mammals (Table 2), ac-
cording to adaptive emphasis on anatomical
and physiological systems of nerve-sense (as
in rodents), respiratory-circulatory (as in car-
nivores), or metabolic-limb (as in ungulates).
These categories of animals have a direct par-
allel in Grime’s (1979, 2001) evolutionary
“strategies’’ of plants, here restated as breed-
er, competitor, and tolerator (Table 1). Schad’s
term “threefoldness” suggests there are only
three poles, but trivariate analysis is only one
of several useful conventions. In theory, as
well as in the practical selection of proxy mea-
sures, there are many ecological polarities,
“axes” (Westoby 1998), or ““dimensions’’ (Wes-
toby et al. 2002). Selection of three evolution-
ary polarities and particular trivariate axes by
Schad (1977), Grime (1979, 2001), Southwood
(1988), and Westoby (1998) is a manageable
and revealing convention. For fossils, because
of taphonomic limitations, three axes also
prove a practical convention.
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Ecological polarities are also apparent in
ecosystems as a whole (Table 3), even though
individual species within ecosystems show a
variety of ecological polarities (Westoby et al.
2002). These can be assessed by study of soils,
and for ancient communities, from associated
paleosols. Several distinct kinds of soil diffi-
culties are tolerated by ecosystems: stagnation
(in Gleysols of swamps), aridity (in Pedocals
of deserts), and acidity (in Pedalfers of rain
forests). These different groups of soils also
have different developmental tracks, begin-
ning with communities in each case dominat-
ed by weedy plants and r-selected animals,
here called breeders. Plant and animal com-
petition is most marked on fertile soils of eu-
trophic forests and grasslands (Retallack
2001). It may be objected that soils are merely
altered rocks and sediments, and so not com-
parable with evolving organisms, but that is a
nineteenth-century view effectively disproved
by Dokuchaev (1883) in a monograph widely
regarded to mark the birth of modern soil sci-
ence and its separation from chemical geology
(Tandarich and Sprecher 1994). Dokuchaev
showed that grassland soils had high organic
content and fine crumb peds from earth-
worms and grass roots, regardless of parent
material, and also that this organic-crumb lay-
er was not simply a loessic geological deposit.
Furthermore, grassland soils have evolved
over the past 40 million years with coevolution
of grasses and grazers (Retallack 2001). Like
grassland Mollisols, many soils strongly re-
flect their living ecosystems. Joint consider-
ation of ecological polarities of organisms and
of soils that support them may reveal selection
pressures for evolutionary change.

An Ecological Proxy Morphospace
for Plants

Grime (1979, 2001) approximated ecospace
of plant species within triangular diagrams
using only two axes: growth rate and a mor-
phological index of dominance, thus creating
a physiomorphospace. My attempt here to ap-
ply his general concept to the fossil record
cannot include such variables as growth rate
unobtainable from fossils, so his particular
growth-dominance ordination cannot be used
with fossils. Many other features for quanti-

GREGORY RETALLACK

fying morphospace of plants are listed in Ta-
ble 1, but most are difficult to use with fossils.
Plant height would be a feasible alternative to
seed size (Niklas 1997) if fossil stumps were
more completely preserved and attributable to
fossil leaves, fruits, and seeds than is usually
the case (Retallack et al. 2000; Wheeler and
Manchester 2002). Thus Westoby’s (1998) leaf-
height-seed ordination also is difficult to ap-
ply to the fossil record. My ordination that
most closely followed the spirit, if not the let-
ter, of Grime’s (1979, 2001) and Westoby's
(1998) ordinations is a seed-endosperm-scler-
ophylly morphospace.

The new morphospace for fossils (Fig. 2)
used seed size as a proxy for the competitor
pole. Many studies (Salisbury 1974; Westoby
et al. 2002) have shown that this is propor-
tional to the amount of endosperm that fuels
seedling growth through leaf litter and shade
inhibition of closed canopy vegetation thriv-
ing in the high-fertility and well-watered sites
where plant competition prevails.

To approximate the breeder pole, seed num-
ber per cone or fruit was used. Again numer-
ous studies (Salisbury 1942; Rees et al. 2001)
reveal a weedy reproductive syndrome, which
blankets the landscape with many small prop-
agules in the expectation that some will find
an open or disturbed patch of ground in
which to take root.

To approximate the tolerator pole, vein den-
sity was used, as a measure of sclerophylly,
which has been shown to reduce palatability
of leaves to insects in sites where mineral nu-
trients are so scarce as to make leaf construc-
tion metabolically expensive (Bolton and
Brown 1980; Kampf and Lange 1983; Hill
1998). Other factors also come into play for
these measures (Grime 1979; Hill 1998; Uhl
and Mosbrugger 1999), particularly water
shortage and full exposure to sun as a selec-
tion for high vein density (Napp-Zinn 1984,
1988; Uhl et al. 2002). These latter variables are
not as extreme as they could be for fossil
leaves, which because of taphonomic bias are
largely from wetland environments and hu-
mid climates (May 1996; Retallack 1998; Re-
tallack et al. 2000).

Methods.—Venation density is the sum of
linear measurements (mm-mm~2) of fossil and
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FIGURE 2. Seed-endosperm-sclerophylly morphospace for living plants from the campus of the University of
Oregon, and for Eocene and Oligocene fossil plants from the Clarno and John Day Formations of central Oregon.
Annotations beside error envelopes explain the kind of paleosol or lacustrine shale in which the fossils were found.
Error envelopes are one standard deviation. Data are from Tables 5 and 6, and pole values are explained in Table 4.

extant plant leaves measured with digital cal-
ipers within a 1-cm-square window cut into a
cover card. Percent vein area was also calcu-
lated by multiplying vein lengths by vein
widths, but because vein width is difficult to
measure accurately with digital calipers, this
measure in percent is not as reliable as simple
length measures (Uhl and Mosbrugger 1999).
For univeined conifer needles, both vein den-
sity measures were calculated from measure-
ments of needle width and midrib width. Un-
like all the other leaves measured, dandelion
leaves wilted under my magnifying lamp
within hours of picking, in a dramatic dem-
onstration of why so few herbaceous angio-
sperm leaves enter the fossil record.

Seeds per fruit of modern cones and fruits

was determined by pulling them apart and
counting. For fossils the number of seeds per
cone or fruiting head is an estimate based on
visible cone units, as well as those inferred
from phyllotaxy to be on the covered side of
compression fossils.

The maximum length of the seed endocarp
was measured, which is smaller than the di-
ameter of the entire seed with fleshy, stylar, or
winged extensions. Although winged fruits
and seeds are often found in the fossil record,
fleshy parts of seeds and fruits are rarely pre-
served. For comparison with fossils, modern
plant material was all collected from partly
rotted debris fallen to the ground from trees
during the winters of 2001 and 2003.

The relative importance of each axis was
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TaBLE 4. Equations used to determine ecological polarity proxy morphospaces and chemospaces.

Plant seed size axis = (S/(S+N+V))-100

Plant seed abundance axis = (V/(S+N+V))-100

Plant vein density axis = (N/(S+N+V))-100

Mammal canine area axis = (C/(C+I-+M))-100
Mammal molar area axis = (M/(C+I+M))-100
Mammal incisor area axis = (I/(C+1+M))-100

Snail shell thickness axis = (T/((D/A)+(1/P)+T)))-100

Snail aperture size axis = ((D/A)/((D/A)+(1/P)+T))-100

Snail protoconch smallness axis = ((1/P)/((D/A)+(1/P)+T))-100

Calcareous soil fertility axis = (100F/(100F+(10,000(1/K})-+(100-Y))-100
Calcareous soil aridity axis = (10,000(1/K))/(100F+(10,000(1/K))+(100—Y))-100
Calcareous soil development axis = ((100—7Y)/(100F+ (10,000(1/K))+(100—Y))-100
Non-calcareous soil fertility axis = (100F/(100F+100W +(100—Y))-100
Non-calcareous soil acidity axis = (100W /(100F+100W +(100—-Y))-100
Non-calcareous soil development axis = ((100—Y)/(100F+100W +(100—Y))-100

Peaty soil fertility axis = (100F)/(100F+L+(100—Y))-100
Peaty soil stagnation axis = (L/(100F+L+(100—Y))-100

Peaty soil development axis = ((100—Y)/(100F+L+(100—Y))-100

A = mean aperture altitude (mm)
C = mean labial area of canine tooth (mm?)
D = mean shell diameter at last whorl (mm)

F = mean molar ratio of bases/alumina in Bt horizon: mole/mole = (CaO+MgO+K,0+Na,0)/ALO,
K = mean depth in soil profile to calcic horizon (cm, compaction corrected for paleosols)

I = mean labial area of incisor tooth (mm?)

