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SUMMARY
The Early Eocene Okanagan High-
lands series of lacustrine shale and coal

deposits, in far western North Ameri-
ca, constitutes a significant group of
fossil sites with exceptional preserva-
tion of a diverse suite of organisms
(Lagerstdtten). With contemporaneous
basins arrayed across about 1000 kilo-
metres of southern British Columbia
and northern Washington, these sites
offer a unique opportunity to examine
the paleoecology of terrestrial commu-
nities spanning a temperate, low-sea-
sonality landscape in a montane setting
during a time of generally warm tem-
peratures across the globe. The Okana-
gan Highlands sites provide an unpar-
alleled comparative framework within
which to examine this major turning
point in terrestrial community develop-
ment during the emergence of their
broad modern character.

SOMMAIRE

La série de dépots lacustres de schiste
et de charbon du début de I'Eocéne
des hautes terres d’Okanagan, aux con-
fins de 'ouest de ’Amérique du Nord,
constituent un groupe important de
sites fossiles particulicrement bien con-
servés de suites d’organismes diverses
(Lagerstitten). De nos jours, ces sites
forment en une bande d’environ 1 000
kilometres, depuis le sud de la Colom-
bie-Britannique jusqu’au nord de I'Etat
de Washington. Dans le contexte de
réchauffement climatique, c’est occa-
sion ou jamais d’étudier la paléoécolo-
gie de communautés terrestres dans
des conditions climatiques modérées
dans un paysage de montagne a faible
saisonnalité. Les sites des hautes terres
d’Okanagan représentent un cadre de
comparaison sans pareil permettant
d’étudier les effets de ce tournant
majeur sur le développement des prin-
cipales caractéristiques modernes de la
communauté terrestre.
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INTRODUCTION

Lagerstdtten (Konservat-Lagerstitten in par-
ticular) are fossil assemblages that
combine fine preservation of features
not typically fossilized (e.g., soft tissues,
hairs, colour patterns) with high bio-
logical diversity, providing exceptional
records of past life (Seilacher 1970).
Famous examples include the Eocene
sites at Florissant, Colorado (Meyer
2003) and Messel, Germany (Schaal
and Ziegler 1992), and the Cambrian
Burgess Shale of British Columbia
(Gould 1989). A series of Early
Eocene sites collectively called the
Okanagan Highlands also fits this
description well. These occur across an
approximately 1000 km transect,
stretching from northern Washington
State to central British Columbia (Fig.
1), in depositional basins where lacus-
trine shales and coal deposits fill
grabens associated with uplift and
regional volcanism (Ewing 1980). The
deposits reveal ancient forest, lake and
swamp life in temperate upland com-
munities within the context of a warm
and seasonally equable world, including
a rich suite of plants, insects, fish,
feathers, and (rarely) bird and mammal
skeletal remains (Figs. 2, 3), as well as
microfossils such as diatoms and
pollen. Megafossils are commonly
spectacularly well preserved as com-
pressions featuring colour patterns on
insects’ wings, exquisite whole flowers
of Florissantia, and delicate ferns like
the floating Azolla (Fig. 4), and show-
ing minute details of epidermal cell
patterns of leaves (Fig. 5) and mem-
brane hairs on the wings of tiny fun-
gus gnats (Fig. 6). These fossils reveal
communities in their environmental
contexts some fifteen million years
after the end-Cretaceous mass extinc-
tion event, affording an unprecedented
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Figure 1. Map showing the Okanagan Highlands fossil sites in British Columbia

and Washington.

opportunity to examine the origin and
development of large-scale patterns of
diversity, biogeography, evolution and
climate.

HISTORY OF WORK

Until the latter part of the 20" century,
the remoteness of the Okanagan High-
lands hampered its scientific study
compared with more accessible con-
temporaneous localities, such as those
near railway lines in mid-continental
USA (e.g Meyer 2003). When British
Columbia entered Confederation in
1871, following a series of gold rushes,
the federal government sent geologists
to assess its coal and mineral wealth.
Among them was George Mercer
Dawson (1879, 1895), who reported
plant and insect fossils in sedimentary
rocks of the Interior, later called the
Okanagan Highlands (eatliest use
apparently by Wehr and Schorn 1992).
These eatly collections resulted in a
variety of studies in paleoentomology
(Scudder 1877; Handlirsch 1910); pale-
obotany (e.g. ].W. Dawson 1879, 1883,
1891; Penhallow 1908; Berry 1920,
1929; Brown 1935, 1937, 1939, 1940);
and rare mammals (two teeth; Russell

1935; Gazin 1953).

