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ABSTRACT. The fossil fl oras of south-western Montana, U.S.A. contain an important record of climate and 
biotic change in the northern Rocky Mountains across the Eocene/Oligocene transition. Palaeogene climate and 
biotic evolution in the northern Rocky Mountains is poorly known compared to central/southern Rocky Moun-
tains (Florissant) and Pacifi c coast (Bridge Creek) localities even though this area is of critical importance as 
a Palaeogene ecotone between the central Rocky Mountains and Pacifi c coast regions and between contemporary 
high and low elevation vegetation. Statistical analysis of fossil leaf morphology and the distribution of plant taxa 
at the family level were used to estimate palaeoclimate parameters and to determine nearest living analogs for 
the palaeofl oral associations of southwestern Montana. Palaeoclimate estimates indicate moderate cooling and 
a pronounced summer drying trend associated with the establishment of widespread Antarctic glaciation in the 
early Oligocene. The taxonomic structure of the fl oras of southwestern Montana changed from warm temper-
ate/subtropical taxa to warm/cool temperate taxa including a pronounced xeric (dry-adapted) component across 
the Eocene/Oligocene transition. Early Oligocene palaeoelevation estimates vary from ~ 2.5 km in the east to 
~ 1.5 km in the west coincident with a previously interpreted Palaeogene rift valley system. 

KEYWORDS: Palaeoclimate, Palaeoelevation, Palaeofl oral evolution, Multivariable statistics, Eocene/Oligocene transition, 
Montana

INTRODUCTION

The period encompassing middle Eocene to 
early Oligocene time was a critical transition 
period for terrestrial climate and biotic evolu-
tion. This era witnessed the gradual deteriora-
tion of worldwide greenhouse conditions and 
the slow stepwise cooling and drying of the 
global climate culminating in the full conti-
nental glaciation of Antarctica and the begin-
ning of global icehouse conditions during the 
early Oligocene (Prother 1994, Zachos et al. 
2001, Ivany et al. 2006). In North America, 
Palaeogene climate shifts were accompanied 

by profound regional changes in terrestrial 
vegetation and dependent biological systems 
(Wing 1987, Graham 1998 & 2011). In the 
Pacifi c Northwest, a late Eocene (~38.5 Ma) 
cooling event resulted in the replacement of 
evergreen subtropical vegetation by temperate 
deciduous forest (Myers 2003). Mesothermal 
conditions returned briefl y in the latest Eocene 
(~37 Ma) but the long term cooling trend con-
tinued across the Eocene/Oligocene boundary 
(Myers 2003). Throughout the interior Pacifi c 
Northwest, modest cooling (~ 2–3°C), increased 
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rainfall seasonality and a reduction in the cold 
month mean temperature are observed across 
the Eocene/Oligocene boundary (Graham 1999, 
Myers 2003). In response to these climate 
trends, cool temperate vegetation migrated 
coastward and toward lower elevations (Wolfe 
1992a, Myers 2003, Graham 2011).

 In the central and southern Rocky Moun-
tains, a similar cooling and drying trend is 
observed. The warm temperate to subtropi-
cal latest Eocene (34.1 Ma) Florissant fl ora of 
Colorado gave way to the cool temperate early 
Oligocene Antero fl ora (Graham 1999, Meyer 
2003). The younger Oligocene (~27 Ma) Creede 
fl ora is representative of modern Rocky Moun-
tain high altitude coniferous forest (Meyer, 
2003). These vegetation shifts indicate a change 
in mean annual temperature from 12–14°C at 
Florissant to 0–6°C at Creede (Meyer 2003). 

The late Eocene/early Oligocene palaeofl oras 
of southwestern Montana occupy a geographic 
position between the Pacifi c coast and cen-
tral Rocky Mountains and contain many taxa 
identical or closely related to species from both 
these areas. However, the relationship between 
climate and fl oral change in the northern Rock-
ies is poorly understood compared to the better 
studied palaeofl oras of Colorado and the Pacifi c 
Northwest. Moreover, southwestern Montana 
during the Palaeogene was divided into many 
semi-isolated basins separated by signifi cant 
highlands (Lielke 2012, Rothfuss et al. 2012, 
Lielke & Thomas 2012a, b) resulting in the 
juxtaposition of high and low elevation vegeta-
tion. Therefore, the palaeofl oras of southwest-
ern Montana are an important link connecting 
Pacifi c coast and continental interior ecosystems 
as well as illustrating the dynamics of altitudi-
nal zonation of Palaeogene vegetation. 

FOSSIL FLORAS
OF SOUTHWEST MONTANA

Fossil plants in southwestern Montana, 
U.S.A. are found in the lacustrine, fl uvial and 
paludal sediments of the Palaeogene Renova 
and Medicine Lodge Formations (Fig. 1). 
Although the same sequence of strata is not 
present in every basin (Fig. 2), age determi-
nations from biostratigraphy, magnetostratig-
raphy and radiometric dating (Tabrum et al. 
1997, Tabrum et al. 2002, Fritz et al. 2007) 
suggest a predominance of late Eocene and 

early Oligocene sediments (Chadronian, Ore-
llan and Whitneyan North American land 
mammal ages (NALMA)). Biostratigraphy and 
magnetostratigraphy from the Sage Creek area 
east of Dell, Montana indicate that the Eocene-
Oligocene (E/O) transition is locally preserved 
in the Palaeogene sediments of southwestern 
Montana (Tabrum et al. 1997). 

In southwestern Montana, two areas in par-
ticular host abundant, well-studied palaeobo-
tanical remains – the Fossil Basin area in the 
Upper Ruby River Valley (Becker 1960, 1961, 
1964, 1972 1973) and the Beaverhead Basins 
area west of Clark Canyon Reservoir (Becker 
1964 1969). The Fossil Basin area contains 
four palaeofl oras located at different strati-
graphic levels all within a small area of only 
a few km2. These are, in order of decreasing 
age, the Mormon Creek, Metzel Ranch, Ruby 
and York Ranch palaeofl oras. The Beaver-
head Basins fossil material was subdivided 
by Becker (1969) into three units – in order of 
decreasing age, the Christensen Ranch, Horse 
Prairie and Medicine Lodge fl oras located in 
three small areas each separated by about ten 
kilometers. 

These seven palaeofl oras appear to strad-
dle the E/O transition and therefore provide 
critical constraints on Palaeogene climatic and 
biotic change in the North American continen-
tal interior. In the Fossil Basin area, the oldest 
assemblage, the Mormon Creek fl ora, occurs 
in fl uvial overbank mudstone of the Climbing 
Arrow Member of the Renova Formation. Litho-
logically identical mudstones at this strati-
graphic level in the Climbing Arrow Member 
contain early Chadronian NALMA fossils (late 
Eocene) at localities to the north and south 
of the Fossil Basin area (Monroe 1976, 1981). 
Given its stratigraphic position, the Mormon 
Creek palaeofl ora likely predates the fi nal cli-
matic deterioration at the E/O boundary. The 
Metzel Ranch fl ora occurs in lithologically 
similar mudstones near the top of the Climb-
ing Arrow Member, stratigraphically close to 
the lacustrine shales which house the Ruby 
fl ora. Previously, the Ruby laminated shales 
were wrongly assigned to the early Miocene 
Passamari Member of the Renova Formation 
(Monroe 1976). This improper age assignment 
led earlier authors to wrongly conclude that 
the Ruby fl ora was the youngest of the four 
Fossil Basin palaeofl oras (Wing 1987, Graham 
1998, 2011). 
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Recent radiometric age dating and magne-
tostratigraphic studies have led to revisions 
in the age of several regional fl oras (notably 
the Florissant and Bridge Creek fl oras) with 
close affi nities to the Montana palaeofl oras 
and to changes in the correlation of NALMA 
with the standard geologic time scale. Becker 
(1960, 1961) based his original age assign-
ments on correlations with allied fossil fl oras 
now considered late Eocene/early Oligocene, 
rather than late Oligocene/early Miocene, in 
age (Meyer & Manchester 1997, Meyer 2003) 
and on associated Chadronian mammal fossils, 
then considered Oligocene, and now correlated 
with the late Eocene (Prothero 1985, 1994, 
1995, Lloyd et al. 2008). 

Based on these revised ages and new fi eld 
observations, the Ruby laminated shales and 
similar sediments to the north and northeast 
are reassigned to the top of the late Eocene/
early Oligocene Climbing Arrow Member 
(Lielke 2012, Lielke & Thomas 2012a). Fol-
lowing these age revisions, the Metzel Ranch 

and Ruby fl oras are reinterpreted as a tran-
sitional phase of vegetation close to the E/O 
boundary. The York Ranch fl ora occurs within 
fl uvial sandstone of the Oligocene Dunbar 
Creek Member of the Renova Formation and 
clearly postdates the E/O boundary. In the 
Williams Creek area, several kilometers to 
the northeast, the Dunbar Creek Member is 
overlain by a 32.2 ± 0.4 Ma basalt fl ow (Petke-
wich 1972, Fritz et al. 2007) which provides an 
uppermost age constrain on the Fossil Basin 
 palaeofl oras. 

In the Beaverhead Basins area, fossil mam-
mal remains of Chadronian (late Eocene) age 
underlie the palaeobotanical sites which are 
in turn overlain by early Arikareean (late 
 Oligocene) fossils (Matoush 2002). Basalt 
overlying the lacustrine deposits of the Medi-
cine Lodge Formation has been dated at 
27.5 ± 0.78 Ma, providing an uppermost bound-
ary for the age of the palaeofl oras (Janecke 
et al. 1999). The stratigraphic location of 
the palaeofl oral sites combined with a high 

Fig. 1. Geologic map of southwestern Montana, USA. Bold faced letters indicate fossil plant localities – BB = Beaverhead 
Basins area west of Clark Canyon Reservoir, SC = Sage Creek Basin & FB = Fossil Basin locality in the Upper Ruby River 
Valley (Modifi ed from Portner, 2003). Eocene/Oligocene aged strata are light brown/tan on this map and Paleogene volcanics 
are purple
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percentage (~40%) of shared species suggest 
that the Beaverhead Basins palaeofl oras are 
early Oligocene, or less likely latest Eocene, 
transitional assemblages similar in age to the 
Ruby and Metzel Ranch fl oras (Becker 1969). 
Similarity coeffi cients calculated using plant 
family presence/absence data for each palaeo-
fl ora also suggest a close relationship to the 
Ruby and Metzel Ranch palaeofl oras and less 
affi liation with the older Mormon Creek and 
younger York Ranch palaeofl oras (Table 5). 

REVISED PALAEOFLORA TAXA LISTS

The fossil fl oras of southwestern Montana 
were published as monographs by Herman 
Becker during the 1960’s and 70’s (Becker 
1960, 1961, 1969, 1972, 1973) and have not 

been systematically reviewed since then. 
Recent work on Palaeogene palaeofl oras from 
the central/southern Rocky Mountains and 
Pacifi c Northwest (especially the Florissant 
and Bridge Creek fl oras) suggest that the 
taxonomic assignments of the palaeofl oras of 
southwestern Montana are in need of revi-
sion. A preliminary updated version of the 
Becker fl oral lists (Table 1) is presented here. 
This revision is based largely on work pub-
lished since 1980 on similar and identical spe-
cies from the Florissant and Bridge Creek fl o-
ras (Meyer & Manchester 1997, Manchester 
2001). However, a more thorough taxonomic 
revision, beyond the scope of the present 
study, is clearly still needed. These new fl o-
ral lists were used to calculate nearest living 
analogs (NLA) for the southwestern Montana 
palaeofl oras. 

