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Mid-to Late Eocene floras in the western United States, preserved in thick piles of volcanic rocks, changed composition with
increasing elevation. A deciduous hardwood forest above 455 m was replaced by conifer-deciduous hardwood forest near 1365
m, and it was suppl~edby montane conifer forest at levels of about 1730 m. Whereas a nonnallapse rate (5. 5°C/l000 m, usually
indicates elevation of modern upland stations within 100-2000 m, a lapse rate of 3.0oC/I000 m, introduced recently to estimate
paleoelevation, yields levels for modern upland stations that are 1000-2000 m higher than actual elevations. Similar levels would
be expected for EOcene-Oligocene floras and place treeline fully 1200 m higher than it is today. There is no geologic evidence
for such high relief in this area in the Eocene. Furthennore, reasons for the decrease of treeline elevation fully 1000 m in the later
Cenozoic-and in the face of increasing relief, are inexplicable.
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SOME 30 years ago, I described a montane flora of
Eocene age (40 Ma), the Copper Basin flora of north­
eastern Nevada (Axelrod, 1966). In subsequent years,
ten additional upland Eocene floras have been
recovered from the present mountains of Nevada­
Idaho (Text-figure 1). These vary in composition
from deciduous hardwood forests, to conifer-
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deciduous hardwood forests, to those at higher levels
that are (+90%) dominated by conifers such as Abies,
Chamaecyparis, Larix, Picea, Pinus, and 7buja.

These floras differ greatly from those described
previously from lower elevations in the bordering
region to the east and west. The lower elevation floras
represent, broadleaved evergreen forests. Over the
years, palaeobotanists have tried to determine age of
a flora by comparison with those of known age. The
notion has been that if two floras have numerous
species in common, they probably are of about the
same age. The upland, floras that I have collected are
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UPlAND EOCENE FOREST ZONES

The location of the floras representing the upland
Eocene forests is shown in Text-figure 1. They are
well sampled. Several have more than 2000
specimens, and one flora (Bull Run) involved 12,000
specimens counted in the field. As shown in Text-fig-

elevation as some might assume from their associa­
tion with the thick volcanic piles.

For example, the Thunder Mountain flora (Axel­
rod, 1990) of central Idaho was estimated to have
been near 1547 m (5100 ft), whereas today it is at 2360
m (7500 ft) This suggests that the locality has been
elevated on the order of805 m (2640 ft) since it lived.
This uplift may be attributed mainly to isostatic read­
justment of the whole region whose chief com­
ponents are the relatively less dense rocks of the
Idaho batholith, the overlying Challis and other vol­
canics, and large Tertiary plutons. This evidently
commenced in the Late Oligocene-Early Miocene as
the Snake River basin gradually opened (Hamilton &
Meyers, 1966) and has continued to the present with
more rapid movement in the Late Miocene to Quater­
nary as judged from the volcanic and sedimentary
record in the basin.
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GEOLOGIC OCCURRENCE

All the floras under consideration are associated
with thick sections of volcanic rocks, the Challis Vol­
canics in Idaho, the Absaroka Volcanics in
northwestern Wyoming-Montana, the Medicine
Lodge Volcanics in southwestern Montana, and the
Frost Creek Volcanics in northeastern Nevada. These
volcanic piles are now some 1500-2000 m thick. As
they accumulated, they were slowly subsiding in
response to isostatic adjustment. This involved fully
4/5's of the volcanic load. Thus, it is understandable
that the fossil floras were not living at very high

wholly unlike those at lower elevation in the region,
yet they are of similar age as judged from mammalian
and radiometric evidence.

The floras in the montane region represent dif­
ferent vegetation zones that those in the lowlands.
Obviously, comparisons for age determination must
made between floras of the same vegetation zone,
otherwise there will be few species in common and
little evidence for age. Another weakness of the
species-similarity method is simply that it neglects the
fact that plants migrate and in the long time involved
there may be little significant change in the vegetation
of two areas. The Arcto-Tertiary; conifer-deciduous
hardwood forest that covered much of the general
arctic region in the Eocene (ca. 45 Ma) had shifted
into the lowlands of Oregon-Washington-Nevada by
the Middle Miocene 08-15 Ma). Also, species of the
Madra-Tertiary sclerophyll woodland vegetation, al­
ready present in southeastern California by 18-20 Ma,
appeared 640 km (400 mi.) farther north in the San
Francisco Bay region at 7-8 Ma.

Although species composition of vgetation
changed as precipitation decreased, as the incidence
of summer drought increased and as temperatures
became more extreme (frost frequency, etc.), the
principal composition of vegetation-deciduous
hardwood forest, conifer-deciduous forests and
sclerophyll woodland-persisted. Obviously, Eocene
species were not present in younger floras, but their
close descendants were and they contributed to
similar vegetation in similar zones of Warmth (W).

As documented here, the Eocene vegetation zones in the western
United States were far more diverse than pal:leobOlanists have preViously
realized. The relation, no doubt, holds for other C1reCis where some relief Text-figure l-LoGllion of Middle and Late Eocene florJs in Idaho and
was also present, as in centrClI and southern Asia and elsewhere. Nevada discussed in this anicle.