L = mean thickness of peat, lignite or coal (mm, compaction corrected for paleosols)

M = mean occlusal area of molar tooth (mm?)

N = square root of mean number of seeds per cone or fruit

P = mean protoconch diameter (mm)

S = mean seed length with sclerotesta, but without sarcotesta or wing (mm)

T = mean shell thickness at aperture (mm)

W = mean molar ratio of sesquioxides/silica in Bt horizon: mole/mole = (ALO,;+Fe,0,)/SiO,

V = 3 X mean vein density of leaf (mm-mm~?)

Y = mean relative soil development (1-100; e.g., moderate 50)

calculated as the percentage of the sum of
these measures represented by each of the
measures individually (Table 4). Standard de-
viations of each measure were converted to
percentages for an error envelope around each
plot position (Fig. 2). Because the number of
seeds per fruit extended over several orders of
magnitude, unlike the other measures, the
square root of this ratio was used. Compara-
bility of the three measures was also achieved
by multiplying vein density measurements by
a factor of three, which gave a distribution in
the morphospace most like that predicted by
Grime (1979, 2001).

Materials.—The living plants studied are all
planted on or near the University of Oregon
campus, Eugene (Table 5) (May 1996). Most
grow on Steiner soils, which are Ultic Haplox-
erolls, but the bald cypress (Taxodium disti-
chum) was on Hazelair soils, which are Aquul-
tic Haploxerolls (Patching 1987). The fossil
plants measured were collected during a re-

cent study of the Eocene Clarno Formation,
near Clarno, and the Eocene—-Miocene John
Day Formation in the Painted Hills, both in
Oregon (Retallack et al. 2000). These fossils
are all located precisely within stratigraphic
sections, and in some cases were in leaf litters
of different kinds of paleosols (Table 6). They
are in collections of the John Day Fossil Beds
National Monument, Kimberly, Oregon (cata-
log online at http:/ /www.museum.nps.gov/).
Measurements of fossil fruits were supple-
mented by published data (Manchester 1986,
1994; Wolfe and Tanai 1987; Meyer and Man-
chester 1997). The rarity of fossil leaves to
which reproductive structures can be attribut-
ed is why so few fossil plants were studied.
A taxonomic problem arose during mea-
surement of dawn redwood (Metasequoia) fos-
sils, which confirmed suspicions of Meyer and
Manchester (1997) that there are at least two
species in the Oligocene John Day Formation.
Metasequoia sp. cf. M. heerii (Lesquereux) Cha-
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density
(mm-gmm~?)
2.19 = 0.21
211 +0.24
1.99 £ 1.19
2.17 £ 0.24
1.44 = 0.12
2.97 *+ 0.45
2.0 % 0.03
5.3 *0.6
75t 1.1
6.4+ 0.7
1.83 £ 0.15
2.15 *+ 0.24
1.20 = 0.16
8.7+ 14

Venation
density
)
57.8 £ 4.7
60.1 + 7.5
173 £ 0.4

479 £ 4.9
498 > 4.6
395+ 3.4
26.8 £ 2.3
679 £ 95
264 * 7.6
394 76
457 = 3.8
47.3 £ 4.8

9.8 % 0.9
117 £ 1.3
82+ 0.8
35943
1.7 = 0.2
32x04
209 £ 14
42 + 05
4.5 £0.9
6.7 = 0.6
115 £ 0.8

Seed size (mm)
283 + 5.1

1.5*+05

20x0
200
4545 = 61.0
20%0
26.6 £ 1.1
200
1.0£0

Seeds/fruit
200

211.2 = 26.5
164.0 *+ 15.4

Leaf (n)
77 30
183.6 * 12.1

Seed (n)

Fruit (n)
77

Taxon

TaBLE 5. Modern plant specimens studied at and near University of Oregon, Eugene.

Metasequoia glyptostroboides

Aesculus hippocastanum
Pinus contorta

Alopecurus pratensis
Betula papyrifera

Acer macrophyllum
Ginkgo biloba

Acer circinatum
Acer rubrum
Pinus ponderosa
Quercus palustris
Quercus robur
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ney (in Hu and Cheng 1948) has small, near-
spherical, seed cones (Chaney 1951: Plate 12,
Fig. 1, Meyer and Manchester 1997: Plate 2,
Fig. 6), whereas M. sp. cf. M. foxii Stockey et
al. (2001) has large, subcylindrical cones (Cha-
ney 1951: Plate 7, Fig. 3; Meyer and Manches-
ter 1997: Plate 2, Fig. 5). Seed size and seeds
per cone can be used to discriminate these
taxa (Table 5), but the simplest criterion from
the material measured for this project is leaflet
width, which is 0.9 + 0.1 mm for M. sp. cf. M.
heerii and 1.7 = 0.3 for M. sp. cf. M. foxii. Al-
though Metasequoia is widely regarded as a
living fossil, and traditionally referred to a
single highly variable species (Metasequoia oc-

274 £ 4.1
304 £ 5.8

(=]
+ 4 cidentalis), none of the fossil leaves from the
N John Day Formation are comparable to the
apically round and wide leaflets of type spec-
imens of M. occidentalis from the Eocene,
Chuckanut Formation at Birch Bay, Washing-
S ton (Chaney 1951). This study confirms diver-
"o sity of dawn redwood (Meyer and Manchester
o 1997), but is not the place for systematic treat-
oo ment of this taxonomic problem.
Results.—The seed-endosperm-sclerophylly
morphospace chosen can be considered a suc-
e cess to the extent that it discriminates differ-
© 2 ent taxa significantly beyond error envelopes

(Fig. 2). Furthermore, the living species plot in
areas comparable to those in the triangular di-
agrams of Grime (1979, 2001), for whom dan-
g delions (Taraxacum officinale) and grasses (Al-
opecurus pratensis) are breeders (his ‘“‘ruder-
als”), oaks (Quercus) and maples (Acer) are
competitors, and conifers (Pinus, Metasequoia,
Taxodium) are tolerators (his “’stress tolerant’”).
Thus the seed-endosperm-sclerophylly ordi-
nation provides a reasonable proxy for
Grime’s (1979, 2001) ecological triangle ap-
proach, though differing in detail from his
growth-dominance physiomorphospace, and
from Westoby’s (1998) leaf-height-seed mor-
phospace.

This study also reveals that the measured
variables are genetically determined adapta-
tions, rather than features of plants acquired
due to local environmental conditions. The
modern plants studied as a training set are
cultivated, and not in the soils to which they
were originally adapted or might naturally
occupy. Furthermore, fossil species gave iden-

110
20

Taraxacum officinale

Taxodium distichum
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TaBLE 6. Fossil fruits (F), seeds (S), and leaves (L) studied from measured sections in Oligocene rocks of the Painted Hills (P) and Eocene rocks of Clarno (C), Oregon.