Fig. 2. Stratigraphy of the Paleogene Renova Formation and Medicine Lodge Beds Formation in southwestern Montana and 
eastern Idaho. Chronologic data included for absolute age (in million years (Ma)), geomagnetic polarity time scale (chrons) 
and North American Land Mammal Age (NALMA). The Sage Creek Basin is located approximately halfway between the 
Beaverhead Basins area and the upper Ruby River Valley. Letters indicate the approximate stratigraphic position of fossil 
fl oras – ML = Medicine Lodge paleofl ora, HP = Horse Prairie paleofl ora, CR = Christensen Ranch paleofl ora, YR = York Ranch 
paleofl ora, RB = Ruby paleofl ora, MR = Metzel Ranch paleofl ora and MC = Mormon Creek paleofl ora
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Table 1. Revised fl oral lists for gymnosperm and angiosperm taxa contained in the Fossil Basin and Beaverhead Basins 
paleofl oras. These revisions are based on taxonomic work conducted on fl oras of comparable Paleogene age since the original 
publication of Hermann Becker’s monographs on the fossil plants of southwestern Montana. In particular the latest Eocene 
Florissant (Meyer 2003, Manchester 2000) and early Oligocene Bridge Creek (Meyer & Manchester 1997) paleofl oras contain 
affi liated taxa. New names are in bold, questionable assignments in the original Becker monographs are indicated by a pre-
ceeding *, names followed by a superscript P are taxa attested by pollen data as well as megafl oral remains (pollen data from 
Leopold et al. (1973)). An X under the heading for each paleofl ora indicates the presence of diagnostic megafl oral remains 
while a P indicates taxa known only from palynomorph data. Superscript numerals indicate footnotes for taxa modifi ed from 
Becker’s original taxonomic assignments

Family Genus Species / 
Morphotypes

Mormon 
Creek

Metzel 
Ranch Ruby York 

Ranch

Beaver-
Head

Basins

Pinaceae

AbiesP

laticarpa X X
alvordensis X
concoloroides X
longirostris X

PiceaP

lahontensis X X
magna X
sonomensis X

Pinus1P

fl orissanti X X
macginitiei X
*monticolensis X
*hexaphylla X
*tetrafolia X
wheeleri X

Pseudolarix americana X

PseudotsugaP

masoni X
longifolia X
sonomensis X

Taxaceae P

TaxodiaceaeP

Glyptostrobus
oregonensis X X
dakotensis X

Metasequoia occidentalis X X
SequoiaP affi nis X X
Taxodium dubium X

CupressaceaeP

Chamaecyparis linguaefolia X X
Juniperus nevadensis X X
Thuja diamorpha X X

Gnetaceae Ephedra sp. P
Ginkgoaceae Ginkgo2 adiantoides X X X
TyphaceaeP Typha3 lesquereuxi X X X X

Gramineae

Phragmites alaskana X
Agrostis primaeva X
Arundo pseudogoepperti X
Poacites sp. X

Sabiaceae Sabia4 sp. X
Limnanthaceae Floerkea rubyensis X
Potamogetonaceae5 Potamogeton parvus X

Cyperaceae Eleocharis6 lacustris X
angustifolius X

Liliaceae *Smilax7 rubyensis X
trinervis X

Cannaceae Canna8 fl accidafolia X

Salicaceae Populus

balsamoides X X X X X
adamantea X X X
cedrusensis X
cinnamomoides X
crassa X
eotremuloides X
lindgreni X
payettensis X X
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Family Genus Species / 
Morphotypes

Mormon 
Creek

Metzel 
Ranch Ruby York 

Ranch

Beaver-
Head

Basins

Salicaceae

Populus
salicoides X
succorensis X
washoensis X

Psuedosalix9

cockerelli X X
longiacuminata X
succorensis X X

Salix

coloradica X
hesperia X X
knowltoni X
laevigatoides X
longiacuminata X
schimperi X
stipulata X
taxifolioides X
truckeana X X X
wildcatensis X
wimmerianna X X X
longissima X
rivularis X

Myricaceae *Myrica10

dorfi X X
lignitum X X
mormonensis X X
metzeli X
serrulata X X X

Juglandaceae
CaryaP antiquorum X

libbeyi X X
Engelhardtia sp. P
Juglans sp. X

Betulaceae

AlnusP

carpinoides X
jarbidgana X X
protomaximowiczii X
relata X X X

Betula

fairii X X
thor X
vera X
sp. X

Paracarpinus11 lanceolata X X
fraterna X X

Corylus insignis X
*Ostrya12 oregoniana X

Fagaceae

Fagus washoensis X

Castanea
spokanensis X X
dolichophylla X
miomollissima X

Fagopsis13 longifolia X X

QuercusP

brooksi X
consimilis X
convexa X X
dayana X
dispersa X
elwyni X
eoprinus X
hannibali X
mohavensis X
prelobata X

Table 1. Continued
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Family Genus Species / 
Morphotypes

Mormon 
Creek

Metzel 
Ranch Ruby York 

Ranch

Beaver-
Head

Basins

Fagaceae QuercusP

prevariabilis X
pseudolryata X
simulata X
winstanleyi X

UlmaceaeP

Celtis

mccoshi X X
alderensis X
chaneyi X
kansana X

UlmusP

montanensis X X
moorei X
paucidentata X X
speciosa X X X

Cedrelospermum14P

drymeja X X X
hesperia X
nervosa X X
oregoniana X X X
ungeri X

Moraceae Morus
symmetrica X
eorubra X

*Proteaceae15

*Lomatia lineata X

*Knightophyllum
angustum X
wilcoxianum X

Eucommiaceae Eucommia browni X

Nymphaeaceae
Nymphaeites nevadensis X X
Nelumbo sp. X
Nuphar advenoides X

Cercidiphyllaceae *Cercidiphyllum16

elongatum X X X
arcticum X X
crenatum X

Ranunculaceae Clematis ellensburgensis X

Berberidaceae
Mahonia

marginata X
hakeaeformis X X
limirivuli X
lobodonta X
obliqua X X
reticulata X
simplex X X
subdenticulata X X X
peloronta X

Berberis acanthoides X
Cruciferae Thlaspi primaevum X

Saxifragaceae

Philadelphus parvulus X

*Hydrangea
knowltoni X X
californica X

Ribes
auratum X
cerinum X

Eucommiaceae Eucommia montana X X
Menispermaceae Cocculus heteromorpha X

Lauraceae

Laurophyllum intermedium X
Nectandra antillanafolia X
Persea praelingus X

*Sassafras17

ashleyi X
columbiana X
hesperia X

Elaeagnaceae Eleagnus sp. P

Table 1. Continued
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Family Genus Species / 
Morphotypes

Mormon 
Creek

Metzel 
Ranch Ruby York 

Ranch

Beaver-
Head

Basins

Hamamelidaceae Exbucklandia oregonensis X

Platanaceae Platanus
dissecta X X
stenoloba X

RosaceaeP

Cercocarpus18

antiquus X X
bea-annae X X
myricaefolius X

Amelanchier
dignata X
couleeana X
covea X

Chamaebatia prefoliolosa X

*Crataegus19

copeana X
elwyni X
pacifi ca X

Kerria antiqua X

*Potentilla20

passamariensis X
horkelioides X
salmonensis X X

Prunus

scottii X X X
lyoniifolia X
moragensis X
wilcoxiana X

Pyracantha spatulata X
Rosa hilliae X X X X

Sorbus
carcharodonta X
harneyensis X

Spiraea
clavidens X X
decurrens X

Vauquelinia coloradensis X
Waldsteinia insolita X

Leguminosae21

Leguminosites sp. X
Albizzia ovalicarpa X

Caesalpinites
acuminatus X
coloradicus X

Canavalia eocenica X

Cassia

glenni X
fayettensis X
hesperia X
reticuloides X

Cercis
parvifolia X X
spokanensis X

Cladrastis
oregonensis X
prelutea X

Conzattia coriaceae X
Dalbergia retusa X
Desmodium rubycanum X
Diphysa presuberosa X
Leucaena californica X X
Lonchocarpus oregonensis X
Mimosites acaciafolius X
Parkinsonia constricta X
Pithecolobium eocenicum X

Robinia
californica X
lesquereuxi X

Sophora spokanensis X
Astragalus wilmattae X

Table 1. Continued
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Family Genus Species / 
Morphotypes

Mormon 
Creek

Metzel 
Ranch Ruby York 

Ranch

Beaver-
Head

Basins

Simaroubaceae
Ailanthus americana X X X
Chaneya22 truncatum X X

Meliaceae *Cedrela23 lancifolia X X
pteraformis X X

Anacardiaceae

Cotinus fraterna X
Metopium metopioides X

Rhus

obscura X X
milleri X
miosuccedanea X
praeovata X
stellariaefolia X

EuphorbiaceaeP Mallotus riparius X

Aquifoliaceae Ilex
acuminata X
rubyensis X

Celastraceae

Celastrinites populoides X
Celastrophyllum antrorsum X

Celastrus
robertsi X
typicus X

Euonymus pacifi cus X
Staphyleaceae Staphylea splendens X

Sapindaceae24

Acer

fl orissanti X
*aequidentatum X
*bendirei X
bolanderi X
*glabroides X X X X
*minor X X
*oregonianum X
*scottiae X

Athyana haydeni X
*Cardiospermum25 terminale X X
Cupanites formosus X
Dipteronia insignis X X X
*Dodonaea26 reniptera X

*Koelreuteria27

arnoldi X X
bipinnatoides X
mixta X
nigricans X

*Sapindus28 coloradensis X X X

Rhamnaceae

Berchemia huanoides X

Ceanothus
variabilis X
prespinosus X

Colubrina pre-elliptica X

Paliurus
dumosus X
fl orissanti X X

Reynosia preanuntia X

Rhamnus
rubyvallis X
crocea X

Rhamnites
berchemiaformis X
psuedo-
stenophyllus X

Rhaemnus plena X

Vitaceae Vitis
muscadinioides X X X
washingtonensis X

Nyssaceae Nyssa
crenata X X
hesperia X

Table 1. Continued
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Family Genus Species / 
Morphotypes

Mormon 
Creek

Metzel 
Ranch Ruby York 

Ranch

Beaver-
Head

Basins

Elaeocarpaceae Elaeocarpus apiminax X

Alangiaceae
Alangium aequalifolium X X
Grewiopsis elegans X

Ericaceae
Vaccinium sophoroides X X
Arctostaphylos cuneata X

Dilleniaceae Dillenites tetracerafolia X
Flacourtiaceae Idesia glandulosa X
Eleagnaceae Shepherdia weaveri X

Araliaceae Aralia
rubyensis X
taurinensis X

Cornaceae
Cornus

buchi X
cornella X X
ovalis X X

Alangium aequalifolium X
Sapotaceae Bumelia balli X
Ebenaceae Diospyros29 oregoniana X