\
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ure 2, there was a major change in composition over
the region. This involved (a) the Germer and Cow
Creek floras that represent deciduous hardwood
forest with few conifers, (b) at the southeast are the
Haynes Creek and Horse Prairie floras with numerous
deciduous hardwoods and some conifers as well as
broad leaved sclerophylls that reflect warmer climate,
(c) the Coal Creek, Copper Basin, and Bullion Gulch
floras are primarily mixtures of montane conifers and
deciduous hardwoods, with the latter close to mon­
tane conifer forest, and (d) the Bull Run (upper) and
Thunder Mountain (lower) floras are wholly
dominated by montane conifers and have only a few,
rare dicots with very small (nanophyll) leaves. As
Text-figure 2 illustrates, the major changes in com­
position of vegeta tion over the region reflect the shift
into different climates, to different groWing seasons
defined by the duration of summer warmth (W)
(Bailey, 1960, 1976; Axelrod & Bailey, 1976).

Other [han Metasequoia, conifers are rare. Dicot leaves, usually
microphyll in size. Age: 45 Ma.

Of special interest are two floras that show the
transition from conifer-deciduous hardwood forest to
pure montane forest. In the Bull Run basin, north­
eastern Nevada, 10 florules on the west flank of the
anticline are distributed through some 1000 m of
sedimentary rocks (Axelrod, MS). The lower three
represent a mixture of deciduous hardwoods and
conifers. They show that with a rise from Locality 1
to Loc. 2 and then to Loc. 3, conifers increase in
abundance to fully 75 per cent of the sample. Some
20 m higher, Loc. 4 is wholly dominated (+95%) by
montane conifers. By contrast, at Thunder Mountain
a montane conifer forest reached down the walls of
the caldera to the floor of the basin where it inter­
fingered with conifer-deciduous hardwood forest. At
that site two different vegetation zones were in con­
tact (Axelrod, 1990, 1995).

Deciduous Hardwood Forest

This zone, dominated by broadleaved deciduous
hardwood trees, includes some conifers but they
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were not important in the vegetation except locally
along water-courses and in moist swales where
Metasequoia and Sequoia were locally abundant.
Broadleaved evergreen trees are essentially absent or
very rare, and a few taxa may be present that reflect
somewhat warmer conditions. The species in these
floras are surprisingly modern in aspect, and most are
allied to modern taxa, some distantly because they
are extinct species.

COW CREEK FLORA, IDAHO

Ginkgoaceae
Ginkgo

Cupresaceae
Calocedrus
Chamaecyparis
Pinacee
Abies
Picea (2 sp.)
Pinus
Pseudotsuga

Taxaceae
Cephalotaxus

Taxodiaceae
Metasequoia
Sequoia

Aceraceae
Acer (2 sp.)
Dipteronia

Anacardiaceae
Rhus (2 sp.)

Berberidaceae
Berberis (3sp.)
Mahonia (2 sp.)

Betulaceae
Alnus (2sp.)
Betula
Fagopsis

Cornaceae
Comus

Ericaceae
Ledum
Rhododendron
Vaccinium (2 sp.)

Conifers are rare (most cones transpol1ed -few seeds). Only Cunnin­
ghamia is relatively common. Leaves of moderate size-chiefly
microphyll.

]uglandaceae
Pterocarya
Cruciptera

Lauraceae
Lindera
Sassafras

Leguminosae
Cassia
3 others

Myricaceae
Comptonia

Rosaceae
Amelanchier
Crataegus (2 sp.)
Malus
Physocarpus
Prunus
Rosa
Salmonensea
Sorbus

Salicaceae
Populus (2 sp.)
Salix (2 sp.)

Saxifragaceae
Ribes
Hydrangea

Ulmaceae
Ulmus
Zelkova

GERMER FLORA, IDAHO
(EDELMAN,1975)

Polypodiaceae
Dennsteadtia

Pinaceae
Abies
Picea
Pinus
Pseudolarix
Tsuga

Taxodiaceae
Metasequoia
Sequoia

Cupressaceae
Chamaecyparis

Liliaceae
Smilax
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Salicaceae
Salix

Myricaceae
Comptonia

Juglandaceae
Carya
Juglans

Betulaceae
Alnus C3 sp.)
Betula
Ostrya

Cercidiphyllaceae
Cercidiphyllum

Lauraceae
Sassafras

Saxifragaceae
Ribes

Eucommiaceae
Eucommia

Platanaceae
Platanus

Rosaceae
Rosa

Meliaceae
Cedrela

Rhamnaceae
Ceanothus

Hippocastanaceae
Aesculus

Specimens ofMetasequoia, Sequoia, and Pseudo­
larix account for 65 per cent of the flora; all other
conifers scarcely total 1 per cent of specimens. The
flora is dominated by dicots, chiefly of microphyll
size. Age: 47 Ma.