Venation

Venation

Paleosol, section

density
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density

(%)
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56.1 + 4.5

Seed size (mm)
62.0 £ 3.9

Seed /fruit

S (n) L (n)

F (n)

and level (m)
Shale, P115.0

Taxon

262 £22
29.1 27

23.6 2.0
234 =22
176 £ 1.2
19.4 = 1.2
20.7 £ 1.2
207 £ 1.1

50.3 * 3.9
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425 * 22
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Micay, P115.6
Shale, P116
Shale, P115.0
Lakim, P114.0
Patat, C38.0
Sayayk, C37.0
Sayayk, C53.0
Cmuk, C28.0

Alnus heterodonta

Alnus heterodonta
Juglandiphyllites cryptata
Juglandiphyllites cryptata
Macginitea angustiloba
Macginitea angustiloba
Meliosma beusekomii
Meliosma beusekomii

Acer osmonti
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Yanwa, P131.4
Yanwa, P125.0
Yanwa, P121.0
Lakim, P114.0
Shale, P116.0
Shale, P116.0
Micay, P115.6
Shale, P115.0

Metasequoia sp. cf. M. foxii
Metasequoia sp. cf. M. foxii
Metasequoia sp. cf. M. foxii
Metasequoia sp. cf. M. heerii
Metasequoia sp. cf. M. heerii
Quercus consimilis

Quercus consimilis
Quercus consimilis

tical results regardless of the paleosol type or
lacustrine shale in which they were found (see
annotations to Fig. 2 of paleosol names from
Retallack et al. 2000). Other experimental
studies (Stanton et al. 2000), show that appli-
cation of stresses such as high boron, high salt,
low light, low water, or low nutrients do not
elicit tolerator adaptations, but rather stress
avoidance changes in phenology or disfigur-
ing pathology. The characters measured and
their natural variation appear to be adapta-
tions, genetically determined at least at the
taxonomic level of species.
Interpretation.—The seed-endosperm-scler-
ophylly morphospace (Fig. 2) confirms Keeley
and Zedler’s (1998) interpretation of ponde-
rosa pine (Pinus ponderosa) as a better compet-
itor than lodgepole pine (P contorta), but not
their view that lodgepole is a breeder. Both
pines are sclerophyllous like tolerators, as are
dawn redwood (Metasequoia glyptostroboides)
and bald cypress (Taxodium distichum).
Among fossil Metasequoia, one species (M. sp.
cf. M. heeri) is most like living bald cypress,
and the other species (Metasequoia sp. cf. M.
foxii) more like living dawn redwood. Rem-
nant stump fields and associated flora of M.
glyptostroboides in China suggested to Bar-
tholomew et al. (1983) that this famous “living
fossil” was a swamp cypress like Taxodium dis-
tichum before human logging to create rice
paddy. Other visitors to relict populations of
dawn redwood in China have observed iso-
lated trees on levees of rice paddies and other
human-disturbed habitats typical of weedy or
breeder species, and regarded Metasequoia
glyptostroboides as a part of a mixed meso-
phytic forest of well-drained fertile soils (Cha-
ney 1951). This study supports neither a
breeder nor competitor polarity for dawn red-
wood. Both Oligocene species are sclerophyl-
lous and can be interpreted as tolerators.
Dawn redwood (M. sp. cf. M. foxii) of peaty Ol-
igocene (Yanwa) paleosols is less sclerophyl-
lous than Metasequoia sp. cf. M. heerii of water-
logged clayey (Lakim) paleosols and of most
of the lacustrine shales (except Fossil and
Twickenham localities of Meyer and Manches-
ter 1997). Yanwa paleosols include many clas-
tic bands within the peat and were thus fre-
quently disturbed by flooding, which would
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have introduced nutrients, whereas Lakim pa-
leosols have drab colors of persistent water-
logging and nodules indicating iron-manga-
nese toxicity (Retallack et al. 2000). In this and
other cases discussed above, evidence from
paleosols and ecological polarity are concor-
dant, so that maladaptation was not detected,
although there is potential to do so. The two
extinct species of Metasequoia were adapted to
distinctly different swamp habitats, as are liv-
ing dawn redwood (Bartholomew et al. 1983)
compared with swamp cypress (Ewel and
Odum 1984).

This analysis supports interpretations that
the Oligocene fossil oak (Quercus consimilis)
was like living competitors, especially white
oaks such as English oak (Quercus robur) rath-
er than black oaks such as pin oak (Quercus
palustris). Also generally near the competitor
pole are maples, especially bigleaf maple (Acer
macrophyllum), but vine maple (A. circinatum)
and red maple (A. rubrum) are more centrally
placed in the seed-endosperm-sclerophylly
triangle (Fig. 2). Oligocene Acer osmonti is
more like living bigleaf than red or vine ma-
ple, but these differences are not significant
considering error envelopes of the chosen con-
vention (Fig. 2). Wolfe and Tanai (1987) have
used a variety of other characters to argue that
Acer osmonti is taxonomically closer to bigleaf
than to red maples. The Oligocene alder (Al-
nus heterodonta) is similar to generalist-breed-
ers, such as paper birch (Betula papyrifera).
Also supported is past interpretation of a
breeder syndrome like that of living sycamore
(Platanus occidentalis) for the extinct Eocene
plane tree Macginitiea angustiloba (Manchester
1986; Retallack et al. 1996). These results con-
firm that the fossil plants were comparable in
ecological polarity to their nearest living rel-
atives. This is not a surprising conclusion, but
it has been reached by measurement and test-
ing, rather than assumed.

Inferences from nearest living relatives are
not confirmed by other fossils studied. The
Eocene aguacatilla (Meliosma beusekomii) plots
in a region that can be interpreted as a toler-
ator (Fig. 2), which is only one of a diversity
of ecological roles of living Malaysian and
central American Meliosma (Gentry 1980). This
matches well the chemical infertility of the wa-

571

terlogged paleosols in which it has been found
(Cmuk Histosols and Sayayk Entisols of Re-
tallack et al. 2000). This study thus resolves
ecological polarity of extinct species from a
variety of roles that could be inferred by using
taxonomic uniformitarianism alone.

The extinct walnut-relative Juglandiphyllites
cryptatus also plots as a marginal sclerophyll,
and its paleosol (Lakim Inceptisol) indicates
that it tolerated lowland waterlogging and
iron-manganese toxicity (Retallack et al.
2000). Two species of Oreomunnea in central
America are its closest living relatives (Meyer
and Manchester 1997). Both are large, rain for-
est trees of varied habitats ranging from deep
ravines fo steep hillsides and fog-shrouded
ridges at elevations of 200-2600 m (Stone
1972). This study indicates a habitat and eco-
logical polarity of this extinct species different
from its nearest living relatives.

An Ecological Proxy Morphospace
for Mammals

Ecological polarities of mammals would
best be approximated by population biologi-
cal or reproductive physiology data (Table 2),
which are rarely and incompletely known for
fossil mammals. A variety of morphological
features for each of the three ecological polar-
ities also have been outlined by Schad (1977),
including sense organs and color patterns (Ta-
ble 2). These are not preserved in fossils but
are often inferred during their reconstruction,
for which ecological polarity considerations
provide a new theoretical framework. For fos-
sils, the most practical choice of axes is relative
emphasis of different kinds of teeth. Skulls
and teeth are the only precisely identifiable re-
mains of most fossil mammals.

Carnivores, with their large threatening ca-
nines, can be considered competitors for the
most valued form of food. The relationship be-
tween canine size and both intraspecific and
interspecific aggression is best known among
primates (Kay et al. 1988; Manning and
Chamberlain 1993), although the correlation is
not necessarily strong (Kappeler 1996).

Ungulates, with their large molars for
grinding large amounts of low-quality food,
can be considered tolerators. Molar occlusal
area is strongly correlated with body mass,
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y=0.0035% - 0.1652x + 4.2731
R%=0.57
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incisorization (%)

FIGURE 3. Correlation between relative incisorization
(% from Tables 4, 7) and fecundity (offspring/year from
Nowak and Paradiso 1983; Tyndale-Biscoe and Renfree
1987).

home range size, basal metabolic rate, life
span, gestation time, and age at first parturi-
tion, and inversely correlated with fecundity
and population density (Martin 1990; Janis
and Carrano 1992). Body mass is to some ex-
tent factored out of my analysis by normaliz-
ing functional areas of molars relative to those
of canines and incisors, so that this leaves met-
abolic and population implications of molari-
zation, which are part of ecological polarity
models (Maiorana 1990).

Rodents and lagomorphs are prime exam-
ples of breeders among mammals and have
enormous incisors for their body size. Fur-
thermore, incisor size is correlated with fecun-
dity (Fig. 3). This relationship is striking in
buck-toothed mammals (relative incisoriza-
tion of Table 4 >50%), such as rodents, lago-
morphs, and some insectivores and primates,
in which small species tend not to have pro-
portionally small incisors. Schad (1977) ar-
gued that fecundity is promoted by a diet of
oily yet tough-coated seeds of small size
scaled to rodent body size. Similarly, young
elk (Cervus elephas) have greater incisorization
for cropping young spring foliage compared
with older animals who cope with more fi-
brous and siliceous forage of fall and winter
(Illius and Gordon 1990). Incisorization is also
an aspect of a sclerocarpy syndrome in apes
adapted for eating large fruits with tough
rinds (McCrossin and Benefit 1997). These are
energy-rich foods gained by incisorized apes
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by means other than competition for rare but
universally desirable foods, or by tolerance for
unpalatable parts of foods.