After this initial burst of activ-
ity, only sporadic studies were pub-
lished until a renaissance in the latter
half of the 20" century, beginning with
work on pollen in the 1960s (Rouse
and Mathews 1961; Mathews 1964,
Hills 1965; Hills and Baadsgaard 1967),
then gaining momentum in the 70s
with the first description of the
McAbee flora (Verschoor 1974) and
examination of the exquisitely detailed
three-dimensional plant fossils of the
Princeton chert (Miller 1973; Basinger
1976, 1984; Basinger and Rothwell
1977; Cevallos-Fertiz et al. 1991; Erwin
and Stockey 1991; Stockey et al. 1999;
Smith and Stockey 2007; and others).
The scope of research expanded with
work on fish and insects (Wilson
1977a, b, 1978, 1980) and paleobotani-
cal study focusing on the Republic site
(e.g. Wolfe and Wehr 1987), leading to
a series of papers with a broader
regional view, often inspired by talent-
ed amateur American paleobotanist
Wes Weht’s promotion of Okanagan
Highlands paleontology (e.g. Lewis
1992; Reed 1996; see also Archibald et
al. 2005a for Wes Weht’s obituary). In

recent years, interest in Okanagan
Highlands fossils has continued to
grow (e.g. Basinger et al. 1996; Stockey
and Wehr 1996; Wilson 19964, b;
Archibald and Greenwood 2005 and
references therein).

PRESERVATION OF FOSSILS

Fossils of the Okanagan Highlands are
typically preserved in lacustrine shales.
Preservation of the stunning detail
often seen in these fossils (Figs. 2-6)
may be related, at least in part, to their
entrapment in diatom blooms and sub-
sequent coating by biofilms, as inferred
for Eocene lacustrine-shale Lagerstitten
elsewhere (Harding and Chant 2000;
Mustoe 2005). Archibald and Makarkin
(2000) also suggest that biofilm coating
may have lessened taphonomic sorting
of insect assemblages by surface
area/mass during flotation on the lake
surface, thereby increasing fidelity of
the fossil assemblages to the original
community compositions. Research
into lake environments, depositional
settings and taphonomic processes in
the Okanagan Highlands has resulted
in highly influential papers (e.g. Wilson
1980; Barton and Wilson 2005), partic-
ularly from work at the Horsefly site,
which will be specifically treated by
M.V.H. Wilson in a subsequent paper
in this Canadian Lagerstatten seties.

LIFE AT THE DAWN OF THE RECENT
Early workers considered these
deposits to be Oligocene or Miocene
(Scudder 1878, 1895; G.M. Dawson
1879, 1896). J.W. Dawson (1891) provi-
sionally agreed, but suggested that they
might also be Focene. This was later
supported by teeth of the tillodont
mammal Trogosus found in the Allenby
Formation near Princeton (Russell
1935), then confirmed by K—Ar dating,
which indicated Middle Eocene ages
throughout the region (Rouse and
Mathews 1961). Recent Ar*/Ar* and
U-Pb analyses have pushed back their
ages a bit further into the latter half of
the Early Eocene (Villeneuve and
Mathewes 2005; Moss et al. 2005;
Mortensen and Archibald, personal
communication).