Two somewhat younger floras C35-34 Ma)
dominated by deciduous hardwoods reflect a slightly
different climate. They include more conifers (al­
though not very abundant) and also have broad­
leaved sclerophyllous trees and one (Horse Prairie)
has woody legumes and others that suggest little frost
in the area. These younger floras include the follow­
ing:

HAYNES CREEK FLORA
(Axelrod, MS)

Osmundaceae
Osmunda

Ginkgoaceae
Ginkgo

Cupressaceae
Chamaecyparis
7bujopsis

Pinaceae
Abies
Larix
Picea (2 sp.)
Pinus C3 sp.)
Pseudotsuga

Taxodiaceae
Cunninghamia
Metasequoia
Sequoia
Taxodium

Aceraceae
Acer(5sp.)

Berberidaceae
Mahonia

Betulaceae
Alnus (2 sp.)
Betula (2 sp.)

Ca prifoliaceae
Diplodipelta
Symphoricarpos

Cercidiphyllaceae
Cercidiphyllum

Celastraceae
Paxistima

Ericaceae
Ledum
Rhododendron

Eu pteleaceae
Euptelea

Fagaceae
Chrysolepis
Lithocarpus
Quercus (5 sp.)

Gentianaceae
Nymphoides

Lauraceae
Sassafras

Legominosae
Gleditsia

Oleaceae
Fraxinus
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P]atanaceae
Platanus

Rhamnaceae
Rhamnus

Rosaceae
Amelanchier
Cercocarpus
Crataegus (2 sp.)
Rosa
Sorbus C3 sp.)
Spiraea
Va uquelinia

Salicaceae
Populus (2 sp.)
Salix C3 sp.)

Tiliaceae
Craigia

Ulmaceae
Ulmus (2 sp.)
Zelkova

HORSE PRAIRIE FLORA, S.W. MONTANA
(BECKER,1967)

(Representative listing)

Osmundaceae
Osmunda

Cupressaceae
Chamaecyparis
Juniperus

Pinaceae
Abies
Larix
Picea C3 sp.)
Pinus (2 sp.)
Pseudotsuga

Taxodiaceae
Metasequoia
Sequoia

Aceraceae
Acer (4-5 sp.)

Anacardiaceae
Astronium

Berberidaceae
.Mahonia (2-3 sp.)

+++ Numerous legumes reponed but illustrations insufficient to identify
genera. Those reponed include species of Cassia, Diphysa, Mimosiles,
Pilbecolohium, etc.

Betulaceae
Betula
Carpinus
Fagopsis
Ostrya

Celastraceae
Celastrus

Cercidiphyllaceae
Cercidiphyllum

Ebenaceae
Diospyros

Fagaceae
Castanea
Quercus (4-5 sp.)

Juglandaceae
Carya

Lauraceae
Sassafras

Leguminosae
Cereis
Robinia

Meliaceae
Cedrela

Oleaceae
Fraxinus

Platanaceae
Platanus

Rhamnaceae
Colubrina
Paliurus
Rhamnus

Rosaceae
Cercocarps
Crataegus
Rosa

Rutaceae
Ptelea

Salicaceae
Populus (2 sp.)

Sapindaceae
Cardiospermum
Sapindus

Simarubaceae
Ailanthus

Smilacaceae
Smilax

Tiliaceae
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Tilia
Ulmaceae

Ulmus
Zelkova

CONIFER-DECIDUOUS HARDWOOD FOREST

Situated above the dominant deciduous
hardwoods was a zone of deciduous hardwoods and
abundant conifers. Broadleaved sclerophylls are rare
or absent as are taxa such as woody legumes that
reflect mild winter climate. This conifer-deciduous
hardwood zone was regularly subject to freezing,
probably on the order of +5% hours/year. The floras
typical of this zone include the following.

COPPER BASIN FLORA
(Axelrod, 1966)

Conifers
Cephalotaxus
Abies (2 sp.)
Picea (3 sp.)
Larix
Pinus (3 sp.)
Pseudotsuga
Tsuga
Sequoia
Chamaecyparis

Salicac~ae

Salix
Betulaceae

Alnus (2 sp.)
Fagaceae

Lithocarpus
Ulmaceae

Ulmus
Berberidaceae

Mahonia (3 sp.)
Lauraceae

Sassafras
Saxifragaceae

Ribes
Rosaceae

Amelanchier
Crataegus
Holodiscus
Prunus (3 sp.)
Rosa

Leguminosae
Amorpha

Celastraceae
Euonymus

Aceraceae
Acer(4 sp.)

Hippocastanaceae
Aesculus

Ericaceae
Rhododendron
Vaccinium

Leaves are chiefly <microphyllous in size. Con­
ifers (apart from, Sequoia, 4%) make up scarcely 2 per
cent of the specimans. Age: 40 Ma.