Methods.—Measurements of the functional
area of mammal teeth were done only on up-
per dentition of skulls with a full complement
of teeth. Individual measurements included
apical incisor width, labial enameled incisor
height, anteroposterior basal canine width, la-
bial enameled canine height, labial anteropos-
terior molar length, and linguolabial maximal
molar width. The labial area of incisors was
calculated from these measures as an approx-
imating rectangle, and the labial area of ca-
nines as an approximating right triangle. The
occlusal area of molars was calculated from
these measures as an approximating rectan-
gle, but in possums, mustelids, and fissiped
carnivores it was approximated as a right tri-
angle. The carnassial (upper P4) occlusal area
of carnivores was also approximated as a right
triangle; it was included as if it were a molar
because it is a major cheek tooth distinct in
function from canines and incisors, and be-
cause it occludes with bladed lower molars. In
creodont carnivores, such as Hemipsalodon
studied here, upper molars have carnassial
blades as well. The relative importance of each
tooth type was calculated as a percent for each
of the sum of the average areas of each tooth
type (Table 4). Standard deviations of each
measured quantity are plotted as an error en-
velope (Fig. 4).

Materials.—Modern, Eocene, and Oligocene
skulls and a Pleistocene saber-toothed cat
were measured in the collections of the Mu-
seum of Paleontology, University of Califor-
nia, Berkeley, but a few fossil skulls were mea-
sured from the collections of the John Day Fos-
sil Beds National Monument (Tables 7, 8).
Modern rodent and lagomorph skulls were
mainly from the Condon Museum, University
of Oregon. Modern primate skulls were prin-
cipally from collections of the Department of
Anthropology, University of Oregon, curated
by J. R. Lukacs, who provided dental casts of
a living population of the Chenchu tribe from
India, representative of Hormo sapiens. The ex-
act location and stratigraphic level of most of
the fossil mammals skulls is not known, but
Oligocene fossil mammals from the John Day
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FIGURE 4. Tooth emphasis morphospace for living mammals, and for Eocene and Oligocene fossil mammals from
the Clarno and John Day Formations of central Oregon. Error envelopes are one standard deviation. Data are from

Tables 7 and 8, and pole values are explained in Table 4.

Formation were largely from Xaxus paleosols
and Eocene fossil mammals from the Clarno
Formation were largely from Micay paleosols
(Retallack et al. 2000). The chief limitation on
the number of fossil species studied was the
rarity in museum collections of skulls with
complete dentition, especially incisors.
Results.—The relative positions of each spe-
cies within the tooth emphasis morphospace
effectively discriminates between a variety of
mammals, both fossil and living (Fig. 4). In
addition, the fossil species plot in positions
comparable to those of living relatives.
Practical limitations also are apparent. The
selected tooth functional areas are not effec-
tive in discriminating between taxa belonging
to groups with only one kind of tooth, such as
the upper dentition of many ungulates, which
plots at the molarization apex (e.g., Odocoileus

virginianus). Other measures, such as horn-
antler elaboration, cursoriality, and body mass
may be more useful in future analysis of un-
gulates (Table 2). Kangaroos, rodents, and
lagomorphs, lacking canines, are spread along
incisorization-molarization axes, which does
not do justice to differences in their competi-
tor adaptations, such as the large body size
and small litters of red kangaroo (Macropus
rufa) and sewellel (Aplodontia rufa). Other mea-
sures such as size of the orbit and auditory
bulla and body mass may be more useful in
their future analysis (Table 2). Saber-toothed
cats are highly caninized, but so are mustelids
and possums. The particular tooth emphasis
morphospace chosen here works best for pri-
mates, carnivores, mustelids, and primitive
ungulates.

Interpretation—Unexpectedly large vari-
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217.0 = 62.0
16.6 £ 54
3.8x1.0

291.0 = 82.1
6.8 = 1.0

198.0 * 34.8
183.2 £ 9.0

3359 £ 0
2924 *+ 1267

7019 * 21.0
1435 £ 7.7

Molar area (mm?)
635.9 *+ 105

0
0
0

743 £ 0
411+ 7.7
1193 £ 4.6

121.0 £ 29.8
331.3 = 15.6

839.2 = 3.3
301.6 = 74.3
3795 + 48.1

Canine area (mm?)
271.0 = 0

25.5 = 15.5
18.0 £ 1.6
35.2 +11.8
133.8 = 48.2
723 *+ 21.0

334 *+ 6.3
348 = 19.6

17.9 £ 3.1
238 7.1
173 £ 1.0
35.0 £ 8.3
116.6 = 0

Incisor area (mm?)
17.3 1.0

4
15
15
41

2
17

M (n)
23

C (n)
17

41
17
12

I(m)

S (n)
11

Locality
Rudio Creek, Ore.
Kimberly, Ore.
Camp Creek, Ore.
Logan Butte, Ore.

Rudio Creek, Ore.
Clarno, Ore.

Rudio Creek, Ore.
Kimberly, Ore.
Clarno, Ore.
Kimberly, Ore.
Kimberly, Ore.
Logan Butte, Ore.
Kimberly, Ore.

Taxon

TaBLE 8. Eocene and Oligocene mammal skulls (S), incisors (I), canines (C), and molars (M) studied.

Enhydrocyon stenocephalus
Entoptychus cavifrons
Entoptychus minor

Miohippus sp. cf. M. annectens
Nimravus brachyops
Palaeolagus ennisianus
Protitanops sp. cf. P. curryi

Merycochoerus superbus
Philotrox condoni

Capacikala gradatus

Eporeodon occidentalis
Hemipsalodon grandis
Mesocyon coryphaeus
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ance in tooth dimensions of some taxa (Fig. 4)
can be interpreted as due to canine sexual di-
morphism and molar polymorphism. Large
variance within canines in black bears (Ursus
americanus) and oreodonts (Eporeodon occiden-
talis, Merycochoerus superbus) is probably due
to sexual dimorphism, because in each case
two significantly different canine sizes are in-
volved. Large variance in size and shape of
molars of possums (Didelphis marsupialis),
skunks (Spilogale putorius), and titanotheres
(Protitanops sp. cf. P. curryi) is not due to sexual
or population variation, because the titano-
there teeth are in a single skull, and single
skulls of possums and skunks also show great
variation in molar size. Molar polymorphism
is probably a primitive mammalian character,
conserved in marsupials and mustelids.

Another surprise is caninization compatible
with a competitor role for primitive denti-
tions, such as that of the possum (Didelphis
marsupialis). In contrast, oreodonts (Eporeodon
occidentalis, Merycochoerus superbus) have less
prominent canines. The two skulls of three-
toed horses (Miohippus sp. cf. M. annectens)
studied both had small canines and were pre-
sumably males. Females may have lacked ca-
nines as in living horses, but no comparably
complete female skulls were available. Most
modern ungulates lack canines and upper in-
cisors, having evolved to only molars in the
upper dentition, which can be interpreted as
evolution toward a tolerator polarity by some
early member of their clade.

In tooth emphasis the gracile oreodont (Epo-
reodon occidentalis) is not significantly different
from the robust oreodont (Merycochoerus su-
perbus). Both taxa are similar in molarization
and presumed browsing diet, even though
Merycochoerus superbus was larger and had
more marked sexual dimorphism. By the com-
petitive exclusion principle, they would not be
expected to have shared the same habitat, and
indeed one replaced the other in a succeeding
biostratigraphic zone. Modest paleoclimatic
drying and a change to less productive deser-
tic vegetation is evident from studies of paleo-
sols across the transition from Geringian as-
semblages dominated by E. occidentalis to
Monroecreekian assemblages dominated by
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M. superbus (Retallack 1997b, 2004; Retallack
et al. 2000).