Oleaceae
Fraxinus

rupinarum X X X
brevialata X
eocenica X
fl exifolia X
yubaensis X

Osmanthus preamissa X

Malvaceae30P

Craigia31 cassioides X
miocenica X X

Florissantia32 speiri X X
*Sterculia wilcoxensis X

Tilia
inaequalis X
aspera X

Caprifoliaceae

Symphoricarpus elegans X
Sambucus newtoni X

*Viburnum33 palmatum X
kraeuseli X

Scrophulariaceae Paulownia
columbiana X
thomsoni X

Bignoniaceae
Catalpa rubyensis X
Callichlamys zeteki X

*Compositae34 Viguiera cronquisti X

1 Following reassessment of Florissant pines, the foliage and seeds (pl. 8, fi gs 1–4, Becker 1961) & (pl. 6, fi gs 1, 2, Becker 
1969) previously assigned to P. fl orissanti reassigned to P. macginitei, cones (pl. 8, fi gs 5, 9, Becker 1961) & (pl. 9, fi g. 12, 
Becker 1961) may still be valid as P. fl orissanti. Four to six (mostly 5) needle fasicles previously assigned to P. monticolensis, 
P. tetrafolia & P. hexaphylla likely P. wheeleri. P. tetrafolia & P. hexaphylla were defi ned on the basis of single specimens and 
are more likely unusual specimens of P. wheeleri rather than new species. 
2 Several short shoots (pl. 5, fi g. 1, Becker 1969) & (pl. 1, fi g. 6, Becker 1972) are questionably aligned with Ginkgo and may 
instead belong to Pseudolarix or another gymnosperm genus. However, the presence of a single Ginkgo leaf (fi g. 4, Becker 
1964) establishes the presence of the Ginkgoaceae in the Ruby paper shale fl ora. 
3 Some specimens interpreted as Typha leaves are rejected based on the absence of wavy cross veins between the primary 
veins (pl. 13, fi gs 13–18, Becker 1969). However, other leaves may still be legitimate Typha (pl. 2, fi g. 6, Becker 1972), Pollen 
establishes the presence of the family Typhaceae in the Beaverhead Basins fl ora (Leopold & MacGinitie, 1972).
4 These fruits (formerly Symplocarpus (pl. 13, fi gs 19, 20, Becker 1969)) are provisionally reassigned to Sabia (Sabiaceae), The 
family Araceae is likely not present based on current specimens.
5 Formerly family Zosteraceae
6 Formerly genus Cyperacites
7 Entire margin leaves in Ruby fl ora (pl. 11, fi gs 9–11, Becker 1961) could be Dioscorea instead. Similar shaped leaves with 
toothed margins in Beaverhead Basins (pl. 15, fi g. 7, Becker 1969) are likely Rhamnaceae (Paliurus, Ceanothus).
8 Possibly Zingiberales rather than Canna.
9 Psuedosalix recognized by Manchester (2006) includes Salix cockerelli, S. longiacuminata & S. succorensis (leaves) Antholithes 
botryantra & A. tulipoidea (fruits) and Carpites carum-carvi & C. eludens (capsules). Other species of Populus and Salix could 
properly belong in Pseudosalix as well. Given the known variability of leaves of the Salicaceae, several of Becker’s established 

Table 1. Continued
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species could be invalid especially if based on only a few specimens. Some reproductive axes previously assigned to Populus 
(pl. 16, fi gs 7, 8, Becker 1969) are likely taxodiaceous pollen cones instead. 
10 Some specimens assigned to Myrica (pl. 16, fi gs 16, 17, Becker 1969) may be Rosaceae instead based on details of the com-
pound teeth.
11 Carpinus specimens reassigned to extinct genus Paracarpinus. Asterocarpinus fruits are also present in Beaverhead Basins 
fl ora (Manchester & Crane, 1987).
12 Assignment to Ostrya questionable. Venation (pl. 18, fi g. 7, Becker 1969) suggests that inclusion in Rosaceae is more 
likely.
13 Following Manchester & Crane (1983), the extinct genus Fagopsis has been moved from the Betulaceae to the Fagaceae.
14 As at Florissant, Zelkova leaves have been reassigned to Cedrelospermum (Manchester,1989) although the distinctive 
Cedrelospermum fruits have not been found in SW Montana to date. Zelkova could still be present in Montana although mac-
rofossil evidence for its occurrence is equivical. Pollen assigned to Zelkova was reported by (Leopold & MacGinitie, 1972).
15 The southern hemisphere family Proteaceae is not considered valid at contemporary North American Paleogene localities. 
The proper assignment of these genera is unknown.
16 Leaves assigned to Cercidiphyllum (pl. 24, fi gs 5, 7, Becker 1969) reassigned to extinct genus Trochodendroides, pods (pl. 
24, fi g., Becker 1969) reassigned to extinct genus Nyssidium.
17 Some specimens assigned to Sassafras (pl. 26, fi gs 8–10, Becker 1969) and (pl. 25, fi gs 5–8, Becker 1973) may be Lindera 
or Litsea instead.
18 Species identifi ed as Cercocarpus (pl. 22, fi gs 1–6, Becker 1961) and (pl. 30, fi gs 13–21, Becker 1969) may represent an 
extinct ancestral genus rather than the extant genus Cercocarpus.
19 Assignment to Crataegus questionable.
20 Some specimens assigned to Potentilla (pl. 30, fi gs 1–5, Becker 1969) and (pl. 22, fi gs 18–21, Becker 1961) may be Rosa 
instead. Specimens lacking distinctive characters provisionally retained in Potentilla.
21 Assignment of speciemns of Leguminosae to genera are provisional as these specimens often lack distinguishing characters 
which would allow identifi cation to the generic level. Some pods assigned to Cercis (pl. 32, fi g. 8, Becker 1969) are not Cercis 
owing to the lack of a wing along the suture.
22 Fruits (pl. 34, fi gs 5–12, Becker 1969) and (pl. 25, fi gs 1, 2 Becker 1961) originally assigned to Astronium (Anacardiaceae) 
now belong to the extinct genus Chaneya (Simaroubaceae). Leaves (pl. 34, fi g. 4, Becker 1969) may belong to Rhus
23 Seeds could be Toona instead.
24 Family Aceraceae now considered to be a subfamily of family Sapindaceae. Fossil Acer was extensively revised by Wolfe 
& Tanai (1987). These revisions are summarized as follows (see Wolfe and Tanai (1987) for details and specimen numbers): 
Only A. fl orissanti and possibly A. bolanderi are still considered valid, A. aequidentatum is reassigned to Platanus appen-
diculata & A. bendirei is reassigned to Platanus bendirei, A. glabroides, A. minor, A. oregonium & A. scottiae are considered 
invalid. Specimens assigned to these four species are reassigned to A. alverdense, A. beckeri, A. elwyni, A. grantense, A. hueberi, 
A. macginitiei, A. montanense & A. tiffneyi 
25 Questionable assignment to Cardiospermum. Most likely an extinct genus of Sapindaceae.    
26 No collaboration of Dodonea from distinctive winged seeds.        
27 No collaboration of Koelreuteria from distinctive fruit valves.       
28 Evidence for affi liation with genus Sapindus equivical.        
29 Diospyros fruits (pl. 38, fi gs 2–22, Becker 1969) are reassigned to Paliurus. Leaves are undiagnostic for Diospyros so the 
presence of the family Ebenaceae cannot be substantiated. 
30 The families Steruliaceae, Tiliaceae & Bombacaceae now combined into Malvaceae. Specimen assigned to Sterculia (pl. 38, 
fi g. 3, 1969) more likely Platanus.
31 Fruits originally assigned to Ptelia (pl. 33, fi gs 7–14, Becker 1969), (pl. 10, fi gs 12–14, Becker 1972) and (pl. 23, fi gs 16–18, 
Becker 1961) in the family Rutaceae are reassigned to Craigia in the family Mavaceae.    
32 Specimens formerly assigned to Holmskioldia (pl. 30, fi gs 1–3, Becker 1961) and (pl. 39, fi gs 6, 7, Becker 1969) in the family 
Verbenaceae now assigned to extinct genus Florissantia in Malvaceae.
33 Specimens previously assigned to Viburnum (pl. 39, fi g. 11, Becker 1969) likely belong to family Platanaceae instead. Vibur-
num cannot be substantiated.
34 No distinctive features assign this specimen (pl. 39, fi g. 15, Becker 1969) to Compositae. It is more likely a degraded cup-
presaceous cone. Compositae cannot be substantiated

RATIONALE OF STUDY 
METHODOLOGY

Previous methods for estimating palaeocli-
mate from fossil plant remains fall under two 
basic categories: 1) methods based on a nearest 
living analog (NLA) for the taxa under inves-
tigation, and 2) those based on the morphol-
ogy of fossil leaves and the known empirical 
relations between modern leaf characters and 
the physical environment (Givnish 1979, 1986, 
Graham 1998). The earliest estimates of pal-
aeoclimate either involved fi nding the nearest 

living relatives of individual fossil species and 
assigning similar climatic tolerances to their 
ancestors (MacGinitie 1953), or employed the 
strong correlation between mean annual tem-
perature (MAT) and the presence of entire leaf 
margins (Wolfe 1979), which was fi rst estab-
lished by Bailey and Sinnott (1915, 1916). 
More recent attempts at palaeoenvironmental 
reconstruction have generally employed mul-
tiple linear regression (MLR) and ordination 
techniques to establish empirical relation-
ships between multiple (> 30) leaf characters 
and modern climate variables (Wing & Green-
wood 1993, Wolfe 1993, Gregory & McIntosh 
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1996, Wiemann et al. 1998). These empirical 
relationships are then used to estimate palaeo-
climate from fossil leaf characters. Ordination 
techniques have also been used to establish 
modern analogs for palaeofl oral associations 
(Boyle et al. 2008). 

The datasets available for palaeobotani-
cal analysis have also evolved over time. The 
original Climate Leaf Analysis Multivariate 
Program (CLAMP) dataset of Wolfe (1993), 
which has served as the foundation for most 

published MLR models, was based on 106 mod-
ern sites and 29 leaf characters (see Table 2). 
The number of modern sites and leaf characters 
has increased over time and the version of the 
CLAMP dataset used in this study (referred 
to here as CLAMP-173) employs 33 charac-
ter states and 173 modern sites (http://www.
open.ac.uk/earth-research/spicer/CLAMP). 

This expanded dataset was used in part 
to address the lack of sites with winter frost 
conditions in the earlier data set. Although 

Table 2. Coeffi cients for new multi-variable linear regression equations developed from the CLAMP-173 dataset. Also included 
are new single variable linear equations for selected climate parameters. Correlation coeffi cients (R2) and standard errors are 
included for each paleoclimate equation

New MLR equation coeffi cients

MAT WMMT CMMT GROW-
SEAS GSP MMGSP 3-WET 3-DRY ENTHAL

Intercept 12.846 40.089 –4.522 6.029 –13.475 –11.125 –18.557 –39.664 27.059
Lobed 0.195 0.052 0.015
No Teeth 0.157 –0.121 0.213 0.064 0.061
Regular teeth –0.080 –0.035 0.089
Close teeth –0.063 –0.036
Round teeth –0.193 –0.025 –1.206 –0.123 –0.460 –0.221 0.016
Acute teeth 0.051 –1.133 –0.113 0.466 0.017
Compound teeth –0.294 –0.006
Nanophyll 0.192 –2.314 –0.110 –0.806
Leptophyll 1 –0.153 0.566 –0.023
Leptophyll 2 –0.161 –0.143 –1.581 –0.021
Microphyll 1
Microphyll 2
Microphyll 3
Mesophyll 1 0.093 0.081 0.330
Mesophyll 2 0.274 0.430 0.477 –0.931 0.039
Mesophyll 3 –0.172 0.128 0.513
Emarginate apex 0.082 0.035 0.160 0.022 0.026
Round apex
Acute apex
Attenuate apex 1.701 0.193 0.896 0.512 0.008
Cordate base 0.132 0.033
Round base –0.045 –0.010
Acute base
L:W <1:1 –0.219 –0.165 –0.419 –0.173 –0.822 –0.129 –0.631 –0.043
L:W 1–2:1
L:W 2–3:1 1.715 0.161 0.520 0.345
L:W 3–4:1 3.822 0.423 1.775 0.788 –0.020
L:W >4:1
Obovate
Elliptic 1.500 0.228 0.754 0.638 0.009
Ovate 0.005

R squared (R2) 0.884 0.795 0.854 0.863 0.787 0.783 0.786 0.771 0.885

Standard error (±) 2.371 2.498 3.605 1.188 42.455 4.415 17.545 11.581 0.509

New single linear regression (SLR) equations
MAT = .275 (No Teeth) + 1.34  R2 = .775
WMMT = .182 (No Teeth) + 14.37  R2 = .551
CMMT = .360 (No Teeth) – 10.99  R2 = .727

GROWSEAS = .124 (No Teeth) + 2.29  R2 = .748
3-DRY = 1.08 (Atten Apex) + .004  R2 = .610
3-WET = 1.54 (Atten Apex) + 10.61  R2 = .507
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probably not a major source of error when 
dealing with pre-middle Eocene palaeofl oras 
(Wing & Greenwood 1993), this bias towards 
sites with frost free winters is an increasing 
liability when dealing with late Eocene tran-
sitional and post-Eocene icehouse palaeo-
fl oras. The CLAMP-173 dataset was used to 
develop new single & multiple linear regres-
sion (SLR & MLR) equations better suited to 
post-Middle Eocene climates with cold winter 
conditions. These equations were then used to 
estimate palaeoclimate parameters for Palae-
ogene Montana. Leaf physiognomy scores for 
the Montana palaeofl oras were based mainly 
on the published descriptions of Becker (1960, 
1961, 1964, 1969, 1972, 1973) supplemented 
by new specimens collected during the period 
2008–2010 and archived at the University of 
Montana Palaeontology Center. 