COAL CREEK, IDAHO

Cephalotaxaceae
Cephalotaxus

Pinaceae
Abies (2 sp.)
Larix
Picea(3 sp.)
Pinus (Strobi, Contortae, Balfourineae)

Taxodiaceae
Sequoiadendron
Sequoia

Salicaceae
Salix

Betuylaceae
Alnus
Betula

]uglandaceae
Carya

Berberidaceae
Mahonia

Lauraceae
Sassafras

Caprifoliaceae
Viburnum

Saxifragaceae
Ribes

Rosaceae
Crataegwf..2 sp.)
Cercocarpus
Malus
Photinia
Rosa
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Salmonensea
Sorbus

Aceraceae
Acer
Dipteronia

Ericaceae
Rhododendron

Conifers make up fully 75 per cent of all
specimens. Dicot leaves include some of nanophy II,
microphy II and a few ofr notophy II size. Age: 45 Ma.

LOWER BULL RUN FLORA, LOCS. 1-3

Pinaceae
Abies (3 sp.)
Picea (3 sp.)
Larix
Pseudotsuga
Tsuga

Cupresaceae
Chamaecyparis
1buja

Salicaceae
Populus
Salix

Betulaceae
Alnus
Betula
Catpinus

Fagaceae
Quercus (2 sp.)

Ulmaceae
Ulmus
Zelkova

Berberidaceae
Mahonia
Berberis

Saxifragaceae
Ribes

Rosaceae
Amelanchier
Crategus(2 sp.)
Prnnus
Sorbus (2 sp.)

• Spiraea
Leguminosae

Robinia
Aquifoliaceae

flex
Aceraceae

Acer(5-6 sp.)
Rhamnaceae

Rhamnus
Tiliaceae

Tilia
Ericaceae

Rhododendron
Vacciniuum

Caprifoliaceae
Viburnum

Age: 42-40 Ma.

UPPER THUNDER MOUNTAIN FLORA
(Axelrod, 1990, 1995)

Cephalotaxaceae
Cephalotaxus

Cupresaceae
Chamaecyparis
1buja
1bujopsis

Taxodiaceae
Sequoia

Pinaceae
Abies
Larix
Picea (2 sp.)
Pinus (5 sp.)
Tsuga

Berberidaceae
Mahonia (2 sp.)

Betulaceae
Alnus

Caprifoliaceae
Viburnum

Celastraceae
Paxistima

Cornaceae
Cornus

Ericaceae
Arctostaphylos
Ledum
Rhododendron

Fagaceae
Lithocarpus
Quercus
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Grossulariaceae
Ribes

Juglandaceae
Pterocarya

Myricaceae
Comptonia

Rhamnaceae
Rhamnus (2 sp.)

Rosaceae
Amelanchier
Malus
Prunus

Salicaceae
Populus
Salix

Vacciniaceae
Vaccinium

CONIFER FORESTS
(Axelrod, MS)

Two floras are presently known that are wholly
dominated by conifers, notably the Upper Bull Run
and Lower Thunder Mountain floras. In addition the
Bullion Gulch flora, known from only a small collec­
tion, appears to have lived at the edge of the conifer
forest zone. Freezing was a regular feature of the
climate, probably on the order of at least 10%
hours/year. All the dicots present in these floras have
very small leaves that may be eigher serrate or entire
(evergreen).

Representative taxa in these floras include the
following:

Upper Bull Run Flora (Localities 4-10), Nevadas

Conifers make up fully 95 per cent of the flora

Pinaceae
Abies C3 sp.)
Larix (2 sp.)
Picea (3 sp.)
Pinus (3 sp.) (Strobi, Banksinae, Aristatae)
Pseudotsuga
Tsuga (2 sp.)

Betulaceae
Alnus
Betula

Ulmaceae

Zelkova
Saxifragaceae

Ribes
Cupressaceae

Chamaecyparis
Thuja
Thujopsis

Salicaceae
Populus
Salix (2 sp.)

Berberidaceae
Mahonia (2-3 sp.)

Rosaceae
Holodiscus
Prunus
Salmonensea

Aceraceae
Acer(3 sp.)

Oleaceae
Fraxinus

Ericaceae
Vaccinium

Caprifoliaceae
Viburnum

Age: 40-35 Ma.

BULLION GULCH, IDAHO

Pinaceae
Abies
Picea
Pinus(Contortae, Strobil Aristatae)
Larix
Pseudotsuga

Salicaceae
Salix

Betulaceae
Alnus
Carpinus

Rosaceae
Rosa
Salmonensea

Ericaceae
Vaccinium

Rhamnaceae
Ceanothus

Remains of conifers are much more abundant
than leaves of dicots that are small, chiefly of
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nanophy II size. Occurs in the Upper Challis Vol­
canics west of Hailey. Age: ca 35 Ma.

LOWER TffiJNDER MOUNTAIN FLORA, IDAHO

This flora, dominated by conifers, covered slopes
of the Thunder Mountain caldera and adjacent
uplands and reached the floor of the caldera where
it interfingered with a conifer-deciduous hardwood
forest represented by the Upper (Road locality) flora
(Axelrod, 1990, 1995),

LOWER THUNDER MOUNTAIN FLORA

Pinaceae
Abies
Larix
Picea
Pinus (2 sp.)
Pseudotsuga

Taxodiaceae
Saquoia

Betulaceae
Alnus

Myricaceae
Comptonia

Rosaceae
Rosa
Spiraea
Sorbus

Salicaceae
Populus
Salix

Ericaceae
Vaccinium

Conifers make up 90 per cent of the florule. Age:
45 Ma.