Life in the Early Eocene was
making a large step toward moderniza-
tion following events such as the great
extinction at the end of the Cretaceous
and the brief, intense interval of global
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Figure 2. A single piece of shale (about 25 by 20 cm) from McAbee, BC, bearing seven orders and at least ten new species of
insects (including insects not illustrated here) as well as bird and plant remains: A. birch (Betula) leaf; B. seed cluster; C. para-
sitoid wasp (Hymenoptera); D. an unidentified feather; E. a march fly wing (Diptera: Bibionidae); F. Dipreronia fruit; G. a green
lacewing wing (Neuroptera: Chrysopidae); H. a plant hopper forewing (Hemiptera: Auchenorrhyncha: Cercopoidea); I. a beetle
(Coleoptera); J. a second species of green lacewing; K. an undescribed family of scorpionfly (Mecoptera); L. leaf, possibly cher-
ty (cf. Prunus) leaf; M. mayfly nymph wing pad (Ephemeroptera); N. plant hopper hind wing. Also, there are several pootly pre-
served small insects, conifer needles, and other fossils not indicated here. Scale bar for A. and L. = 10 mm; scale bar for central
rock image = 2 cm. All other scale bars 2 mm.

warming at the Paleocene—Eocene
boundary (Zachos et al. 2008). Here, in
the Okanagan Highlands, numerous
groups of animals and plants make
their first appearances in the fossil
record; for example, genera such as
hazel (Corylus) and hornbeam (Carpi-
nus) in the birch family (Betulaceae);
the oldest known service-berry (Awmze-
lanchier), snow-wreath (Neviusia), and
cherry (Prunus) in the rose family
(Rosaceae); winter-hazel (Corylopsis) and
witch-alder (Fothergilla) in the witch-
hazel family (Hamamelidaceae); and
beech (Fagus) in the beech family
(Fagaceac) (e.g. Wolfe and Wehr 1987,

Wehr and Hopkins 1994; Manchester
and Dillhoff 2004; Radtke et al. 2005;
DeVore and Pigg 2007, 2010). We see
the oldest records of such insects as
seed weevils (Coleoptera: Chrysomeli-
dae: Bruchinae), sweat bees
(Hymenoptera: Halictidae), and panor-
pid scorpionflies (Mecoptera: Panorpi-
dae) (Archibald and Mathewes 2000;
Engel and Archibald 2003); and the
catliest salmonid fish (Wilson and Li
1999).

Mixed with these modern ele-
ments were such extinct taxa as the
ubiquitous and often beautifully pre-
served Florissantia (Fig. 4A) and bizarre

holcorpid scorpionflies (Archibald
2010), reminding us that this was still a
wortld in transition. These communities
were organized in distinctly different
manners than we would expect to see
today, molded, in large part, by their
particular climatic setting,

EARLY EOCENE UPLANDS CLIMATE
In the Early Eocene, the world experi-
enced the highest temperatures of the
Cenozoic, notably during hyperthermal
events, when atmospheric carbon diox-
ide greatly exceeded modern levels
(Zachos et al. 2008; Smith et al. 2010).
This was the acme of the ‘greenhouse



Figure 3. Representative taxa from the Falkland flora. Scale bars = 1 ecm. A. Metasequoia occidentalis foliage; B. Ginkgo adiantoides
foliage; C. Pinus seed; D. Abies miller: seed; E. Tetracentron sp. foliage; F. Pseudolarix seed; G. betulaceous staminate inflorescence;
H. ?Adiantum fern pinna (close-up of portion of I); note the preservation of sori (arrow); 1. 2Adiantum tfern pinna; J. Alnus parvi-
Jfolia foliage; K. Alnus parvifolia pistillate inflorescence; L. Ulmus sp. samara; note preservation of narrow wing (arrow); M. Ulnus
sp. samara; note preservation of peripheral hairs (arrow); N. Ulmus okanaganensis foliage; O. Prunus sp. flower; note preservation
of remnant stamens and style of carpel (arrow); P. Photinia pagae foliage; Q. Koelreuteria arnoldi samara; and R. Acer sp. samara.