In order to compare changes in climate with 
changes in the taxonomic structure of ancient 
plant communities, nearest living analogs 
(NLA) were determined by using a statistical 
measure of similarity (the Gower similarity 
coeffi cient) to match each palaeofl ora with its 
ten closest modern analogs. The Alwyn Gen-
try forest transect database of plant diver-
sity for 226 modern sites was used to provide 
NLA for the Montana palaeofl oras (Phillips 
& Miller 2002). Trends in the associations of 
fossil taxa were also examined if these trends 
represent either important structural changes 
(the elimination of subtropical and East Asian 
endemic lineages) or have particular climatic 
signifi cance (the appearance of dry-adapted, or 
xeric, taxa). 

Two fundamental problems are inherent in 
the reconstruction of ancient climate and eco-
system dynamics from fossil remains: 1) fossil 
assemblages do not present a completely accu-
rate picture of past ecosystems due to differ-
ential fossilization and preservation potential, 
and 2) due to biological evolution and extinc-
tion, organisms in the past may have either 
left no descendent lineages which can provide 
a modern analog for their ancestors’ climatic 
and habitat preferences, or the descendent lin-
eages could have changed their environmental 
tolerances over time. 

One way to minimize the impact of these 
problems is to incorporate multiple independ-
ent lines of investigation and see if they con-
verge on a consistent interpretation of past 
environmental conditions. It is also desirable 

to analyze biological features which result 
from the basic physiological requirements of 
the organisms under investigation, and which 
therefore are not easily changed by natu-
ral selection (Givnish 1979). Examination of 
higher taxa (genera and families) minimize 
these problems as higher order taxonomic units 
are slower to accumulate evolutionary changes 
and are based on more fundamental biological 
characteristics than individual species (Boyle 
et al. 2008). They are also less prone to misi-
dentifi cation – a particular problem when deal-
ing with lineages containing few extant species 
or those with a limited modern distribution 
(Boyle et al. 2008). Because of these considera-
tions, presence /absence data for plant families 
was used exclusively to determine nearest liv-
ing analogs (NLA). 

STATISTICAL PROCEDURES

Equations for climatic parameters were 
determined by fi rst subjecting the CLAMP-173 
dataset to Canonical Correspondence Analysis 
(CCA) using the GINKGO multivariate analy-
sis software – a program of the VegAna (Veg-
etation Edition and Analysis) package, devel-
oped by the Department of Vegetal Biology of 
the University of Barcelona (http://biodiver. 
bio.ub.es/vegana), designed primarily for the 
ordination and classifi cation of modern eco-
logical data (Ainsa 2005, Bouxin 2005). CCA 
is a constrained ordination technique which is 
essentially a hybrid of ordination and multi-
ple linear regression (McGarigal et al., 2000). 
Its purpose is to extract the major gradients in 
a dependent dataset (in this case leaf charac-
ters) that can be accounted for by a set of inde-
pendent explanatory variables (in this case 
climate parameters) and that are assumed 
to have a causal link (McGarigal et al. 2000, 
Ainsa 2005). The ability of CCA to constrain 
the ordination of a set of dependent variables 
with a set of independent explanatory variables 
is an advantage over unconstrained ordination 
techniques such as Principal Component Anal-
ysis (PCA) which assesses the relationships 
within a single set of interdependent variables 
without attempting to defi ne causal relation-
ships with independent variables outside the 
original dataset (McGarigal et al. 2000). 

Following Wolfe (1993, 1995) and Gre-
gory and McIntosh (1996), the results of the 
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CCA analysis were used to determine thand 
leaf characters most closely related to each 
climatic parameter of interest. However, in 
order to estimate palaeoclimate parameters, 
the CLAMP method of projecting palaeofl oral 
leaf character values onto CCA climate vectors 
was not employed here. Following Wing and 
Greenwood (1993) and Wiemann et al. (1998), 
multiple linear regression (MLR) analysis was 
performed using the CAA results as guideposts 
to maximize the statistical signifi cance of the 
MLR models. Since CCA ordination axes are 
the linear combinations of explanatory vari-
ables which account for most of the variation 
in the dependent variables, CCA is a useful 
tool for determining which leaf characters 
have the highest correlation with each cli-
matic parameter. CCA is also not hampered by 
multicollinearity or high correlations between 
dependent or independent variables (McGari-
gal et al. 2000). 

The multiple regression analysis tool avail-
able as an add-on for Microsoft EXCEL spread-
sheet software was used to calculate single and 
multiple linear regression (SLR & MLR) equa-
tions relating each climate variable to the leaf 
characters most closely associated with it, as 
determined from CCA analysis. Summary sta-
tistics for each of these equations are provided 
in Appendix 1. Values for the leaf characters of 
the Montana palaeofl oras, scored according to 
the CLAMP methodology, were then inserted 
into each equation to estimate the value and 
standard error of each palaeoclimatic variable. 
Single variable equations were also determined 
for comparison with MLR equations and to 
provide a tool for estimating climate param-
eters for fossil sites that haven’t been scored 
following the full CLAMP methodology, or for 
reconnaissance surveys. 

In order to examine the relations between the 
Montana palaeofl oras, other regional palaeofl o-
ras and modern forest sites, several measures 
of statistical similarity were tested in order to 
determine the technique which provided the 
most useful ordering of the various datasets. 
The Gower similarity coeffi cient, contained 
within the GINKGO program, was chosen since 
it is applicable to qualitative binary data (i.e. 
plant family presence-absence), qualitative data 
composed of more than two states, and quan-
titative data (i.e. leaf character percentages) 
or any combination of these data types (Dunn 
& Everitt 1982) thereby providing a single 

statistical measure for all the data included in 
this study. Exploratory testing confi rmed that 
the Gower coeffi cient provided the most mean-
ingful division of the CLAMP and Gentry data-
sets. As a complement to the above techniques, 
principle component analysis (PCA) also was 
used to identify the major ecological gradients 
and other trends present within the plant taxa, 
leaf character and climate data and to calcu-
late the Euclidean distance between fossil and 
modern sites (Ainsa 2005).

POTENTIAL BIASES
AND SOURCES OF ERROR

No method of reconstructing ancient envi-
ronments, especially quantitatively, is immune 
from error. Biases associated with the methods 
employed here fall into two basic categories, 1) 
bias inherent in the data, and 2) bias associ-
ated with the statistical techniques employed. 
Since it was fi rst proposed, the utility of the 
CLAMP database as a basis for palaeoclimate 
reconstruction has been called into question. 
Wilf (1997) argued that the multiple character 
states employed by CLAMP primarily serve 
to multiply error rather than increase the 
precision of climate estimates. Some specifi c 
sources of potential error within the CLAMP 
database have also been proposed. Peppe et al. 
(2010) pointed out that the CLAMP database 
appears to have a systematic bias regarding 
leaf size, making climate estimates based on 
CLAMP subject to potentially large, diffi cult to 
quantify, errors. 

Because of the incompleteness of the fossil 
record, evolutionary change and the impossi-
bility of directly measuring past environmental 
variables, no statistical analysis of proxy data 
will completely avoid sampling bias or remove 
the effects of the interdependence of explana-
tory variables. The approach advocated here is 
to look for similar trends within multiple lines 
of independent evidence when reconstructing 
past environments. Observed climate trends, 
for example increasing seasonality, are con-
sidered to be valid if they are corroborated by 
data from independent geologic or palaeonto-
logical sources. 

In order to evaluate the infl uence of bias 
on the results of this study, climate estimates 
from representative, previously published mul-
tiple linear regression (MLR) equations were 
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examined along with mean climate values from 
the fi ve best nearest living analog sites (Gen-
try dataset) for each palaeofl ora site. Modern 
climate data were acquired from United States 
federal and state government internet data-
bases (http://www.ncdc.noaa.gov/oa/ncdc.html). 

Fossil Basin palaeoclimate estimates from 
this study and from published multiple linear 
regression models, along with the averaged cli-
mate data from NLA sites, are plotted in Fig-
ure 3 for mean annual temperature (MAT) and 
growing season precipitation (GSP). 

Fig. 3. Comparison of Mean Annual Temperature (MAT) and Growing Season Precipitation (GSP) from equations derived from 
multiple linear regression models and the CLAMP dataset and from nearest living analog models. Black line = paleoclimate 
estimates from this study, blue lines = paleoclimate estimates from previously published multiple linear regression models, 
and red line = paleoclimate estimates derived from nearest living analog sites in the Gentry database
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Comparison of MLR results with the results 
of nearest living analog (NLA) climate aver-
ages, a palaeoclimate proxy entirely independ-
ent of the CLAMP dataset and leaf physiog-
nomy analysis, indicates general agreement 
with the interpretation of the Oligocene Fossil 
Basin locality as a cool, dry temperate environ-
ment. Estimates from NLA also show a MAT 
and GSP decline between the time of depo-
sition of the Mormon Creek and the Metzel 
Ranch fl oras in agreement with the results of 
this study. However, estimates based on NLA 
have a relatively low resolution since there are 
a limited number of temperate analog sites, 
most with similar climate parameters, in the 
Gentry database. Moreover, modern ecosys-
tems and climate are not necessarily repre-
sentative of ancient ecosystems and climate 
– all ancient sites are, strictly speaking, non 
analog sites. However, when considered in the 
context of independent corroborating evidence, 
NLA estimates can serve as useful fi rst order 
estimates of ancient climate and as an impor-
tant check on the results of leaf physiognomy 
or stable isotopic analysis. 

Palaeoclimate estimates based on leaf phys-
iognomy show broad correspondence with each 
other although some important differences are 
apparent. Estimates from previously published 
MAT equations (which employ earlier versions 
of CLAMP with fewer sites) are basically cycli-
cal as opposed to the linear decrease found 
in this study. Palaeotemperature differences 
may be due to the over-representation of sites 
with frost free winters in earlier versions of 
CLAMP. Equations based on earlier CLAMP 
data give little weight to any leaf characters 
except entire margins and the length/width 
ratio – the wider range of leaf margin char-
acters seen in temperate toothed species is 
therefore under-represented in models based 
on earlier CLAMP data. 

Estimates for growing season precipitation 
from previously published equations show 
a greater range of variability than MAT esti-
mates. Wiemann et al. (1998) GSP estimates 
show a similar cyclical pattern but higher over-
all precipitation compared to GSP estimates 
from this study. Wing & Greenwood (1993) 
GSP estimates are virtually identical to those 
from this study for the Mormon Creek and 
Metzel Ranch fl oras but show opposite trends 
for the Ruby and York Ranch fl oras. Equations 
for GSP from this study and from Wiemann 

et al. (1998) place more weight on small leaf 
size and type of leaf margin and less weight on 
the length/width ratio compared to the Wing 
and Greenwood (1993) equation. This may 
account for the different results observed with 
the Ruby fl ora, characterized by small leaf 
size, and the York Ranch fl ora, which contains 
the largest leaf specimens of any of the Fossil 
Basin palaeofl oras. 