VEGETATION ZONES AND TIlEIR ELEVATIONS

Text-figure 1 shows the area where these upland
floras occur and Text-figure 2 indicates the major
vegetation zones, their Warmth (W), and the eleva­
tion at which they probably lived. The temperature
(Warmth) of vegetation boundaries used here is
based on.the data for North America (Greller, 1989;
Axelrod, 1966, figs 3-5). They differ by 1-2 °C(2-4°F)
from those charted by Wolfe 0979, 1980, 1985) and
others, i.e., Wing & Greenwood, 1993). Those boun-

daries are based on present climatic data for eastern
Asia.

The temperature boundaries of the major vegeta­
tion zones charted by Wolfe 0979, plate 2, 1980,
1985) have no significance in terms of Warmth (W)­
the growing season represented by the vegetation
zones (see Axelrod, 1986, fig. 10). Text-figure 3 (from
Wolfe, 1985) shows that mean annual temperature
(T) and the mean annual range of temperature
(A=amplitude) only mark the major thermal boun­
daries of a vegetation zone. These data are so broad
they can only provide a general indication of
temperature conditions under which a fossil flora (or
vegetation) may have lived. By contrast, Text-figure
4 plots the temperature data charted byWolfe
C1979,p12) and shows that the vegetation boundaries
have very different degrees of Warmth (W=growing
season) to which the species of the zone are adapted.
As illustrated in Text-figures 4 and 6, the growing
season (Warmth, temperature (D is lowered and as
the range of temperature (A=amplitude) increases;
Table 1 indicates the duration oPWarmth for different
temperatures. In addition to Warmth (W) Text-figure
6 also shows (a) the temperateness of climate
(M=moderation) rated from an ideal of M 100 to MO;
(b) the frequency (% hours) of subfreezing tempera­
tures; and (c) the Water Need (N) ofvegetation (Table
2) under stipulated temperature conditions, all fea­
tures not determinable from the figures presented by
Wolfe 0979, 1980, 1985).

Table I-Warmth (W) and duration ofsummer (d-days) in British
units and metric units. Warmth (W) and Duration (Td)
of Summer (British units)

W(°F) Tel (days) W("F) Tel (days)

50.0 0.0 57.0 1794
501 194 571 1810
502 27.4 57.2 1826

503 336 57.3 184.3

504 38.9 574 185.9
50.5 436 57.5 1875

506 47.8 57.6 1891

50.7 517 577 1907

50.8 553 578 1924

509 587 57.9 194.0

51.0 620 58.0 1956

511 65.1 581 1972

51.2 682 582 198.8

513 709 583 2004

514 73.7 584 202.1

515 76.4 585 2038

516 790 58.6 2054

517 815 587 207.1
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W(oF) Td (days) WCOF) Td (days) W(oF) Td (days) WCOF) Td (days)

51.8 840 588 208.7 10.2 369 16.2 250.4
51.9 864 589 2104 10.3 45.3 16.3 253.9
52.0 888 59.0 212.0 104 52.4 164 257.5
52.1 91.1 59.1 213.7 10.5 58.7 16.5 261.2