world’” global climatic regime of warm
temperatures and mild winters before
the climatic downturn initiating our
current ‘icehouse world’ after the close
of the Eocene (Zachos et al. 2008).
Multiple geologic and paleon-
tological indicators suggest that this
region was a temperate upland in this
warm world (e.g. Greenwood et al.
2005; Smith et al. 2009; and references
therein), with upper microthermal to
lower mesothermal mean annual tem-
peratures, similar to those of modern

coastal southern British Columbia
roughly through Oregon. The southern
British Columbia region underwent sig-
nificant uplift in the Early Eocene
(Ewing 1980), reflected in the contrast
between the Okanagan Highlands and
coeval warmer, subtropical-character
forests in nearby lowland coastal
regions (Rouse et al. 1971). The
Okanagan Highlands climate has been
determined by taxon-independent leaf
physiognomy data from variables such
as the size and shape of dicot leaves

and by taxon-dependent analyses of
the nearest-living-relative climatic asso-
ciations of plant micro- and megafos-
sils and insects (Figs. 2, 3; e.g. Rouse et
al. 1971; Wolfe and Wehr 1987; Wolfe
1994; Wolfe et al. 1998; Archibald and
Mathewes 2000; Greenwood et al.
2005; Dillhoff et al. 2005; Moss et al.
2005; Archibald 2007; Smith et al.
2009; Smith 2011). Paleobotanical indi-
cators show mesic levels of precipita-
tion.

Fine preservation of leaf
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Figure 4. Quilchena, BC. A. Florissantia quilchenensis; B. whole Azolla plant (floating
water fern); C. Encommia fruits; D. epifluorescence image of latex from a Eucommia

fruit.

Figure 5. Scanning electron photomicrographs of fossil Ginkgo adiantoides cuticle
from Falkland. Scale bars: A. = 100 um and B. = 10 um. A. Adaxial (non-stomatal
bearing) cuticle, inner surface, showing epidermal cells with obvious undulate walls
diagnostic of Ginkgo; B. Abaxial cuticle, outer surface, showing stomata and papil-
late epidermal cells (one of two visible stomata circled). Source: Smith et al. (2010).

compression fossils to the cellular level
allows evaluation of other aspects of
the paleoenvironment, including levels
of atmospheric carbon dioxide (pCO,).
Estimates of Early Eocene pCO, vary
widely, from near modern-day levels to
an order of magnitude greater (Royer
20006; Smith et al. 2010). Resolving
these is a key task in determining
whether climate and pCO, were then

coupled. The stomatal frequency of
fossil plants is one proxy measure that
can be used to estimate paleo-pCO,, as
the frequency of stomata on the leaf
surface is regulated, at least in part, by
levels of CO, (Woodward 1987; Royer
2001). The ‘living fossil’ Ginkgo biloba is
often used in the application of this
proxy measure, as the fossil Ginkgo
adiantoides is indistinguishable from the
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living species, and indicates that this
lineage has persisted with little change
in gross morphology since the Creta-
ceous (Royer et al. 2003). The excep-
tional preservation of Ginkgo with
intact cuticle at the Okanagan High-
lands Falkland locality (Fig. 5) has pro-
vided the opportunity to estimate pCO,
during the critical window of the Early
Eocene. Stomatal counts on fossil
Ginkgo leaves at Falkland indicate that
PCO, was >2x modern-day levels dur-
ing the Early Eocene (Smith et al.
2010). Furthermore, evidence of cool-
ing temperatures over time at Falkland
is correlated with a trend toward
decreasing pCO,, suggesting that they
were coupled (Smith et al. 2010).

The Eocene was also a time of
seasonally equable temperatures, with
mild winters extending into high lati-
tudes, unlike today when such low sea-
sonality is most associated with low lat-
itudes (Greenwood and Wing 1995;
Zachos et al. 2008; Shellito et al. 2009).

COMMUNITIES: FAMILIAR AND
STRANGE

The particular Okanagan Highlands
mixture of temperate upland mean
annual temperatures, and winters with
few if any frost days, may have been of
key importance in determining the dis-
tinctive character of its forests
(Archibald and Farrell 2003; Green-
wood et al. 2005). The paleoclimate
appears to have allowed plant and
insect taxa that are today associated
with sub-tropical to tropical tempera-
tures to co-exist with more typically
temperate elements. Here, forests con-
tained palms (Ubka) and cycads, at
some localities mixed with taxa such as
spruce (Erwin and Stockey 1991;
Greenwood et al. 2005).