FOSSIL BASIN PALAEOFLORAS

PALAEOCLIMATE ESTIMATES

New palaeoclimate estimates from the Fos-
sil Basin palaeofl oras show several clear trends 
with important implications for the Eocene-
Oligocene climate record in the western conti-
nental interior of North America (Fig. 4). The 
overall trend in mean annual temperature 
(MAT) was a steady decline of ~2.25°C from 
late Eocene to early Oligocene time accom-
panied by a relatively small overall decline 
in warm and cold month mean temperatures 
(WMMT & CMMT). Seasonality, as indicated 
by the difference between WMMT and CMMT, 
was high with estimates for WMMT in par-
ticular higher than values calculated from 
previously published equations. Although it is 
possible that these new equations may over-
estimate WMMT, new estimates for MAT and 
CMMT are similar to those calculated from 
previously published equations. The presence 
of a distinct xeric (dry-adapted) component in 
the Ruby and Metzel Ranch fl oras and asso-
ciated geologic and palaeontological evidence, 
such as the presence of land tortoises and gyp-
sum (Monroe 1976), support the existence of 
a distinct dry season. Early Oligocene sum-
mer temperatures may have been enhanced 
by higher atmospheric CO2 content during 
the  Palaeogene (Arthur et al. 1991, Free-
man & Hayes 1992, Pearson & Palmer 2000, 
Fletcher et al. 2007, Doria et al. 2011). 

As opposed to estimates for temperature 
parameters, new estimates for precipitation 
parameters are basically cyclical (Fig. 5), pos-
sibly the result of moderate Antarctic glacia-
tions in the late Eocene and more severe gla-
cial conditions during the Oligocene (Zachos 
et al. 1992). If this is true, then Palaeogene 
Antarctic glaciation under conditions of higher 
atmospheric CO2 content primarily infl u-
enced precipitation in the western continental 
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Fig. 4. New paleotemperature estimates for the Fossil Basin paleofl oras. WMMT = warm month mean temperature, 
MAT = mean annual temperature, and CMMT = cold month mean temperature. Standard errors are: ± 2.5°C for WMMT, 
± 2.4°C for MAT and ± 3.6°C for CMMT

interior with only minor temperature changes. 
However, one clear unidirectional trend, with 
important implications for the evolution of 
northern Rocky Mountains vegetation, is the 
permanent sharp decline of ~40 cm in three 
driest month’s precipitation (3DRY) between 
the time of the Mormon Creek palaeofl ora and 
the Metzel Ranch palaeofl ora. The beginning 
of a pronounced summer dry season coincides 
with a fundamental shift in the taxonomic 
structure of the Fossil Basin palaeofl oras as 
described in more detail below. 

NEAREST LIVING ANALOGS

The Gentry dataset of modern plant taxa 
diversity (Phillips & Miller, 2002) was used 
to determine the nearest living analogs (NLA) 
for the fossil fl oras of southwestern Montana 
using the Gower similarity measure. These 
results are summarized in Tab. 3. The NLA for 
the three younger palaeofl oras (Metzel Ranch, 
Ruby and York Ranch) are predominately from 
east-central North America (Missouri, Ohio 

and Indiana) with smaller contributions from 
the American east coast and Europe. These 
localities are predominately warm temperate 
dry forest following the Holdridge classifi ca-
tion scheme (Phillips & Miller 2002). Since 
the Gentry dataset lacks sites representative 
of Rocky Mountain coniferous forest, NLA 
representing cold temperate moist and boreal 
wet Holdridge zones are interpreted as prox-
ies for high elevation conifer-dominated veg-
etation incorporated into lacustrine host rocks. 
The existence of an ancestral Rocky Mountain 
Montane forest association during the Pal-
aeogene is strongly supported by the middle 
Eocene Thunder Mountain fl ora of Idaho (Axel-
rod 1998) and the Republic fl ora of northeast 
Washington (Wolfe & Wehr 1987, Graham 
1998, 2011).  

The Mormon Creek fl ora is signifi cantly dif-
ferent from the other three Fossil Basin pal-
aeofl oras in its taxonomic composition. It con-
tains a smaller warm temperate component 
(split evenly between East Asian/European 
and eastern North American NLA sites) and 
a signifi cant subtropical and high elevation 
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tropical (East Asian and Central American) 
component not seen in the younger fl oras. Ter-
restrial gastropod faunas from southwestern 
Montana also indicate an Eocene warm tem-
perate to subtropical climate with high summer 
month precipitation which became cooler, wet-
ter and more temperate over time (Roth 1986). 
Similarly, on the West Coast, the E/O boundary 
event resulted in the widespread replacement 
of subtropical evergreen broad-leaved veg-
etation by deciduous broad-leaved vegetation 
dominated by diverse cool temperate lineages 
(Meyer 2003). Leopold and MacGinitie (1972), 
utilizing affi nities at the species level, also 
reported a shift in temperate fl oral composition 
between the time of preservation of the Mor-
mon Creek and Ruby fl oras, from primarily Old 
World temperate and pan-temperate species to 
species with New World temperate affi nities.

The elimination of the Mormon Creek sub-
tropical component coincides with the sharp 
decline in three driest months’ precipitation 
(3DRY) between the time of deposition of 
the Mormon Creek and Metzel Ranch fl oras. 
Declines are also seen in growing season pre-
cipitation (GSP), mean month GSP (MMGSP) 

and three wettest months’ precipitation (3WET) 
during this time frame. It is hypothesized that 
these precipitation declines, and especially the 
permanent decline in 3DRY precipitation, are 
responsible for the observed shift in taxonomic 
composition of the Fossil Basin palaeofl oras. 
A parallel exists between this event and the 
early Eocene shift from palaeotropical to neo-
tropical dominated plant communities. The 
main climate trend associated with this ‘great 
schism’ was also the development of seasonal 
rainfall (in the early Eocene case drier win-
ters) and a decrease in total annual rainfall 
(Leopold & MacGinitie 1972). 

Principal Component Analysis (PCA) was 
performed for both the CLAMP and Gentry 
datasets (including fossil sites in the ordina-
tions) and analogs were determined by calcu-
lating the Euclidean distance between each 
site (Tab. 4). These results largely confi rm the 
previous conclusions with the added result 
that the Fossil Basin palaeofl oras show close 
affi nities with East Asian temperate (mostly 
Japanese) localities in the CLAMP dataset. 
Under-representation of East Asian temperate 
localities in nearest living analogs calculated 

Fig. 5. New paleoprecipitation estimates for the Fossil Basin paleofl oras. GSP = growing season precipitation, 3WET = pre-
cipitation for the three wettest months and 3DRY = precipitation for the three driest months. Standard errors are: ± 42.5 cm 
for GSP, ± 17.5 cm for 3WET and ± 11.6 cm for 3DRY
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from the Gentry dataset are likely due to the 
small number of temperate East Asian sites and 
taxa in the Gentry dataset (Phillips & Miller 
2002). This result highlights the importance of 
using multiple datasets and methodologies in 
interpreting ancient environments. 

OTHER VEGETATION TRENDS

Several signifi cant trends in the composi-
tion of the Fossil Basin palaeofl oras are evi-
dent in addition to the elimination of Eocene 
subtropical taxa. The most important of these 
involve the elimination of East Asian endemic 
species, the elimination of characteristic late 
Eocene riparian species such as Fagopsis 
longifolia and their apparent replacement by 
members of the Salicaceae (willow family), the 
increasing prevalence of characteristic eastern 
North American taxa, the existence of a high 
altitude gymnosperm component, and the pro-
liferation of dry-adapted (xeric) species in the 
Fossil Basin ecosystem. 

Gymnosperms and environment
of deposition

The Ruby fl ora, unique among the Fossil 
Basin palaeofl oras, contains a signifi cant pro-
portion of gymnosperm genera (Abies, Picea, 
Pinus, Psuedotsuga) characteristic of the mod-
ern high altitude Rocky Mountain Montane 

forest association (Barbour & Billings 2000) 
and its Eocene Thunder Mountain ancestor 
(Axelrod 1998). This is likely due to differing 
environments of deposition, as only the Ruby 
fl ora is found in lacustrine host rocks (Fig. 6). 
Lake basins are well-known to incorporate 
material from multiple environments within 
their watersheds, in addition to wind-borne 
material, a phenomenon also observed in the 
Florissant lake beds (MacGinitie 1953, Meyer 
2003) and the lacustrine Beaverhead Basins 
deposits (Becker 1969) both of which contain 
a similar high altitude component. 

Geologic evidence and detrital zircon age 
dates (Link et al. 2008, Stroup et al. 2008, 
Lielke 2010, Rothfuss 2010, Lielke 2012, 
Rothfuss et al. 2012) suggest the presence of 
an ancestral Ruby Range, and related high 
elevation ecosystems, throughout Palaeogene 
southwestern Montana. Terrestrial gastropod 
faunas from the Eocene Climbing Arrow Mem-
ber also demonstrate the juxtaposition of tropi-
cal and temperate forms which suggests mix-
ing of high elevation and low elevation taxa in 
a region of moderate to high relief (Roth 1986). 
The absence of a high altitude component in 
the other Fossil Basin palaeofl oras is therefore 
most likely an artifact of preservation. 

Xeric vegetation & seasonal dryness

The Mormon Creek fl ora lacks a dry-adapted, 
or xeric, component which is consistent with 

Table 4. Nearest living analogs (NLA) for Fossil Basin paleofl oras based on leaf physiognomy data and the CLAMP-173 
database. NLA determined by principle component analysis (PCA) including fossil sites in the ordination as though they were 
modern sites characterized by calculated physiognomy scores. The Euclidean distance between every modern and fossil site 
was determined and the fi ve closest modern sites to each fossil locality were established as the NLA sites

No. Mormon Metzel Ruby York

1 Kiyosumi, Honshu Kiyosumi, Honshu Yakusugi 1080 m, 
Yakushima

Amagi-toge, Honshu

2 Amagi-toge, Honshu Amagi-toge, Honshu Kiyosumi, Honshu Umedaira, Honshu

3 Yakusugi 1080 m, 
Yakushima

Umedaira, Honshu Arakawa Dam, Yakushima Kiyosumi, Honshu

4 Umedaira, Honshu Tatsuta-yama, Kyushu Higane Shrine, Honshu Battle Cr., Maryland

5 Battle Cr., Maryland Yakusugi 1080 m, 
Yakushima

Tatsuta-yama, Kyushu Kidogawa 2, Honshu

6 Tatsuta-yama, Kyushu Yakusugi 800 m, 
Yakushima

Amagi-toge, Honshu Arakawa Dam, Yakushima

7 Kidogawa 2, Honshu Yakusugi 1350 m, 
Yakushima

Umedaira, Honshu Yakusugi 800 m, Yakushima

8 Zozu-san, Shikoku Arakawa Dam, Yakushima Yakusugi 1350 m, 
Yakushima

Pt. Grenville, Washington

9 Nekko 2, Honshu Kidogawa 2, Honshu Battle Cr., Maryland Troutdale, Oregon

10 Yakusugi 800 m, 
Yakushima

Battle Cr., Maryland Wolf Cr., Colorado Port Orford, Oregon



 337

its overall humid subtropical to warm temper-
ate character (Becker 1960). However, coinci-
dent with the decline in three-driest months 
(3DRY) precipitation, a distinct xeric element 
entered the Metzel Ranch fl ora. This change in 
the Fossil Basin plant community is unlikely 
caused by preservation bias since both pal-
aeofl oras are found in an identical mudstone 
lithology interpreted as fl uvial overbank, or 
basin fl anking, distal alluvial fan deposits 
(Fig. 6). Similarity measures indicate that 
the Metzel Ranch fl ora has its greatest affi n-
ity with the Ruby fl ora despite differences in 
depositional environment (Tab. 5). The Met-
zel Ranch fl ora can probably be considered as 
representing a subgroup of the more inclusive 
Ruby fl ora. 