52.2 934 59.2 215.4 10.6 64.5 166 264.9

523 95.6 593 217.1 10.7 69.8 16.7 268.8

52.4 97.8 594 218.8 10.8 74.8 16.8 272.8

52.5 99.9 595 220.5 10.9 795 16.9 277.0

526 102.0 596 222.2 11.0 84.0 17.0 281.3

52.7 104.1 597 223.9 11.1 883 17.1 285.8

52.8 106.2 598 225.6 11.2 925 17.2 290.5

52.9 1082 599 227.4 11.3 %5 17.3 2955

530 110.2 600 229.1 114 1004 17.4 300.8

531 112.2 60.1 230.9 11.5 104.1 17.5 3066

53.2 114.1 60.2 232.6 11.6 107.8 17.6 312.9

533 116.1 603 234.4 11.7 1114 17.7 320.0

53.4 118.0 604 236.2 11.8 114.9 17.8 328.4

535 119.9 60.5 238.0 11.9 1184 17.9 3394

536 121.7 60.6 2399 12.0 121.7 18.0 3651

53.7 1236 607 241.7 121 125.1

53.8 125.4 608 243.5 12.2 1284

53.9 127.3 609 245.4 12.3 131.6

54.0 1291 01.0 247.3 12.4 134.8

54.1 1309 61.1 249.2 12.5 137.9

54.2 132.7 612 2512 126 141.1

54.3 1344 61.3 253.1 12.7 144.1

544 136.2 61.4 2551 12.8 147.2

545 137.9 61.5 2571 12.9 150.2

546 139.7 61.6 2591 130 153.3

547 141.4 61.7 2612 13.1 1563

54.8 1431 61.8 263.3 13.2 159.2

549 144.8 01.9 265.4 133 162.2

55.0 146.5 62.0 267.5 13.4 165.1

55.1 148.2 621 269.7 13.5 168.1

55.2 149.9 62.2 271.9 13.6 171.0

55.3 151.6 623 2742 13.7 173.9

554 1533 62.4 276.5 13.8 176.8

555 1549 625 278.9 13.9 179.7

556 1566 626 2813 140 182.6

55.7 158.2 62.7 2838 14.1 195.6

55.8 159.9 62.8 286.3 14.2 188.5

559 161.5 629 288.9 14.3 191.4

560 163.2 630 291.6 144 194.3

561 164.8 031 2944 14.5 197.2

562 166.4 632 297.2 14.6 200.2

563 168.1 633 300.2 14.7 203.1

564 1697 634 3033 14.8 206.1

565 171.3 635 3066 14.9 219.0

56.6 172.9 636 310.0 15.0 212.0

56.7 174.6 637 313.6 15.1 215.1

568 1762 638 317.5 152 218.1

569 1778 639 321.7 153 221.1

640 3264 15.4 224.2

64.1 331.7 15.5 2274

642 337.9 15.6 230.5

643 3459 15.7 233.5

10.0 00 160 2435 158 2369

10.1 260 16.1 2469 159 2402
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Table 2 -Translation of lines of relative water need (N) into isohyets of mean annual precipitatlon.{P) acrordlng to specified
vegetation/moisture (V) categories, where P - N x V.

Moisture/ Arid Semi-Arid Subhumid Humid Perhumid
Vegel. V

2-5 4.7 6.4 8.7 10.7 13.2 162

Water Need N Mean annual precipitation (inches) '.

1 2.5 4.7 6.4 8.7 10.7 13'.'2 16.2

2 5.0 9.4 12.8 17.4 214 26.4 32.4

3 7-5 14.1 19.2 26.1 321 39.6 486

4 10.0 18.8 25.6 3'1.8 42.8 52.8 64.8

5 12-5 23-5 32.0 43-5 53-5 66.0 810

6 15.0 28.2 38.4 52.2 64.2 79.2 972

7 17-5 32.9 448 609 74.9 92.4 1134

8 20.0 376 51.2 69-6 856 105.6 129-6

9 22.5 42.3 576 78.3 963 118.13 1458

To determine e1evation,'the methodology used
here relies on the present association of diverse taxa
allied to those in a fossil flora. Granted, their
physiological responses have changed some what
since the Eocene, i.e., greater ada ptability of freezing,
and the loss of ability of withstand summer drought

so that taxa are now exotic to the region. But the
significant fact is that associations of species allied to
the fossils can still be found in areas of similar
Warmth-in areas with similar duration of the growing
season-as in the Pacific States, the eastern United
States, and eastern Asia. Floristicassociations provide
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Text-figure 3---TemperalUre boundaries of major vegetation zones of eastern Asi:l chaned by Wolfe (979). They only indicate
houndariesof vegetation in terms of Tand A. No other c1im:ltic conditions are indicated and c:ln not be determined.
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a closer approximation of paleoclimate and of eleva­
tion than resort to data based on leaf morphology
(size, tip, evergreen or deciduous, margin, entire-ser­
rate lobed, etc.) championed by Wolfe (993).
Among the weaknesses of that method are: (a) it does

not consider the climatic significance of conifers that
may make up well over 50 per cent of a Tertiary flora,
(b) it does not take into account riparian taxa th~lt may
dominate vegetation well outside their normal area
of forest-riparian occurrence, as on the the Great
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Text-figure 4--13y contrast, this cham the temperature data for the vegetation zones of eastern Asia ploned by Wolfe (I979, pI 2). They have very
different Warmth (W) or growing seasons, are very different in terms of temperateness, and also of subfreezing conditions, as detailed in
Text-figure 6.



94 THE PALAEOBOTANIST

Text-figure 5--IIIustrating the marked difference in estimated elevation
of modern upland stations using a normal laps rate of 5 SOC/lOOO
m; the line at the right is calulated from a lapse rate of 3°C/l000m.
Temperature data (T ~ mean annual temperature) from Wenslgedt,
1972 are as follows; Galveston 21.1°c and Cloudcroft 9.3°; Calcuna
26.9°C and Darjeeling 13.3°C; Portland 7.4°C and Mt. Washington
-2.~C; Chisimaio 26.9°C and Equator 13.1°C.