The creodont Hemipsalodon grandis has been
compared to a big cat and a bear (Retallack et
al. 1996), but its tooth emphasis (Fig. 4) sup-
ports the bearlike interpretation. The saber-
toothed cat Nimravus brachyops has tooth em-
phasis similar to that of a mountain lion (Felis
concolor). The doglike carnivores are discrim-
inated by their tooth emphasis. Mesocyon cor-
yphaeus is similar to a coyote (Canis latrans),
whereas Philotrox condoni has more prominent
canines like modern wolves (Canis lupus). En-
hydrocyon stenocephalus has been called a hy-
percarnivore (Wang and Tedford 1996), and
its tooth emphasis is more like that of primi-
tive mammals and saber-toothed cats, rather
than wolves or coyotes. Both primates and
carnivores are centrally placed in the tooth-
emphasis morphospace, with few species
showing marked caninization.

An Ecological Proxy Morphospace
for Snails

Snail population biology could be a guide to
ecological polarity, but is unlikely to be easily
applicable to the fossil record of their shells.
Among marine snails, massive production of
small eggs forms clouds of planktotrophic lar-
vae that disperse widely, and small larvae
form a small protoconch (Vermeij 1987). The
ecological role of egg size among nonmarine
snails is comparable, because egg size, proto-
conch size, and mature shell size are all posi-
tively correlated with each other (Fig. 5).
Small eggs are scattered over the ground in
great numbers, but large eggs are laid in large
clutches (Fig. 5A), which may be an adapta-
tion to predator satiation comparable to mast
seeding in plants (Kelly and Sork 2002). Nev-
ertheless, land-snail egg-size as a proportion
of adult body size is inversely correlated with
adult body size (Peake 1978), and protoconch
and adult body size is inversely correlated
with natural population density (Oosterhoff
1977). These are both predictions of Grime's
(1979, 2001) concept of the breeder-competitor
continuum. Lacking fossil or modern snail
eggs, I have used the inverse of protoconch
size as a proxy for breeder adaptations among
living and fossil land snails.
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FIGURE 5. Relationships between land-snail egg diam-
eter, protoconch diameter, mature shell diameter, and
eggs per clutch. Data for A are from Ingram (1944} and
Peake (1978), for B from Peake {1978), and for C from
Table 9.

Also among marine snails, thick, nodose,
spiny, or otherwise ornamented shells are
competitive in the sense that they foil preda-
tors (Vermeij 1987). Nonmarine snails do not
show such diversity of ornament as marine
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shells, but shell thickness in the Bahamian
land snail Cerion has been shown to be related
to effectiveness in resisting land crab preda-
tion (Quensen and Woodruff 1997). Some
snails have apertural lips that are thickened
with respect to the rest of the shell, or have
apertural flaps and teeth (Pilsbry 1939-1948),
but these plausible defensive structures are
distinct from general shell thickness consid-
ered as defensive armor here.

An important environmental stress for land
snails is desiccation, and many land snails of
dry climates have narrow apertures (Pilsbry
1939-1948). Variation in apertural ellipticity
and size has been documented in clines of re-
lated land snail species from humid to dry cli-
matic regions, as well as by comparison of full
glacial (18 Ka) dry and cold-adapted fossil
snails with modern humid and warm-adapt-
ed snails of related species (Baker 1934; Chiba
1996). The aperture becomes narrower and
smaller, giving more effective shelter as cli-
mate becomes drier and colder. The question
before us, then, is whether shell initiation, ar-
mor, and shelter are reasonable proxies of
breeder, competitor, and tolerator ecological
roles.

Methods.—Land snails were measured for
protoconch diameter and shell thickness away
from the apertural lips or teeth. Also mea-
sured was maximum diameter of the shell
(width of the body whorl perpendicular to he-
lical axis) and aperture altitude (distance be-
tween upper and lower part of aperture co-
planar with axis of helix), as defined by Baker
(1934). The measure chosen as a proxy for the
tolerator pole was the inverse of aperture al-
titude normalized to maximum shell diame-
ter. This normalization removes considerable
variation in adult shell size. Protoconch di-
ameter and shell thickness showed much less
variation in diameter and were not normal-
ized for size. Only a few shells measured had
teeth or conspicuous apertural thickening,
and these features were not measured in this
study. The relative importance of each pole
was calculated as percentage of each relative
to the sum of these measures (Table 4).

Materials—Modern snails were collected
from various localities in North America (Ta-
ble 9) and identified from the manuals of Pils-
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bry (1939-1948). The fossil snails were all col-
lected in a measured section of the late Oli-
gocene upper Turtle Cove Member of the John
Day Formation, on Longview Ranch, south of
Kimberly, Oregon (Table 10). They were iden-
tified following the scheme of Roth (1986) and
are curated by the John Day Fossil Beds Na-
tional Monument (catalog online at http://
www.museum.nps.gov/). The exact strati-
graphic level of each fossil snail is known.
Some were in Xaxus paleosols with deep (>50
cm) calcic horizons, but others in Xaxuspa pa-
leosols with shallow (<50 cm) calcic horizons
(Retallack 2004). Study of fossil snails was
limited by the need for specimens with origi-
nal shell including a complete apex and well-
preserved lip.

Results.—Modern snail shells can be differ-
entiated by this initiation-armor-shelter mor-
phospace (Fig. 4). There is relatively little var-
iance in the measures chosen. The three spe-
cies of snails found in a single road cut near
Bend, Texas, each fall in a different area of the
morphospace (Table 9, Fig. 6), again support-
ing the observation of Westoby et al. (2002)
that ecosystems contain organisms with a va-
riety of ecological polarities. Co-occurring
species of Oligocene snails are clustered, yet
in significantly different areas of the mor-
phospace, in support of other indications that
they were distinct species (Roth 1986).

Interpretation.—Living species with sub-
stantial apertural thickening, teeth, and con-
striction (Polygyra septemuvolva) plot in an area
of morphospace that could be interpreted as
tolerators, and species with thin shells, open
apertures, and small protoconchs (Bulimulus
alternatus, B. dealbatus) could be interpreted as
breeders. Other species with less-marked ap-
ertural thickening and teeth (Gastrocopta ar-
mifera, Triodopsis tridentata, Mesodon roemeri)
plot more centrally, so that these features
show little correlation with apertural constric-
tion or shell thickness. Teeth and thickened
apertures may be adaptations to other haz-
ards, such as predator and pathogen deter-
rence, as well as to desiccation.

The fossil snail shells all cluster within the
restricted aperture area of the initiation-ar-
mor-shelter morphospace, but each species is
also separated by at least one standard devi-
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TABLE 9. Modern snails studied.

Aperture altitude/shell

Protoconch
diameter (mm)

diameter
0.95 + 0.04
0.98 * 0.03
0.76 * 0.06
0.44 + 0.05
0.46 = 0.01
0.42 = 0.04
0.14 % 0.05

Shell thickness (mm)

Specimens

Locality

Taxon

0.67 += 0.06
0.25 £ 0.05

0.47 £ 0.12
0.41 +0.24
0.36 + 0.08
3.93 £ 0.11
1.02 = 0.07
0.57 + 0.16
0.69 £ 0.09
1.03 = 0.11
0.36 = 0.08

0.60 = 0.08
0.45 + 0.07
0.60 £ 0.09
0.64 £ 0.16
0.90 £ 0.15
0.93 £ 0.11
0.65 £ 0.05
0.72 £ .0.07
0.81 £0.13
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ation (Fig. 6B). Monadenia and Vespericola
(probably including "Polygyra’’ expansa [Roth
1986]) each have a pair of species with signif-
icant differences on what can be interpreted as
an aridity-toleration axis. Placement of the
fossil snails in the shell-initiation-armor-shel-
ter morphospace agrees well with evidence
from paleosols in which they are found. Mon-
adenia marginicola and Vespericola dalli are
found in Xaxus paleosols, whereas Monadenia
dubiosa and “‘Polygyra” expansa are found in
Xaxuspa paleosols. Depth to calcic horizon in
soils is related to mean annual precipitation
(MAP), and use of a transfer function (from
Retallack 1994, 2000, 2004a; Royer 1999) on
decompacted paleosols (using method of
Sheldon and Retallack 2000), gives MAP 366
* 141 mm for 215 Xaxuspa paleosols and
MAP 493 = 141 mm for 110 Xaxus paleosols
of the upper Turtle Cove Member (Retallack
2004; Retallack et al. 2000). Both snail genera
include a wide- and a narrow-apertured spe-
cies, and these species migrated back and
forth into the local section with climatic vari-
ation. The wet-dry cycles had a duration of
Milankovitch scale (41-100 Kyr) and were re-
peated 105 times in the stratigraphic interval
between Turtle Cove Member tuff H (28.7 Ma)
and the top of the Kimberly Member (24.5
Ma). Trace fossil and mammal assemblages
also varied with this wet-dry climatic fluctu-
ation (Retallack et al. 2004).