The freshwater lake which accumulated 
the Ruby fl ora sampled multiple smaller plant 
communities or ecological niches, including an 
extensive xeric element, interpreted by Becker 
(1961) as occupying open woodland and barren 
hill slopes and benches between waterways. 

This xeric community includes fossil oaks 
(Quercus) of the nonlobed type, various pines, 
mountain mahogany (Cercocarpus), Ore-
gon grape (Mahonia) and other xeric shrubs 
(Becker 1961). An almost identical arid com-
munity inhabited open dry woods and scrub-
land around late Eocene Lake Florissant in 
Colorado (Meyer 2003). This Palaeogene xeric 
community resembles the modern mountain 
mahogany – oak scrub vegetation found in the 
transition zone between montane coniferous 
forest and grassland/sagebrush scrub along 
the margins of the Rocky Mountains (Bar-
bour & Billings 2000). Moreover, the presence 
of juniper (Juniperus) together with Pinus in 
both the Beaverhead Basins and Metzel Ranch 
fl oras suggests the Pinyon-Juniper woodlands 
of the semi-arid American southwest. It is 
hypothesized that both these modern eco-
tonal vegetation types evolved on the arid lee-
ward side of high elevation, Eocene volcanic 
topography and expanded their range during 
more favorable Oligocene icehouse climatic 

Fig. 6. Occurrence of fossil-bearing horizons within the stratigraphy of the Renova Formation. Note that the Fossil Basin 
paleofl oras occur in three different sedimentary depositional environments (alluvial/fl uvial overbank, open lake/near shore 
lacustrine & fl uvial channel/overbank) and that these sediments appear to be conformable from late Eocene to early Oligocene 
time
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conditions, probably in tandem with ancestral 
high altitude coniferous vegetation. 

New palaeoclimate estimates suggest a sea-
sonal, Oligocene summer dry climate with little 
summer precipitation and high temperatures 
consistent with the pronounced xeric vegeta-
tive element and the presence of land tortoises 
and gypsum (Dorr & Wheeler 1964, Monroe 
1976). Terrestrial gastropod faunas also sug-
gest an Oligocene environment drier than that 
of the Eocene with moderate seasonal variation 
in temperature and precipitation and sparse 
scrub, savannah, or open woodland vegetation 
(Roth 1986). Changes in sedimentary depo-
sitional environments and the composition 
of land snail faunas in the contemporaneous 
White River Formation of Wyoming indicate 
a similar shift from a humid subtropical late 
Eocene climate to a warm temperate climate 
with a pronounced dry season, accompanied 
by only a minor decrease in temperature near 
the E/O boundary (Evanoff, Prothero & Lander 
1992). In the Pacifi c Northwest, Myers (2003) 
also reports a small (3–4°C) decline in MAT, 
a moderate increase in seasonality and a pro-
nounced decrease in dry month precipitation 
across the E/O boundary. On a more global 
scale, the Eocene/Oligocene transition has 
also been linked to signifi cant aridifi cation and 
cooling in continental Asia (Dupont-Nivet et al. 
2007). Alternatively, estimates based on the 
stable isotope composition of fossil teeth indi-
cate a large drop in MAT, a small increase in 
seasonality and no change in aridity across the 
E/O transition in the White River beds of the 
Great Plains (Zanazzi et al. 2007, 2009). The 
exact reason for this discrepancy is unknown 
but could be due to differences in research 
methodology, local microclimates, rapid cli-
mate change coupled with variable preserva-
tion of fossil material, or chronostratigraphic 
diffi culties. 

Horizontal and cross-cutting layers and 
stringers of pedogenic gypsum are common in 
certain horizons of the laminated shale and 
mudstone facies at Fossil Basin. Mud cracks 
have also been observed in the lacustrine lami-
nated shales containing the Ruby fl ora (Monroe 
1976). The formation of gypsum in soil profi les 
is promoted by the presence of ashy volcanic 
material, typical of the Climbing Arrow For-
mation, but the most important requirement 
is a climate in which evapo-transpiration 
exceeds precipitation (Chen 1997, Retallack 

2001). Although the annual precipitation cal-
culated for Fossil Basin is higher than is typi-
cal for modern sites precipitating pedogenic 
gypsum (Mack & James 1994, Retallack 2001), 
a combination of seasonal wetness, capable of 
mobilizing salts from volcanic parent material, 
followed by a pronounced dry season capable 
of precipitating gypsum could account for the 
observed deposits. A thick mantle of volcanic 
ash would also tend to place the water table at 
greater depths promoting soil drying (Leopold 
& MacGinitie 1972). The York Ranch fl ora 
lacks a xeric element, but this is likely due to 
the riparian nature of the vegetation preserved 
in this fl uvial environment. 

East Asian endemics

Several taxa such as Metasequoia, Ginkgo, 
Craigia, and Cercidiphyllum, now restricted 
to East Asian localities, had an early Cenozoic 
circumpolar distribution in temperate lati-
tudes (Graham 1998, 2011). These taxa gradu-
ally became extinct across the North American 
continent with only a few surviving into the 
late Neogene (Graham 1998, 2011). Except 
for Cercidiphyllum, East Asian endemics are 
uncommon in the Mormon Creek fl ora (Becker 
1960). With the advent of more temperate con-
ditions, East Asian temperate species became 
more common in the Metzel Ranch and Ruby 
fl oras with a maximum of 12 Genera present 
in the Ruby fl ora including Gingko, Metase-
quoia, Cercidiphyllum, Ailanthus, Eucommia, 
and Glyptostrobus (Becker 1972, 1964, 1961).

However, by the time of deposition of the 
York Ranch fl ora most representative East 
Asian endemics had disappeared, with only 
Cercidiphyllum and possibly Metasequoia 
being in evidence (Becker 1973). This may 
be due partially to the more restricted fl uvial 
depositional environment of the Dunbar Creek 
Member which houses the York Ranch fl ora. 
However, many of these taxa are present in 
the Metzel Ranch fl ora which contains a com-
parable number of species and which was 
preserved in a similar, though not identical, 
sedimentary depositional environment. Moreo-
ver, the interpreted habitat of many of these 
missing taxa doesn’t preclude their presence in 
a riparian environment (Myers 2003). Moreo-
ver, Ailanthus and Eucommia both possess 
wind distributed samaras which are capable of 
being widely distributed into a variety of dif-
ferent depositional environments. 
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The disappearance of so many East Asian 
endemics is unlikely to be solely a tapho-
nomic artifact and therefore probably refl ects 
local extinction of most of these lineages. Pro-
nounced early Oligocene seasonal dryness 
would have been detrimental to wet-adapted 
taxa such as Metasequoia – a species reinter-
preted by Retallack, Bestland & Fremd (1996) 
as a wetland inhabitant similar to living bald 
cypress (Taxodium distichum). Although some-
what colder and wetter, the climate indicated 
by the York Ranch fl ora was not much differ-
ent than early Oligocene climate; however, one 
important threshold was crossed in the later 
Oligocene with cold month mean temperature 
(CMMT) dropping below 0°C (Fig. 4). This sug-
gests prolonged, rather than episodic, winter 
freezing. This combination of increased sum-
mer dryness and winter cold, exacerbated by 
competition from pre-adapted species which 
had evolved in upland and orogenic rain shadow 
environments, likely caused the demise of the 
circumpolar, Palaeogene deciduous forest com-
munity in the northern Rocky Mountains. The 
disjunct modern deciduous forests of eastern 
North America and East Asia owe their exist-
ence to the formation of hostile intermontane 
climates favorable to the expansion of species 
previously confi ned to cold and dry upland hab-
itats (i.e. high altitude montane coniferous for-
est and arid scrub/woodland rain shadow veg-
etation). The elimination of diverse hardwoods 
under a colder and drier continental climate 
was recognized by Leopold and MacGinitie 
(1972) as the fi nal phase in the modernization 
of the Rocky Mountain fl ora. 

Dominant Plant Families 

The Fossil Basin palaeofl oras preserve 
a suggestive sequence of changes in dominant 
plant families as indicated by the number of 
species present (grouped according to family). 
Table 6 lists every plant family represented by 
more than one species in order of decreasing 
number of species. The Mormon Creek fl ora has 
a rather wide diversity of plant families with 
no family represented by more than four spe-
cies. The Mormon Creek fl ora is characterized 
by the prominence of the Fabaceae-Lauraceae 
association, a refl ection of the subtropical com-
ponent it uniquely contains. The three younger 
palaeofl oras, despite their occurrence in differ-
ent environments of deposition, are all domi-
nated by the Salicaceae-Rosaceae-Ulmaceae 

association although the lacustrine Ruby fl ora 
also contains nine species of Pinaceae owing 
to the high elevation component it preserves. 
Although only represented by seven species 
combined, the Salicaceae-Rosaceae-Ulmaceae 
association is also an important secondary 
component of the Mormon Creek fl ora. It is 
hypothesized that this association rose to 
prominence following the elimination of the 
subtropical element in the Mormon Creek 
fl ora owing to its superior ability to withstand 
seasonal drought. Rosaceae is a common ele-
ment in arid ecosystems while Salicaceae and 
Ulmaceae often inhabit riparian areas in mod-
ern dry climates. 

The Betulaceae and Fagaceaee, previously 
not represented by more than one species, 
became an important secondary element in 
the Ruby fl ora. The appearance of the Jug-
landaceae in the York Ranch fl ora signaled 
the appearance of a distinctly eastern North 
American element, the Betulaceae-Fagaceae-
Juglandaceae association, as can be seen by 
comparison with the composition of the York 
Ranch fl ora’s nearest living analogs, all from 
eastern North America. The familial composi-
tion of the York Ranch fl ora gives it a distinctly 
modern riparian aspect (Barbour & Billings 
2000) an interpretation strengthened by the 
presence of members of the Aceraceae, Cor-
naceae and Vitaceae. The modern aspect of the 
York Ranch fl ora is further enhanced by the 
elimination of most East Asian endemic spe-
cies along with the extinct late Eocene lineages 
typifi ed by the Florissant genus Fagopsis. This 
genus represents one of the most common fos-
sils found at the Florissant locality (MacGinitie 
1953); however, although present in the Ruby 
fl ora, Fagopsis leaves and fruits are uncom-
mon. This suggests that, by the Oligocene, the 
southern Rocky Mountains element in Mon-
tana was either on the fringes of its environ-
mental tolerances, subject to high competitive 
pressure from other riparian species, especially 
members of the Salicaceae, or both. 