Tundra (Text-figures 4, 6;'Greller, 1988,1989; fig. 2)
if the range was from 10-2noC, the flora was in
conifer forest zone. A range of .~0-400C places it in a
conifer- deciduous hardwo~d' forest zone, and a
range of 40-60° C indicate$' the area of deciduous
hardwood forest. Such a range (A) is unlikely because
the flora also includes not only deciduous hardwoods
but broadleaved evergreen trees and a few conifers.
As illustrated earlier (Axelrod, 1985, fig. 3; 1991, fig.
3), very similar modern associations thrive today

. °under a range of 10- 12°C, and Warmth (W) of 12.5 C
036 days) to 13.3°C 062 day~) as listed in Table 1.
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plains, in the Kirghis, the Chad, the Ramu Valley or
Kenya: (c) the method does not account for the
gradual change in climate that occurs in any vegeta­
tion zone as it ranges across temperature zones
(Warmth) as the oak-hickory forest, the Coast conifer
forest, etc. and in which species composition does
not change significantly; and (d) large leaf size need
not indicate a relatively warm climate. Dicots in the
Paleocene-Eocene floras of Spitzbergen are com­
posed of serrate leaves, many of notophy II and
mesophy II in size. Their large size need only indicate
a response to the long day-length at the area, then
near 68-70° N. The effect of a long light period is seen
in the gigantic size of lettuce and cabbage leaves at
Matanuska, Alaska (Jat. 60° N) with only 4.6 months
with mean temperature of 10°C and only 2 months
with mean temperature of 12.8°C (55°F). In this
regard note that the Middle Miocene Seldovia point
flora, Alaska (Wolfe, 1980, then near Lat. 63° N
(Smith, Hurley& Briden, 1981, has leaves thata group
average larger than the Mascall flora, eastern
Oregon(Chaney & Axelrod, 1959), situated some
2900 km farther south at Lat. 44° N. One may argue
that the Mascall flora had moderate elevation (ca.
300-400 m) and was under a cooler climate and
therefore has somewhat smaller leaves than the Kenai
from near sea level. However, the Latah flora
(Knowlton, 1924; also in Brown, 1937) in eastern
Washington, and of similar age as the Mascall and
Kenai (ca. 15.5 Ma), and then close to sea level, also
has foliage than on average is smaller than the Kenai.
The larger leaves of the Kenai flora need not indicate
a climate warmer than that at Mascall or Latah, but a
longer summer light period for their growth.

Application of the method, captioned CLAMP by
Wolfe, to estimate the paleotemperature and eleva­
tion of a fossil flora, leads to questionable results. For
example, Wolfe and Schorn (994) state that the
mesic forest at Fingerrock lived under a mean annual
temperature (T) of 5° C (-5°C in abstract is a printers'
error). No estimate was given as to the range of
temperature (A=amplitude). As emphasized pre­
viously (Axelrod, 1981, fig. 11; 1986, fig. 11; 1992, fig.
2), T alone can not proVide an indication of tempera­
ture of a modern or of a fossil flora of the Warmth'(W)
or growing season under which it lived. If the Finger­
rock flora had a range of 0-1 OOC, it was in a zone of
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Likewise the pyramid flora, dominated by
deciduous hardwoods is stated by Wolfe and Schorn
(994) to represent a mean annual temperature (D of
7.5°C. Again, no indication is presented as to the
range of temperature (A amplitude). If it was 0-5 ° C
the flora was in Tundra zone, with A 5-13°c, it would
be in a conifer forest zone, from 13-25°C the flora
would represent a conifer-deciduous hardwood
forest, and from 25- 50°C the flora was in a deciduous
forest But temperatures of amplitude 40-500 C were
not present until the Quaternary. Wolfe and Schorn
used a lapse rate of 3°C/1000m to estimate elevation

of these floras which places the Fingerrock .at 4 km
and the Pyramid flora at 3 km. There is no geologic
evidence that such relief was in the region (Durrell,
1986). And at such levels subfreezing temperatures
would occur on fully 30% hrs/yr and eliminate many
of the species.

The method developed by Wolfe to use leaf mor­
phology to estimate paleotemperature has also been
used to determine elevation of the Florissant flora,
Colorado (Gregory & Chase, 1992; Wolfe, 1992;

° .Gregory, 1994). They infer a T of 11-12 C, but do not
indicate the range of temperature (A). With only a
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moderate range, say 20°C, at least 10% hrs/year
would be subfreezing and eliminate all the subtropi­
cals and broadleaved evergreens from the area. And
with a lapse rate of 3°C/I000m, The flora would have
an elevation of 2500-3000 m. In such areas today, as
in the uplands of Brazil, India, Nepal, or Guatemala,
there is only a very low range of temperature (A
5-10°C), they are frost-free, and support broadleaved
evergreen forests Wholly unlike that represented at
Florissant. The estimate of high elevation for the eaea
is not supported by geologic evidence which sug­
gests only low relief for the area if the later Eocene
are Early Oligocene (King, 1977; Epis & Chapin,
1985). In my opinion, all evidence suggests that the
Florissant flora probably had an elevation near 640
m, a T of ca. 15.5°C and an A of U°c. This represents
a Warmth ofW 14.5°C 097 days) and would support
all; the frost-sensitive subtropicals, the associated
deciduous hardwoods, as well as the conifers and
chaparral species.