Not only were these commu-
nities notable for their tropical—tem-
perate mixture of organisms, but they
possessed differing patterns of species
richness than we would expect in mod-
ern temperate, mid-latitude forests.
Diversity of insects (McAbee) and
plants (Falkland, McAbee, Republic)
has been shown to be surprisingly
high; it is comparable to that found in
modern tropical forests (Archibald et
al. 2010; Smith et al. 2011), and the
Falklands flora matches the hyperdi-
verse floras of Eocene South America
(Wilf et al. 2005; Smith et al. 2011).
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Figure 6. Driftwood Canyon. Fine-level preservation of fungus gnat (Diptera: Mycetophilidae): A. whole insect; B. detail of
wing showing veins and microtrichia (minute hairs) on wing membrane; C. detail of antenna showing individual flagellomeres;
D. legs, showing coarse and fine hairs; and E. tip of leg, showing tarsal claw morphology. Detailed preservation may be due to

encasement in diatom mats (see text).

Perhaps oddly, this tropical level of
diversity seen in insects and plants is
not reflected in fish.

Some Okanagan Highlands
plant and insect lineages are now native
to distant regions such as Chile or Aus-
tralia (e.g. Wing and Greenwood 1993;
Archibald and Mathewes 2000;
Archibald and Farrell 2003; Green-
wood et al. 2005; Archibald et al.
2005b, 2000). In the Early Eocene,
North America was connected to
Europe across the Arctic via Green-
land, and to East Asia via Beringia
(Manchester 1999). Patterns of Okana-
gan Highlands insect and plant fossil
occurrences have helped reveal the his-
tories of particular lineages that have
disjunct distributions in the modern
wotld (e.g. DeVore et al. 2005;
Archibald and Makarkin 20006;
Archibald 2009; DeVore and Pigg
2007, 2010). The Okanagan Highlands
forests show similarities to those of

modern eastern USA, but also include
many taxa that today occur in East
Asia and the Pacific Northwest, along-
side some that are now extinct, helping
clucidate the origins and history of lin-
eages characteristic today of
microthermal broad-leaved deciduous
and coniferous forests (Wolfe 1987;
Manchester 1999). For example, taxa
that are characteristic of the eastern
hardwood forests of North America
today and also represented in the
Okanagan Highlands flora include elm
(Ulmus, Fig, 31—M), beech (Fagus),
hazel (Corylus), hornbeam (Carpinus),
birch (Betula), maple (Acer, Fig. 3R) and
others. Relict taxa that are today
restricted to East Asia, but were more
widespread in the Early Eocene,
include typical Okanagan Highlands
taxa such as dawn redwood (Metase-
guoia, Fig. 3A), maidenhair tree (Ginkgo,
Fig. 3B), and golden larch (Pseudolarix,
Fig, 3F), as well as more rare occur-

rences of Dipteronia, Eucommia (Fig,
6C), Koelrenteria (Fig. 3Q), Tetracentron
(Fig. 3E) and Photinia (Fig. 2P). Genera
that are found today in the Pacific
Northwest of North America, and that
were also present during the Early
Eocene, include cedar (Thuja), redwood
(Sequoia), spruce (Picea), fir (Abies, Fig.
3D), pine (Pinus, Fig. 3C), alder (Alnus,
Fig. 3]-K), cherry (Prunus, Fig. 30) and
others.

CONCLUSIONS

While Lagerstitten such as the Late
Eocene Florissant and Middle Eocene
Messel preserve an extraordinary range
of life in fine detail (Meyer 2003;
Schaal and Ziegler 1992), they reflect
the environments around single lakes.
The multiple Early Eocene deposits of
the Okanagan Highlands, however,
preserve a profusion of life surround-
ing a series of lakes spanning about
1000 kilometres north to south, pro-
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viding an unprecedented oppor-
tunity to examine an extended
transect of temperate uplands in
a warm world. These fossils were
deposited at a key moment in
the emergence of modern ter-
restrial lineages and communities
before the onset of our current
icehouse world climate, an
ancient world with a mixture of
familiar and strange life forms
and environments. The extraot-
dinary Lagerstitten of the Okana-
gan Highlands offer an excep-
tional window into the forma-
tion of life in our modern world
and constitute a unique compar-
ative framework within which to
examine the processes that gov-
ern its nature.
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