At Florissant, willows are rare and only 
one species of poplar is present (P. crassi) – 
although it is a common fossil – Meyer (2003)) 
suggesting habitat competition with Eocene 
riparian taxa like Fagopsis and Cedrelosper-
mum, and possibly differing environmental 
tolerances. In southwestern Montana, the 
Salicaceae are by far the most dominant fam-
ily by York Ranch time (15 species – although 
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Table 6. Number of species present for Fossil Basin paleofl oras and their fi ve nearest living analogs (NLA). Every plant family 
containing more than one species is represented. Dominant taxa for modern forest transect data are from Miller & Phillips 
(2002). Yellow, blue, green and red fi elds highlight plant family associations important for interpreting the evolution of Fossil 
Basin vegetation and its gradual convergence on modern forest associations

Mormon Creek Flora Chiba (Japan) Quinceoc (Mexico) Valleyvi 
(Missouri)

Suderhac 
(Germany) Avalanch (India)

Fabaceae (4) Fagaceae (7) Lauraceae (5) Fagaceae (7) Betulaceae (3) Lauraceae (13)
Lauraceae (3) Ericaceae (4) Fabaceae (3) Juglandaceae (3) Fagaceae (2) Rubiaceae (9)
Myricaceae (3) Lauraceae (4) Fagaceae (3) Ulmaceae (2) Rosaceae (2) Myrtaceae (6)
Salicaceae (3) Anacardiaceae (3) Araceae (2) Salicaceae (2) Aquifoliaceae (5)
Celastraceae (3) Theaceae (3) Betulaceae (2) Symplocaceae (4)
Sapindaceae (3) Aquifoliaceae (2) Celastraceae (2) Piperaceae (3)
Ulmaceae (2) Araliaceae (2) Meliaceae (2) Pittosporaceae (3)
Proteaceae (2) Oleaceae (2) Rutaceae (2) Daphniphyllaceae (2)
Berberidaceae (2) Theaceae (2)
Rosaceae (2)
Aquifoliaceae (2)
Rhamnaceae (3)
Araliaceae (2)
Oleaceae (2)
# Species 54 47 47 23 15 69

Metzel Ranch Flora Cuivre (Missouri) Bankamp (Ohio) Tysongla 
(Missouri)

Valleyvi 
(Missouri) Huestomf (Ohio)

Salicaceae (9) Juglandaceae (5) Betulaceae (3) Fagaceae (7) Fagaceae (7) Fagaceae (4)
Rosaceae (5) Fagaceae (4) Fagaceae (3) Juglandaceae (5) Juglandaceae (3) Juglandaceae (3)
Ulmaceae (4) Ulmaceae (4) Rosaceae (3) Rosaceae (4) Ulmaceae (2) Oleaceae (3)
Myricaceae (3) Aceraceae (2) Aceraceae (2) Ulmaceae (2) Fabaceae (2)
Rhamnaceae (3) Fabaceae (2) Juglandaceae (2) Vitaceae (2) Ulmaceae (2)
Fabaceae (3) Oleaceae (2) Ulmaceae (2) Vitaceae (2)
Aceraceae (3) Rosaceae (2) Vitaceae (2)
Sapindaceae (2)
Alangiaceae (2)
Anacardiaceae (2)
Cupressaceae (2)
# Species 59 29 23 26 23 24

Ruby Flora Cuivre (Missouri) Bankamp (Ohio) Tysonwood 
(Missouri)

Bablersp 
(Missouri) Allacher (Germany)

Rosaceae (10) Juglandaceae (5) Betulaceae (3) Juglandaceae (5) Juglandaceae (4) Rosaceae (6)
Pinaceae (9) Fagaceae (4) Fagaceae (3) Fagaceae (4) Fagaceae (3) Betulaceae (3)
Ulmaceae (6) Ulmaceae (4) Rosaceae (3) Ulmaceae (3) Ulmaceae (3) Aceraceae (2)
Salicaceae (6) Aceraceae (2) Aceraceae (2) Oleaceae (2) Vitaceae (3) Fagaceae (3)
Betulaceae (5) Fabaceae (2) Juglandaceae (2) Vitaceae (2) Aceraceae (2) Pinaceae (2)
Fagaceae (5) Oleaceae (2) Ulmaceae (2)
Sapindaceae (4) Rosaceae (2) Vitaceae (2)
Aceraceae (4)
Saxifragaceae (3)
Myricaceae (3)
Berberidaceae (3)
Taxodiaceae (2)
Anacardiaceae (2)
# Species 82 29 23 23 23 21

York Ranch Flora Bankamp (Ohio) Potomac (Virginia) Tysonwood 
(Missouri) Cuivre (Missouri) Rockcree (Missouri)

Salicaceae (15) Betulaceae (3) Aceraceae (3) Juglandaceae (5) Juglandaceae (5) Betulaceae (2)
Rosaceae (7) Fagaceae (3) Betulaceae (2) Fagaceae (4) Fagaceae (4) Fagaceae (2)
Ulmaceae (6) Rosaceae (3) Cornaceae (2) Ulmaceae (3) Ulmaceae (4)
Betulaceae (5) Aceraceae (2) Fagaceae (2) Oleaceae (2) Aceraceae (2)
Juglandaceae (3) Juglandaceae (2) Juglandaceae (2) Vitaceae (2) Fabaceae (2)
Fagaceae (2) Ulmaceae (2) Magnoliaceae (2) Oleaceae (2)
Anacardiaceae (2) Vitaceae (2) Oleaceae (2) Rosaceae (2)
Lauraceae (2) Ulmaceae (2)
Vitaceae (2)
# Species 58 23 25 23 29 17
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Manchester et al. (2006) reassign three of 
these species to the extinct genus Psuedosalix) 
and the characteristic late Eocene element, so 
prominent at Florissant, is absent. In Colorado, 
a similar change occurred in the fossil fl oras 
which succeeded the Florissant – the Antero 
and Creede fl oras (Barton 2009, Axelrod 1987, 
Graham 1998, Meyer 2003). It is hypothesized 
that the Salicaceae enjoyed a climate-induced 
competitive advantage over riparian Florissant 
and East Asian Eocene holdovers; although 
the exact proportion of climate change versus 
habitat competition in driving these changes is 
diffi cult to distinguish from fossil data. 

BEAVERHEAD BASINS
PALAEOFLORAS

Palaeoclimate reconstructions and analysis 
of the taxonomic composition of the Beaverhead 
Basin palaeofl oras largely support the previous 
interpretation of the Fossil Basin palaeofl oras. 
However, before meaningful comparisons can 
be made, differences in the tectonic setting of 
the two locations need to be addressed as this 
has important implications for palaeoclimatic 
reconstruction. Published data (Janecke 2007, 
Link et al. 2008) and new fi eld work (Lielke 
2012, Rothfuss et al. 2012) suggest that the two 
areas differed in the presence of active Palaeo-
gene normal faulting in the area of the Bea-
verhead Basins and its absence in the Fossil 
Basin area. The Beaverhead Basins lake beds 
(Medicine Lodge Formation) were deposited 
in the hanging wall of a Palaeogene low-angle 
normal fault proximal to the highlands of the 
coupled, uplifted footwall. This suggests the 
likelihood of lower elevation vegetation in the 
Beaverhead Basins. In order to test this possi-
bility, two techniques for estimating palaeoel-
evation were employed. Palaeoelevations were 
calculated using the new estimates for MAT 
from this study and published lapse rates, and 
a new equation for enthalpy was calculated 
from the CLAMP-173 dataset and also used to 
estimate palaeoaltitude for each area. 

PALAEOELEVATION ESTIMATES

Palaeobotanical remains have frequently 
been used in the past to estimate palaeoeleva-
tion (Gregory & McIntosh 1996, Meyer 2001). 
The two most common techniques involve 
either determining the elevation range of 

the nearest modern analogs of fossil taxa, or 
estimating elevation from palaeotemperature 
differences between coastal and inland locali-
ties. Mean annual temperature (MAT) can be 
reliably estimated from the morphology of fos-
sil leaves (Bailey & Sinott 1915, Wolfe 1979), 
which are empirically linked to climate through 
basic angiosperm plant physiology (Givnish 
1979, 1980). Once MAT’s are determined for 
an inland site of interest and a contemporary 
coastal site at approximately the same lati-
tude, palaeoelevation can be determined by 
assuming a terrestrial lapse rate (the rate of 
change of temperature with elevation). 

However, terrestrial lapse rates vary widely 
on the modern Earth and would have behaved 
differently under ancient climate regimes, 
introducing considerable error into estimates 
of palaeoelevation (Forest et al. 1995, Wolfe 
1995). One way to avoid this problem is to base 
elevation estimates on a fundamental param-
eter of atmospheric physics which would not 
vary over time and which would be conserva-
tive between coast and inland sites at the 
same latitude. One such physical parameter is 
moist static energy (h) which is a function of 
enthalpy (H) and elevation following the rela-
tion Hc + gZc = h = Hi + gZi where Zc = elevation 
of the coastal site, Zi = elevation of the inland 
site, Hc = enthalpy at the coast, Hi = enthalpy 
of the inland site and g is the gravitational 
constant. If enthalpy can be reliably estimated, 
then elevation can be determined according to 
the ratio Zi = (Hc – Hi)/g (Forest et al. 1995). 
Enthalpy, as a function of temperature and 
humidity, has an empirically determinable 
relationship to leaf morphology. This relation-
ship can be exploited to estimate the enthalpy 
of palaeofl oral sites (Forest et al. 1995). 

For this study, new multivariable equations 
were calculated for mean annual temperature 
(MAT) and enthalpy using the CLAMP-173 
database. Cannonical correspondence analysis 
(CCA) was used as a tool to examine which 
leaf characters most closely correlate with 
MAT and enthalpy (Wolfe 1995). Multiple lin-
ear regression was used to calculate multivari-
able equations relating MAT and enthalpy to 
the selected leaf characteristics. The equations 
determined for MAT and enthalpy are statisti-
cally signifi cant (r2 = .89 for MAT and .85 for 
enthalpy) with standard errors of ± 1°C and 
± 5 kJ/kg respectively. However, the possible 
bias associated with leaf size in the CLAMP 
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dataset (Peppe et al. 2010) could lead to larger 
errors than calculated here. 

Enthalpy and MAT were calculated for the 
palaeofl oras of southwestern Montana and, by 
comparison with published MAT and enthalpy 
for Eocene and Oligocene coastal fl oras, pal-
aeoelevations for southwestern Montana 
were calculated. In order to test whether esti-
mates from these new equations are compat-
ible to those previously determined for west-
ern North America, MAT and enthalpy were 
calculated for the Pitch-Pinnacle palaeofl ora 
in Colorado (from raw physiognomy scores 
reported in Gregory and McIntosh (1996). 
New estimates for Pitch-Pinnacle are virtu-
ally identical for enthalpy (304.7 vs. 303.3 kJ/
kg) and MAT (12.5 vs. 12.7°C ) suggesting 
that coastal MAT and enthalpy reported by 
Gregory and McIntosh (1996) can be used to 
reliably estimate palaeoelevation for south-
western Montana. 

Results from palaeoelevation estimates are 
summarized in Figure 7. Results from both 
methods lead to a relative difference in elevation 

of 0.7 to 1.0 km between the Fossil Basin area 
and the Beaverhead Basins area. Assuming 
that the Ruby, Metzel and Beaverhead Basin’s 
fl oras are early Oligocene in age, the elevation 
during the early Oligocene would be ~2.5 km 
for the Fossil Basin area and ~1.5 km for the 
Beaverhead Basins area using the enthalpy 
method, or ~1.0 km and ~0.3 km respectively 
using MAT and a terrestrial lapse rate of 3°C/
km. If any of these palaeofl oras correlate to the 
late Eocene warm period which occurred just 
prior to the E/O boundary, then elevation esti-
mates would be considerably higher (3 to 4 km 
for Fossil Basin) although the relative eleva-
tion difference is about the same (0.7–1.0 km). 
These estimates are similar to palaeoelevation 
estimates from other Palaeogene palaeofl oral 
sites (Gregory 1994, Wolfe et al. 1998, Meyer 
2001). Recent palaeoelevation estimates from 
stable isotope analysis also support the exist-
ence of high altitude Palaeogene topography 
in western North America, including the Sage 
Creek Basin in southwestern Montana (Mix 
et al. 2011). 

Fig. 7. Paleoelevation estimates (in kilometers) derived from enthalpy for the Beaverhead Basins (blue) and Fossil Basin 
(red) paleofl oral sites. Mormon Creek estimate is an outlier probably due to the fact that its age is poorly constrained relative 
to the other paleofl oras. The Beaverhead Basins paleofl oras are closest in age to the Ruby fl ora suggesting an approximate 
paleoelevation difference of 1.0 ± 0.5 km in the early Oligocene
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PALAEOCLIMATE ESTIMATES

The Beaverhead Basins palaeofl oras are 
similar in age to the Metzel Ranch and Ruby 
palaeofl oras and their palaeoclimate estimates 
are broadly similar. The most signifi cant differ-
ences can probably be attributed to the lower 
elevation of the Beaverhead Basins area. Palae-
otemperature estimates show somewhat higher 
MAT (~14–15°C) and less seasonality of temper-
ature due to both higher cold month mean tem-
perature (CMMT) and lower warm month mean 
temperature (WMMT) (Fig. 8). A difference in 
mean annual temperature of ~2°C is expected 
for an elevation difference of ~0.7 to 1.0 km 
assuming a terrestrial lapse rate of 3.0°C/km 
(Wolfe 1992) although it should be noted that 
local lapse rates can be highly  variable. 