To estimate elevation, I use a normal lapse rate
(Oliver & Fairbridge, 1987) of 5.5°C/l000 m/=182
~c. The procedure involves estimating the mean
annual temperature (T) and Warmth (W) at sea level,
or at the margin of a known floristic vegetation) level
defined with Warmth (W) (Bailey, 1960). The dif­
ference in T or W between it and that of an upland
flora at about the same latitude provides an indication
of its elevation. For example, if the difference is WaC,
then the interior upland flora is at 100 x182m or 1829
m (5979 ft.). The 7lethod was refined by the
climatologist H.P. Bailey (in Axelrod & Bailey, 1976)
and gives consistent results for areas with normal
lapse rate as well as for areas where lapse rate is
lower-as along the Pacific Coast from Washington
State southward, as demonstrated earlier by Axelrod
1966, Tables 2-9).

That a normal lapse rate in areas with ample
summer rainfall gives a fair estrimate of elevation can
readily be tested by calculating elevation of modern
upland stations, one at sea level, the other in moun­
tains (Text-figure 5 left vertialline). A recent proposal
is that lapse rate 3°ClI000 m 03 m/-°C) gives a close
approximation of e1ecation (Wofe, 1992). However,
if used the above example OOoC x 333 m) elevation
would be 3996 m 03,108 ft). As illustrated in figure 5
m (right vertical line) elevations determined from
lapse rate 3° Cll 000 are regularly 1000-2000 m higher
than those of known upland stations. Comparable

differences are to be expe.ctea if ~sed to estimate
elevation of a Tertiary flora.' , .

With respect to the e1evatioJ1 ofthe Copper Basin
flora (Axalrod, 1966), 30 ye~fS~i:Jg9'I estimated that it
was near 1089-1220 m (36Q04000ft). This is noW
revised on the basis of a better~understanding of the
significance of Warmth (W), 'the growing season of
vegetation zone as developec.l by Bailey (960) and
illustrated for diverse assoGiatjolls by Axelrod 0956,
figs 3-8; 1964, fig. 5; 1980; fig.; 5~'199i, fig. 3; 1992, fig;
3); Axelrod and Raven 0985" figs 5,6); and Greller
0988, ]989). The Copper Basin flora was situated in
the middle-upper part of toe ro.nifer- deciduous
hardwood forest of the warnr temperate rainforest
represented by the Goshen and ~llied floras noted
earlier (Axelrod, 1966, p. 48A9--). With a mean annual
temperature (T) of 18°C and a mean annual range of
A 10°C (A-amplitude), Warmth was W 15.7°C (234
days warmer), as shown in T~xt- figure 6. With a

. °normal lapse rate, elevation was near 182 x 9.0 C, or
at 1635 m (5395 ft.). Because' the fossils site is now at
2164 m (7,100 ft), uplift has been on the order of 530
m 0730 ft.). Treeline, situated 13°CaboveT 18°C and
W 15.7°C was then near 2366 m (8710 ft). Which is
395 m 0290 ft.) lowerthan it is today. This is expec­
table for with greater equability (temperatene~s) all
Warmth lines coverage (Text-figure 6).

By Contrast, if we use a lapse rate of 3°C/I000 m
(Wolfe, 1992), then the Coppwe Basin site would be
at 9° x 333 m or at 2995 m (9830 ft). This is 830 m
(2730 ft) higher than the locality today. Treeline,
situated 13°C above T 18°C, W I5.7°C and A 10°C,
would then be at 4330 m 04,200 ft.). This is 1220 m
(4000 ft.) higherthan treeline today. The factors that
might account for such a major decrease in treeline
since the Eocene, and in the fae of the onsiderable
geologic evidence that there has been muh regional
uplift, are not explainable.

CONCLUSION

The species in these montane floas show that
each vegatation zone has an impressive number of
modern genera that have survived from the Eocene.
Further, the species show relationship to modern
speccies-groups, i.e., setionss, series. This is appart>nt
in Pinus Sect. Strobi, Ponderosae, Contortae; in
Populus Sect. Tacamahaca, Leuce; in Querus Sects.
Phellos, Hex, Rubrae, Albae; in AcerSeccts. Negundo,
Integrifoliae, Spicata; in Betula Series Acuminate,
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Excelse and many other genera. Further, the associa­
tions of thses species allied to the fossils occupy areas
of similar Warmth (W=growing season, the duration
of summer). It is this that provides a sound basis for
climatic interpretation and also estimating the eleva­
tion at which they probably lived.

As charted in an early study (Axelrod, 1955, fig.
12), Miocene floras were arranged with respect to
several vegetation zones that represent progressively
cooler climate (shorter summers) with increasing
elevation. This is also true ofthe upland Eocene foras.
At elevations above mixed evergreen temperate rain­
forest a rich broadleaved deciduous hardwood forest
dominated at elevations from 455-365 m (1195-4180
ft). It gave way to a mixed conifer-deciduous
hardwood forest that covered areas at elevations from
1365-1730 m. Above the general level of 1730 m pure
conifer forest sumed normal lapse rate of 5.5°C/l000
m, provide a closer estimate of elevation than a lapse
rate of 3°C/l000 m which raises serious tectonic,
ecologic and climatic problems.
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