Monadenia fidelis now lives in humid, Doug-
las fir (Pseudotsuga menziesii) forests, on infer-
tile clayey soils (Ultisols) of western Oregon,
and is more centrally placed in the morphos-
pace than either fossil species. Here is another
case of different habitats and adaptations of
fossils and their living relatives, but because
humid forested paleosols do not preserve
land snails (Retallack 1998), it is likely to re-
main forever unknown whether Monadenia
lived in Oligocene Ultisols. No modern spe-
cies of Monadenia lives in habitats as dry as the
Oligocene species (Pilsbry 1939-1948).

An Ecological Proxy Chemomorphospace
for Ecosystems

Communities also show breeder, competi-
tor, and tolerator ecological polarities (Table
3), independent of their species (Westoby et al.

<




TaBLE 10. Oligocene fossil snails studied.

Protoconch diameter

Aperture
altitude/diameter

Shell thickness (mm)

(mm)
1.02 * 0.22
1.12 = 0.11
0.89 = 0.35
0.74 * 0.14

Locality

Paleosol

Taxon

0.41 * 0.05
0.56 = 0.08
0.42 * 0.05
0.45 = 0.06

0.39 £ 0.07
0.42 = 0.07
0.29 + 0.06
0.35 £ 0.08

N N O N
™~

Kimberly, Ore.
Kimberly, Ore.
Kimberly, Ore
Kimberly, Ore.

Xaxuspa
Xaxus
Xaxuspa
Xaxus

Monadenia marginicola

Monadenia dubiosa
“Polygyra” expansa
Vespericola dalli
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2002). A breeder community would be one
early in the ecological succession of disturbed
ground, such as the red alder (Alnus rubra)
community that colonizes flood deposits in
western Oregon. A competitor community
consists of longer-term plant associations of
fertile, stable sites, sometimes called *“climax
vegetation,”” such as hemlock (Tsuga hetero-
phylla) forests on Cascade and Holland soils
(Fig. 7) of western Oregon. A tolerator com-
munity is adapted to resource scarcity, such as
the juniper-sage (Juniperus occidentalis-Artemi-
sia tridentata) shrublands and Norad soils (Fig.
7) of eastern Oregon deserts (Franklin and
Dryness 1973). Soils of these communities re-
flect a variety of ecosystem differences; for ex-
ample, soils of breeder communities are weak-
ly developed and retain abundant relict bed-
ding from floods that laid their parent mate-
rial (Entisols), whereas soils of competitor
communities are thick, clayey, red, and humic
(Alfisols), and soils of tolerator communities
are thin, silty, and calcareous (Aridisols)
(Dyksterhuis 1981; Patching 1987). In other re-
gions tolerator soils are acidic with metal tox-
icity (Spodosols), or stagnant with anoxic
peaty substrates (Histosols) (Retallack 2001).
Thus measures of soil youth, fertility, and a
variety of growth-inhibiting hardships can be
considered proxies for breeder, competitor,
and tolerator communities. Soil assessment
could give insights into evolutionary selection
pressures on the organisms associated with
particular soils and paleosols.

Methods—My quantification of soil age
modified a previously published five-point
scale of soil development (Retallack 1997a,
2001) to moderate development at 50 and a
maximum of 100. Relict bedding defines
young soils, but the development scale pro-
ceeds on three separate tracks away from that
origin: (1) thicker more massive clayey sub-
surface horizons in humid climates (pedalfers
of Marbut 1935), (2) larger and more laterally
extensive carbonate nodules in dry climates
(pedocals of Marbut 1935), and (3) thicker
peats in waterlogged sites (Histosols of Soil
Survey Staff 1999). Underclay development (as
in pedalfers) is added to development based
on peat thickness in the case of Histosols of
woody vegetation. The soil development in-
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Triodopis tridentalis

Monadenia fidelis
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Gastrocgpta armifera
shell diameter/aperture altitude:

&

Praticolella campi

dealbatus
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B. OLIGOCENE sheli thickness (mm)
SNAILS

1om

scale

Monadenia dubiosa

Bulimulus

Vespericola dalli

1/protoconch diameter (mm) shell diameter/aperture altitude 1/protoconch diameter (mm)

FIGURE 6. Shell initiation-armor-shelter morphospace for living land snails, and for Oligocene fossil snails from
the John Day Formation of central Oregon. Error envelopes are one standard deviation. Data are from Tables 9 and

10, and pole values are explained in Table 4.

dex was subtracted from 100 to give a value
for youthfulness, because the development in-
dex has low values for weakly developed soils.

For soil fertility, I used bases/alumina mo-
lar ratios as a chemical index of soil fertility
suitable for paleosols (Retallack 1997a, 2001).
Soil fertility is directly related to the abun-
dance of cationic plant nutrients: Ca?* used in
plant cell walls, bones, and shells; Mg?* criti-
cal for chlorophyll; and K* and Na*, which are
important cytoplasmic electrolytes. Availabil-
ity of these nutrients is approximated by
chemical analysis of oxides of these elements
normalized on a molar basis to alumina as a
relatively stable constituent in soils.

Three different proxies were used for the
three different kinds of hardship presented by
excessively humid, arid, and waterlogged
soils. Sesquioxide/silica molar ratios reflect
the increased abundance of sesquioxides
(ALLO; and Fe,O;) compared with silica (SiO,)
as weathering proceeds to break down silicate
minerals and leaves clay, hematite, and gibb-
site of nutrient-poor spodic horizons of Spo-
dosols, and oxic horizons of Oxisols (Sanford
1987). As peat thickness increases, plants
growing in it are increasingly isolated from
mineral nutrition of underclays (Ewel and
Odum 1984). This thickness was corrected in
paleosols for burial compaction (using meth-
od of Sheldon and Retallack 2000). As depth
to carbonate nodules decreases, soils have
lower mean annual precipitation (Retallack
1994, 2000a; Royer 1999). This latter depth was

corrected in paleosols for burial compaction
(Sheldon and Retallack 2000) and recast as a
reciprocal in order to obtain values that in-
crease with soil aridity.

Materials—The modern soils used (Table
11) were described by Marbut (1935) in a com-
prehensive survey of soils of the United States,
and their modern taxonomy and soil-forming
factors were tabulated by Sheldon et al. (2002).
This is the most thorough existing grain size
and major-element description of soils on a
continent-wide scale, because much subse-
quent soil science abandoned whole-soil anal-
ysis in favor of partial analyses, such as cation
exchange capacity. One Hawaiian soil (Pooku
silty clay loam) also has been added (Soil Sur-
vey Staff 1975: p. 692) as an example of an Ox-
isol. Fossil soils of the Clarno and John Day
Formations of central Oregon (Table 12) were
described by Retallack et al. (2000), using sim-
ilar petrographic and whole rock chemical ap-
proaches. Unlike the few stratigraphic levels of
fossil plants, snails, and mammals suitably
preserved for ecological polarity studies,
there are 1195 measured paleosol levels in the
Clarno and John Day Formations of Oregon
(Retallack 2004; Retallack et al. 2000), and
their study is limited not by lack of suitable
preservation, but by the expense of chemical
analysis.