Palaeoprecipitation estimates show a dra-
matic increase in growing season precipitation 
(GSP) and three wettest months (3WET) pre-
cipitation and a consistently low three driest 
months (3DRY) precipitation of 7–9 cm (Fig. 9). 
These estimates are consistent with the trend 
seen between the Metzel Ranch and Ruby fl o-
ras suggesting that the Beaverhead Basins 

palaeofl oras are registering the same climate 
shifts. Precipitation variations are likely due 
to waxing and waning glaciation in the south-
ern hemisphere (Zachos et al. 1992) and pos-
sibly Greenland (Eldrett et al. 2007). Similar 
cyclical changes in Palaeogene precipitation, 
interpreted as alternating glacial/interglacial 
cycles, are also recorded by calcic palaeosols 
in the Sage Creek Basin of southwestern Mon-
tana (Sheldon 2009).

NEAREST LIVING ANALOGS

Nearest living analogs (NLA) for the Beaver-
head Basins palaeofl oras are similar to those 
determined for the Metzel Ranch and Ruby 
fl oras (Tab. 3) with all NLA from central and 
eastern North America and Europe. Euclidean 
distance calculations also reveal close affi ni-
ties with East Asian temperate localities in 
the CLAMP-173 database. Gentry NLA sites 
mostly fall under the warm temperate dry and 
warm temperate moist Holdridge zones with 
lesser representation of the cool temperate 
moist and boreal wet zones. The conifer domi-
nated European NLA sites, which represent 

Fig. 8. New paleotemperature estimates for the Beaverhead Basins paleofl oras. WMMT = warm month mean temperature, 
MAT = mean annual temperature, and CMMT = cold month mean temperature. Standard errors are: ± 2.5°C for WMMT, 
± 2.4°C for MAT and ± 3.6°C for CMMT
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most of the cool temperate moist and boreal 
wet zones, are interpreted as proxies for the 
Rocky Mountain coniferous forest association. 
The proximity of the Palaeogene lake deposits 
to the uplifted footwall of the basin bounding 
Muddy Creek/Grasshopper normal fault sys-
tem (Dunlap 1982, Matoush 2002, Janecke 
2007) probably accounts for the high elevation, 
conifer-rich element present in all the Beaver-
head Basins palaeofl oras. The taxa present 
are largely identical to the high altitude com-
munity preserved in the Ruby fl ora suggest-
ing a regional, high altitude forest association 
directly ancestral to the modern Rocky Moun-
tain coniferous forest association. 

A xeric community containing most of the 
same species, or very closely related forms, 
as the Metzel Ranch and Ruby fl oras demon-
strates the existence of a regional dry-adapted 
plant community in the Palaeogene northern 
Rocky Mountains. Similar species of Cerco-
carpus, Mahonia, Pinus, and Quercus are also 
known from the Florissant locality (MacGinitie 
1953). Moreover, Ephedra palynomorphs have 
also been reported from the Medicine Lodge 

fl ora (Leopold & MacGinitie 1972). Ephedra, 
a genus which thrives today in dry habitats, is 
also known from Florissant, further strength-
ening the case for a regional xeric community 
bracketing the Eocene/Oligocene (E/O) bound-
ary. These observations suggest that a highly 
seasonal, summer dry climate was present 
throughout the northern Rocky Mountains and 
likely stretched further south along the cordill-
era. Moreover, the southwestern Montana pal-
aeofl oras appear to contain plant associations 
ancestral to both the mountain mahogany and 
juniper scrub associations of the modern Rocky 
Mountains (Barbour & Billings 2000). 

Another trend of interest observed in the 
Beaverhead Basins palaeofl oras, which also 
has a parallel in the Fossil Basin locality, is 
a temporary increase in species of East Asian 
affi nity near the E/O boundary. The number 
of East Asian species increased in the transi-
tional fl oras of the Fossil Basin locality before 
practically disappearing by York Ranch time. 
Similarly, in the Beaverhead Basins area, 
the number of species of East Asian affi nity 
increased from 16 to 25 to 32 from Christensen 

Fig. 9. New paleoprecipitation estimates for the Beaverhead Basins paleofl oras. GSP = growing season precipitation, 
3WET = precipitation for the three wettest months and 3DRY = precipitation for the three driest months. Standard errors 
are: ± 42.5 cm for GSP, ± 17.5 cm for 3WET and ± 11.6 cm for 3DRY
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Ranch to Horse Prairie to Medicine Lodge time 
(Becker 1960). This suggests that during the 
transitional period straddling the E/O bound-
ary, temperate East Asian taxa temporarily 
became a more prominent component of north-
ern Rocky Mountains vegetation before gradu-
ally losing out to North American temperate 
forms directly ancestral to modern vegetation. 

COMPARISON WITH OTHER PALAEOGENE 
PALAEOFLORAS

In order to place the Montana palaeofl oras 
in the larger context of Palaeogene vegetation, 
Gower similarity coeffi cients were calculated 
for the plant family abundances of the Mon-
tana palaeofl oras and several representative 
western North American Palaeogene fossil 
localities (Tab. 5). The top ten nearest living 
analog (NLA) sites for these regional palaeo-
fl oras were also calculated from the Gentry 
dataset and are summarized as Holdridge Life 
Zones in Table 7. The most obvious trend in 
this regional data is the elimination of tropical 
and subtropical communities across the E/O 
boundary. This same phenomenon was previ-
ously noted in the transition from the Mormon 
Creek to the Metzel Ranch palaeofl ora. 

The Thunder Mountain fl ora in Idaho, an 
Eocene high elevation fl ora, has NLA repre-
sentative of the Boreal Wet and Cool Temper-
ate Moist Holdridge zones suggesting that NLA 
representative of these zones serve as a proxy 
for high elevation Rocky Mountain coniferous 
forest. These Holdridge zones become common 
in Oligocene and Miocene localities, including 
the Montana sites, suggesting the expansion of 
this forest type from isolated, mostly volcanic 
Eocene highlands, such as the Thunder Moun-
tain caldera, to a dominant Oligocene forest 
type on a regional scale (Wolfe 1987). 

There is also a north/south gradient appar-
ent in the Eocene NLA sites. Tropical Hold-
ridge zones are confi ned to the most southerly 
sites, the Green River and Florissant locali-
ties, dying out northward with only one tropi-
cal NLA in the Kissinger locality of northern 
Wyoming (although Kissinger reconstructions 
based on lower taxonomic levels are more trop-
ical in character (MacGinitie 1974)) and none 
in the Republic fl ora – even though the Repub-
lic and Kissinger sites are both older than the 
Florissant locality. By late Eocene (Mormon 
Creek fl ora) time, the northern Rocky Moun-
tains were mesic and temperate, the central 

Table 7. Holdridge life zones based on nearest living analogs (NLA) from the Gentry database for eleven representative 
western North American paleofl oral localities. Blue fi elds represent Eocene localities, red fi elds Oligocene localities and green 
Miocene. Note the progressive elimination of tropical and subtropical Holdridge zones across the Eocene/Oligocene transi-
tion. Cool temperate and boreal wet Holdridge zones occur in paleofl oras with a pronounced high altitude component. Eocene 
paleofl oras demonstrate that a considerable diversity of plant communities once coexisted probably due to elevational zonation, 
extensive micro-niches (e.g. arid communities in the rainshadow of volcanoes) and a wider range of environmental tolerances 
within individual plant families
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Rocky Mountains seasonally dry and tem-
perate, and the southern Rocky Mountains 
were subtropical and seasonally dry (Leopold 
& MacGinitie 1972, Wing 1987, Wolfe 1987, 
Graham 1998, 2011). 

Across the Eocene/Oligocene transition and 
through the Oligocene period, warm temperate 
dry forest expanded and seasonal dry condi-
tions became strongly established in the north-
ern Rocky Mountains. The Gower similarity 
measure shows that the Montana palaeofl o-
ras have their greatest affi nity with regional 
Oligocene and Miocene localities, as expected, 
but also have close affi nities with the more 
northerly Eocene sites such as the Republic 
fl ora. This suggests a degree of continuity of 
Palaeocene vegetation in the northern Rocky 
Mountains region across the Eocene /Oligocene 
boundary. 

CONCLUSIONS

The following conclusions are suggested by 
compositional and statistical analysis of the 
palaeofl oras of southwestern Montana:

1) The late Eocene Mormon Creek fl ora pre-
dates the fi nal Palaeogene greenhouse climatic 
deterioration and retains a distinct component 
of subtropical vegetation. The climate was 
warm and relatively wet without a distinct 
summer dry season, an interpretation also 
supported by terrestrial gastropod faunas. 

2) The Metzel Ranch and Ruby fl oras, along 
with the Beaverhead Basins palaeofl oras, are 
transitional assemblages which existed for 
a relatively short period of time in the imme-
diate aftermath of the Eocene/Oligocene cli-
matic deterioration. The most important 
changes which occurred during this time were 
the elimination of the remaining subtropical 
Eocene taxa and the development of a distinct 
xeric plant assemblage. These biotic changes 
correspond to a sharp decline in precipitation 
during the three driest months which, cou-
pled with a continuation of high summer tem-
peratures, signaled the initiation of a climate 
regime with a distinct dry season. Similar 
cooling and drying tends, and associated fl oral 
shifts, are recorded from other western North 
American localities. 

3) Ancestral versions of the modern, high 
altitude Rocky Mountain Montane coniferous 
forest and the moderate elevation mountain 

mahogany/juniper scrub woodland expanded 
their range, from isolated volcanic highlands 
in the Eocene, to dominant components of Oli-
gocene western North American vegetation. 

4) During the Eocene/Oligocene transi-
tional period, taxa with East Asian affi nities 
temporarily became a more prominent ele-
ment in the regional fl ora. East Asian taxa 
were eventually replaced by species ances-
tral to modern North American riparian and 
deciduous forest taxa. 

5) Elevations were ~0.7 to 1.0 km lower in 
the Beaverhead Basins area relative to the 
Fossil Basin locality due to the former’s loca-
tion in the hanging wall of an Eocene normal 
fault system. Higher mean annual temperature 
and a less seasonal climate in the Beaverhead 
Basins area are attributable to deposition at 
a lower altitude. 

6) During deposition of the Oligocene York 
Ranch fl ora, vegetation assumed a more mod-
ern North American aspect with the elimina-
tion of East Asian endemics and late Eocene 
holdovers, and a corresponding increase in 
taxa related to deciduous forms common 
to the forests of central and eastern North 
America. 

7) Cyclical patterns of precipitation observed 
in the Montana palaeofl oras are likely due to 
the growth and decline of Antarctic continental 
glaciation. By the early Oligocene, cold month 
mean temperatures dropped below 0°C for the 
fi rst time, suggesting prolonged, rather than 
episodic, winter freezing events. Competition 
from species better adapted to icehouse climate 
was also an important factor in the regional 
extinction of Eocene greenhouse taxa. 

8) Across the Eocene/Oligocene boundary, 
overall plant diversity declined due to the loss 
of tropical/subtropical communities and the 
elimination of specialist taxa within multiple 
plant families. Previously marginal commu-
nities, such as high elevation coniferous and 
xeric vegetation, greatly expanded their range 
in the cooler and drier ice house climate of the 
post-Eocene world.

9) During times of rapid climatic overturn, 
apparently disjoint associations of plants (e.g. 
temperate and subtropical/tropical taxa) can 
temporarily occur together as their extreme 
climatic tolerances converge and overlap. This 
is particularly true in areas of high relief, and 
associated altitude specifi c climate zones, like 
the Palaeogene Rocky Mountain region.
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