Results.—Modern soils of the United States
are discriminated well by the youth-fertility-
hardship chemomorphospace. Furthermore,
the modern soils plot in similar places to pa-
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FIGURE 7. Soil youth-fertility-hardship chemomorphospace for North American soils, and for Eocene and Oligo-
cene paleosols from the Clarmo and John Day Formations of central Oregon. Error envelopes are one standard de-
viation, data are from Tables 11 and 12, and pole values are explained in Table 4.

leosols with similar profile horizonation, soil
structure, and other soil characteristics (Fig.
7). Semiarid grassland and desert calcareous
soils (Crete Mollisol, and Norad and Rosebud
Aridisols) plot toward the tolerator field like
comparably calcareous Oligocene paleosols
(Plas, Plaspa, and Xaxuspa Aridosols). Sub-
humid grassland and broadleaf woodland
soils of the Great Plains (Summit and Mar-
shall Mollisols and Miami Alfisol) and of Ol-
igocene age in the Painted Hills (Luca Alfisol
and Skwiskwi and Maqgas Andisols) plot in
the competitor field, reflecting in part their

nutrient-rich parent material of vitric, rhyod-
acitic, airfall ash. A tropical, rain forest soil
from Hawaii (Pooku Oxisol) is more deeply
leached of nutrients and more sesquioxidic
than Eocene, subtropical, rain forest paleosols
of the Painted Hills (Tiliwal Oxisol and Nukut
Ultisol). An early successional saw-palmetto
and pine woodland soil from Florida (Dade
Entisol) is broadly comparable to early suc-
cessional paleosols of Eocene mudflows (Apax
Inceptisol) in being poor in both cationic nu-
trients and sesquioxides. Other Eocene paleo-
sols with abundant relict bedding (Sayayx and
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Modern soils studied.

TABLE 11.

Depth to Bk (cm)
sesquioxides/

Bases/

silica ratio
0.168 = 0.010
0.278 % 0.070

alumina
0.81 = 0.11
0.15 * 0.06

Development

County, State

Soil taxonomy

Soil series

Plant formation

1
10

Cascade
Cecil

Conifer forest

Multnomah, Ore.

Humic Fragixerept
Typic Kanhapludult

Rutherford & Yadkin, N.C.; Anderson,

Deciduous forest

S.C.; Chambers, DeKalb, Habersham,

Hall, Lamar, & Wilkes, Ga.
Dorchester & Talbot, Md.; Accomack,

0.51 *+ 0.08 0.099 = 0.027

60 + 0

4

Typic Hapudult

Sassafras

Va.
Sumner & Republic, Kans.

Josephine, Ore.

0.156 *= 0.014
0.344 *= 0.010
0.161 *= 0.025
0.014 * 0.008

0.66 £ 0.07
0.24 £ 0.01
0.73 £ 0.23
2.22 * 0.61

Do o0

1+ 4+

[ e e
N 0 \O

NN <H

Decatur, Wayne, & Hancock, Ind.

Collier, Fla.

Vertic Arguidoll
Ultic Haploxeralf
Oxyaquic Hapludalf
Spodic Quartzi-

Holland

Summit
Miami
Dade

Grassland
Qak forest
Oak woodland
Pole woodland

psamment
Xerollic Haplargid
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16 = 4 cm

35 +2cm
97 + 22 cm

1.23 = 0.27
0.80 %= 0.08
0.53 £ 0.32

N \O 0
44

[Lole \ el
<t

Cheyenne, Nebr.; Fall River, S.D.
Fillmore & Lancaster, Nebr.

Harney, Ore.

Calcidic Argiustoll
Pachic Argiustoll

Rosebud

Semiarid grassland Crete

Subhumid

Norad

Sagebrush desert

0.149 %= 0.002
21.48 = 11.77

0.81 £ 0.11
0.007 = 0.005

oo
1+l

Q
in o

Fremont, JTowa
Kauai, Hawaii

Typic Hapludoll
Typic Acrudox

Marshall
Pooku

grassland
Tropical rain forest

Micay clayey Entisols) are marginally within
the breeder field because they are relatively
rich in cationic nutrients.

Interpretation.—Eocene Oxisols and Ultisols
are rich in sesquioxides, which lead to alu-
minum toxicity and other hardships for eco-
systems (Retallack 2001), as in the Hawaiian
soil, which formed in tropical, humid, and
deeply weathering climates (Fig. 7). The se-
quence of paleosols in the Painted Hills shows
a geologically abrupt (within 200 Kyr) shift in
soil fertility and development at the Eocene/
Oligocene boundary with paleoclimatic
change from warm and humid, to paleocli-
mate at least 5°C cooler and 500 mm drier in
mean annual precipitation (Retallack et al.
2000). The magnitude of this shift is indicated
by separation of Tuksay and Tiliwal paleosols
on the one hand, from Luca, Lakim, and Ti-
cam paleosols on the other hand (Fig. 7). By
mid-Oligocene time, calcareous paleosols ap-
pear with continued paleoclimatic drying.
These paleosols show increased aridity from
mid-Oligocene Yapas, Xaxus, and Xaxuspa
paleosols, to Oligocene-Miocene Plas and
Plaspa paleosols. From this it can be inferred
that central Oregon Eocene ecosystems were
tolerators because they were infertile and wa-
terlogged. Early Oligocene ecosystems were
generalists with improved fertility, although
tolerator ecosystems persisted in waterlogged
parts of the landscape. Late Oligocene ecosys-
tems returned slightly toward the tolerator
pole as paleoclimate became drier. Details of
this paleoenvironmental change from paleo-
sols have been documented elsewhere (Retal-
lack et al. 2000), but comparable environmen-
tal histories cannot be gained from the few
fossil plants or animals suitably preserved for
ecological polarity analysis.

Xaxuspa paleosols interpreted to represent
tolerator desert shrubland of the Oligocene
Turtle Cove Member include snails with nar-
row apertures, rodents and lagomorphs with
hypsodont teeth, and mammals of small body
size, whereas Xaxus paleosols include more
open-mouthed snails, less hypsodont teeth,
and larger mammals (Retallack et al. 2004).
Xaxuspa paleosols are dominated by cicada
burrows (ichnogenus Tuenidium), which are
characteristic of sagebrush steppe (O’Geen
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and Busacca 2001), whereas Xaxus paleosols
have abundant dung beetle boli (Pallichnus of
Retallack 1984) and earthworm fecal casts
(Edaphichnium of Bown and Kraus 1983), char-
acteristic of grasslands, probably wooded
grasslands considering the common large, cal-
careous rhizoconcretions (Retallack et al.
2004). Such ecosystem differences are reflect-
ed in the distribution of four fossil snail spe-
cies of two different genera, distinct within
the shell initiation-armor-thickness morphos-
pace (Fig. 6).

Paleosol-related differences in plant com-
munities also are apparent. Thin, impure lig-
nites and underclays of Oligocene Yanwa pa-
leosols were poor in nutrients and water-
logged as in a tolerator ecosystem, and asso-
ciated leaves and cones of dawn redwood
(Metasequoia sp. cf. M. foxii) are also interpret-
able as from a tolerator plant (Fig. 2). Coals
and nutrient-poor underclays of Eocene Cmuk
paleosols were even more challenged by wa-
terlogging and nutrient deficiency, as in a tol-
erator ecosystem (Fig. 7E), and their leaf litter
includes aguacatilla (Meliosma beusekomii),
which is sclerophyllous, but less so than dawn
redwood (Fig. 2B). Fossil aguacatilla leaves
and fruits also were found in leaf litters of
Sayayk paleosols, which are centrally placed
in the youth-fertility-hardship diagram prin-
cipally because of relict bedding and other ev-
idence of soil youth. Fossil aguacatilla thus
had a broader environmental tolerance than is
apparent from its seed-endosperm-sclero-
phylly placement (Fig. 2). Generalist and
breeder plants within the seed-endosperm-
sclerophylly triangle, such as the Clarno plane
(Macginitiea angustiloba), are found in fossil
leaf litters of Sayayk and Patat paleosols,
which are placed in breeder and generalist
fields, respectively, close to the youth-fertility
axis. Lakim paleosols are also generalists
close to the youth-fertility axis. The leaf litter
of one of the Lakim paleosols contained leaves
of both Juglandiphyllites cryptatus, a moderate
sclerophyll, and Metasequoia sp. cf. M. heerii, a
marked sclerophyll (Fig. 2). Such variation in
ecological polarity of species within ecosys-
tems is widespread today and may be inter-
preted as ecological niche partitioning. Eco-
logical polarity of an ecosystem is not neces-

GREGORY RETALLACK

sarily identical to that of its individual, aver-
aged, or common species, because of
incumbency, biogeography, seasonality, and
other reasons (Westoby et al. 2002).

From an evolutionary perspective, particu-
lar soils provide particular challenges to
which different species adapt at different
rates. Both Eocene Meliosma and Oligocene
Juglandiphyllites were adapted to the hardship
of waterlogging, whereas their living relatives
are mainly adapted to the nutrient shortages
of rain forest Oxisols. Living Meliosma has di-
versified into a variety of habitats including
river margins that give its common name of
aguacatilla (Gentry 1980), whereas the two
living Oreomunnea species most closely related
to Juglandiphyllites are upland evolutionary
relicts of a once-diverse group of lowland
plants (Stone 1972; Manchester 1987). Unfor-
tunately the evolutionary study of plants
evolving into and out of swamp habitats is
compromised by the taphonomic limitation
that fossil plants are well preserved only in
swamp and disturbed sedimentary habitats
(Retallack 1998). Nevertheless, this study sup-
ports suggestions from the fossil record of
Australian angiosperms (Hill 1998) that scler-
ophylly evolved for tolerating waterlogging
may later serve for tolerating infertility (par-
ticularly low phosphorus), and even aridity.

Taphonomic limitations extend to all the
fossils found in paleosols. Their fossil record
would be complete if each paleosol preserved
fossil leaves, wood, fruits, snails, and bones,
and if all the different parts of fossil plants
were easily reconstructed. However, fossils of
any kind are extremely rare in well-drained
tropical Oxisols and Ultisols. Bones and snail
shells are mostly found in calcareous Incepti-
sols and Mollisols, and fossil plants in non-
calcareous Entisols and Inceptisols (Retallack
1998). Thus hardships for fossil plants pre-
servable in the fossil record are mostly related
to soil waterlogging and stagnation, and hard-
ships for fossil snails and mammals preserv-
able in the fossil record are mainly related to
soil aridity and saltiness.

Other Applications of Ecological Polarity

Ecological polarity studies are most effec-
tive when applied to closely related organ-
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isms, such as swamp cypresses (Fig. 2) and ca-
nids (Fig. 4). This pilot study explored a wide
application of these concepts, finding both
successes and limitations. Applying the con-
cept of ecological polarity well back into geo-
logical time and to other kinds of organisms
will require new measures and proxies. The
proxy morphospaces suggested here could be
applied at least as far back as the earliest an-
giosperms (Wing and Boucher 1998), and
probably back to the late Devonian origin of
seed and leaves. For example, the Pennsylva-
nian seed fern Callospermarion pusillum pro-
duced enormous numbers of small ovules and
great clouds of wind-dispersed pollen, and
had a weakly woody, scrambling habit like
living breeders. Contemporaneous Pachytesta
illinoensis, on the other hand, was a small tree
that produced only a few large seeds, and
large, complex pollen organs with enormous
(500 pm) prepollen probably dispersed by in-
sects, as in competitor plants today. Mid-Car-
boniferous Lagenostoma lomaxi was a small
shrub with almost all exposed parts of the
plants covered in glandular hairs of presumed
defensive function, a tolerator characteristic
(Retallack and Dilcher 1988). Before the late
Devonian, land plants had photosynthetic
axes rather than leaves and also lacked seeds
(Kenrick and Crane 1997), so that the ecospace
proxies chosen here would not work. Never-
theless, changes both in spore size and num-
ber and in sclerenchyma of leaves of Pennsyl-
vanian tree lycopsids parallel trends in seed
size and number, and in vein density, though
at different scales (Bateman et al. 1992). Early
Paleozoic land plants, land animals, and pa-
leosols have been considered in terms of the
breeder-competitor-tolerator trichotomy in
nonquantitative terms (Beerbower 1985; Re-
tallack 2000b, 2001). Quantitative study of
Early Paleozoic and Precambrian terrestrial
ecosystems will require new proxy ordina-
tions, perhaps including carbon isotopic in-
dicators of ecosystem type.

Ecological polarity could also be applied to
human cultures. Plausible examples of breed-
er cultures are represented by Lapita pottery
distributed widely through Polynesia as birds
became extinct around 6 Ka, and by Clovis
spear points that littered North America as
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large mammals became extinct at 10 Ka (Flan-
nery 1994). The traditional Inuit of Alaska and
Koori of central Australia are cultures well
adapted to scarcity, as in tolerators. The mar-
tial emphasis of Imperial Roman society and
its domination of the most fertile regions of
Europe and North Africa are similar to com-
petitor adaptations and habitats. Quantifica-
tion of cultural ecospace may require proxies
based on material artifacts.

Conclusions

Ecological polarities can be defined as gen-
eral communal roles, reflected by adaptations
or suites of adaptations, toward which organ-
isms, communities, and societies evolve. There
are many ecological polarities, but much mor-
phological and ecological diversity can be ex-
plained by just three: breeders, competitors
and tolerators. Breeders emphasize reproduc-
tion, competitors emphasize resource acqui-
sition and tolerators emphasize survival of
hardship. Environments that select for breed-
ers have abundant little-exploited resources,
whereas competitors are favored in fertile en-
vironments in which nutrient supply does not
meet demand, and tolerators are favored by
environments lacking in important resources.
Breeders, competitors and tolerators are use-
ful as categories (Tables 1-3), but are more in-
formative as quantified axes, or polarities
(Grime 2001; Westoby et al. 2002). These po-
larities can be recognized among plants, ani-
mals, and communities, living and fossil
(Figs. 2, 4, 6, 7).

Ecological polarities have a fractal charac-
ter, in the sense that they are independent of
taxonomic scale, and implied evolutionary di-
vergence time. Breeder, competitor, and tol-
erator species can be found within genera,
within families, and within larger groups of
organisms (Grime 2001). Breeder, competitor,
and tolerator components can be recognized
within, as well as between, different commu-
nities. Different proxy measures may be need-
ed to resolve differences between taxa at dif-
ferent taxonomic levels (Westoby 1998).

Although ecological polarities of living
creatures and ecosystems are many and var-
ied (Tables 1-3), the options for such studies
of fossils are limited. The few species of fossil
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plants, mammals, and snails studied (Tables
8-10) are the only ones out of hundreds of fos-
sil species known from the Clarno and John
Day Formations (Fremd et al. 1994; Retallack
et al. 2000) for which there are adequately pre-
served fossil seeds and fruits, snail shell api-
ces and apertures, and skulls with most inci-
sors as well as molars and canines. In contrast,
this approach could be applied to all 1195 suc-
cessive paleosols now logged in the Clarno
and John Day Formation (Retallack 2004; Re-
tallack et al. 2000), as well as to thousands of
paleosols off that line of measured section, if
it were not for the expense of all the chemical
analyses needed. Thus the few fossil taxa and
paleosols analyzed here are all that are cur-
rently suitable or affordable for study.

Quantitative studies of adaptations for eco-
logical polarities allow assessment and ordi-
nation of inferred ecological preferences of
living and extinct organisms. Paleosols that
supported the fossil creatures provide useful
supporting evidence of past ecological con-
ditions, such as the narrower apertures of
snails in paleosols of drier climates with shal-
lower calcic horizons (Retallack 2004), and the
sclerophyllous leaves of Meliosma and Juglan-
diphyllites leaves in nutrient-poor swamp pa-
leosols (Retallack et al. 2000). Furthermore,
ecological preferences can be demonstrated,
as in the case of Oligocene oaks and maples,
rather than assuming paleoecological roles
comparable to those of related living plants.

Ecological polarities can be approximated
by a variety of morphospaces and chemospa-
ces within which adaptations can be quanti-
fied (Westoby et al. 2002). Evolutionary trends
of specialization toward breeder, competitor,
or tolerator poles can be inferred from the fos-
sil record, for example the evolutionary trend
toward molarization in herbivorous mam-
mals. New adaptive breakthroughs and evo-
lutionary radiations also are apparent from
such morphospace analysis, such as the reoc-
cupation of creodont niches by nimravids, ca-
nids, and felids. Evolutionary polarities thus
suggest a new system of metrics for ordering
morphological and ecological data, and for re-
assessing the process of evolution.

GREGORY RETALLACK
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