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Abstract Paleogene age deposits east of the Fifteenmile River, northwest of Dawson City, Yukon, Canada
preserve a diverse high-latitude fossil flora. Here, we provide new data on the age of the fossil site based on laser
ablation—inductively coupled plasma—mass spectrometry (LA-ICP-MS) U-Pb dating of tephra zircons,
paleobotanical paleoclimate reconstructions, and growing season length estimates based on photoperiod. These
new data indicate an age of the Fifteenmile River fossil locality as late middle Eocene and likely within the
Middle Eocene Climatic Optimum episode. The paleoflora-based paleoclimate reconstruction indicates the
region was relatively wet and warm with non-freezing winters, but also experienced seasonal dryness, with an
approximate 7 months long growing season as suggested by photoperiod. We interpret this paleoclimate as
summer dry and winter wet—a climate analogous to modern day warm Mediterranean climates in the Koppen-
Geiger climate classification system. These findings provide a new perspective on the past climate and
environment of high-latitude ecosystems during warm greenhouse intervals and contribute to our understanding
of the Earth's climate history and its potential future changes.

1. Introduction

The Eocene (56-33.9 Ma) represents a time of modernization of global biota, when many plant and animal groups
appeared that are still present today in our modern ecosystems; however, the Eocene is perhaps best known as a
time of globally warm climate and elevated atmospheric CO,. The Eocene Epoch was characterized by an initial
warming trend that was punctuated by a series of hyperthermal events attributed to the addition of large amounts
of CO, into the atmosphere—such as the Paleocene-Eocene Thermal Maximum (PETM), an episode of rapid
global warming analogous to modern anthropogenic warming—which culminated in the Cenozoic's temperature
acme (Westerhold et al., 2020; Zachos et al., 2008). Toward the late middle and late Eocene, global climate began
to cool, likely as a result of declining atmospheric CO,, leading to the decline of the hothouse and the onset of the
late Cenozoic icehouse (Westerhold et al., 2020; Zachos et al., 2008). This global cooling trend from ~49 to
34 Ma led to the development of Antarctic glaciers by the early Oligocene (Bohaty & Zachos, 2003; Bohaty
et al., 2009; Westerhold et al., 2020). The overall cooling trend of the latter part of the Eocene was, however,
interrupted by an episode of global warmth known as the Middle Eocene Climatic Optimum (MECO) at ~40 Ma
(Bijl et al., 2010; Bohaty & Zachos, 2003; Bohaty et al., 2009; Boscolo Galazzo et al., 2014; Sluijs et al., 2013;
Westerhold et al., 2020; Zachos et al., 2008).

The Eocene presents an opportunity to understand the interactions between climate and biota under carbon di-
oxide levels higher than today, providing valuable insights into the potential impact of anthropogenic global
warming (Inglis et al., 2020; Lunt et al., 2021; Tierney et al., 2022). Consequently, there is a growing body of
work on Eocene-aged deposits that describe the fossil biota and the ecosystems they inhabited, and reconstruct the
paleoclimate (Hollis et al., 2019 and references therein; Inglis et al., 2020; Lunt et al., 2021). The majority of these
studies, however, are from the early greenhouse intervals of the Eocene such as the PETM and the Early Eocene
Climatic Optimum (Inglis et al., 2020; Lunt et al., 2021). Fossil sites that preserve a record of the late middle
Eocene MECO event are not nearly as well represented, and as such this interval remains largely unexplored,
particularly from terrestrial sites in northern North America (Methner et al., 2016; Mulch et al., 2015), and is
absent entirely from the high latitudes.
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Despite significant advances in climate modeling and Eocene climate research (e.g., Inglis et al., 2020; Lunt
et al., 2021; Zhu et al., 2020), our understanding of the mechanisms that underpin a global greenhouse climate
remains incomplete. Most climate models are unable to reproduce the temperatures indicated at high latitudes
from fossil data (e.g., Inglis et al., 2020; Lunt et al., 2021). Indeed, the mild non-freezing winter temperatures,
typically above 0°C, that characterized the high latitudes during greenhouse intervals remain challenging to
reconstruct accurately (e.g., Burls et al., 2021; Lunt et al., 2021). However, this is critical for understanding past
greenhouse climates, as the state of the polar climate system during the winter likely had an effect on air tem-
perature at lower latitudes, much as it does at present. Subtended to this issue are challenges in interpreting how
these extinct ecosystems functioned and what potential limiting factors, if any, were operating. It is often
assumed, for example, that similar to the present, temperature was the primary constraint limiting biodiversity,
growing season length, and primary productivity for high-latitude greenhouse environments. However, these
assumptions are too simplistic and require considerations that extend beyond the direct application of modern
analogs when attempting to reconstruct extinct climates and ecosystems. In order to generate a more complete and
comprehensive understanding of mechanisms and feedbacks in high-latitude climate systems of greenhouse
worlds and the biota these climate systems supported, it is essential to provide additional proxy paleoclimate data
from high-latitude ecosystems in the Eocene.

Plant fossils are essential for deep time terrestrial paleoclimate reconstructions. Plants are sessile organisms and
therefore, unlike mobile organisms, plant phenotype reflects the environment in which it lives. In particular, traits
of vegetative organs (i.e., leaves) are plastic in response to environmental stimuli (Yang et al., 2015). Leaf
phenotype is a response to various environmental stressors, such as high and low light stress, water stress, heat
stress, herbivory and other mechanical damage, or biochemical stress caused by toxins or other environmental
pollutants. Although diverse phenotypes may be successful in a certain environment, in general, plants converge
on similar phenotypes in order to survive in the same environment, commonly irrespective of taxonomy (Yang
et al., 2015). These convergent strategies can therefore be recognized in leaf fossils, and then correlated to their
closest modern climatic analogs.

Paleogene megafloras from Yukon, while known, have not been extensively studied (e.g., Bell, 1949; Vavrek
etal., 2012; Young, 1975), and typically their age has been poorly resolved, attributed variously to the Paleocene
and as young as the Oligocene. In the absence of data based on megafloral plant remains from this region, pa-
leoclimatic and paleoenvironmental data for the early Paleogene of Yukon have come from microfloral analyses,
and these are primarily qualitative (e.g., Hopkins et al., 1975; Ridgway et al., 1995), although some late Eocene
Yukon palynofloras were included in a large-scale quantitative analysis by Pound and Salzmann (2017). The
quantitative palynological analysis reported by Pound and Salzmann (2017) proved contradictory, as minimum
temperature exceeded the maximum temperature in their reconstruction. Thus, there is a need to explore and
reinvestigate Paleogene fossil megaflora sites from Yukon to provide additional data, both climatic and floristic.

One such site is the Fifteenmile River fossil locality, which is known to yield well-preserved compression/
impression plant fossils (i.e., Hughes & Long, 1980; Skwara & Kurtz, 1988), but has so far remained unstudied
and undescribed. As for other, similar deposits found in Yukon, the age of this deposit has been attributed to the
late Paleocene (Skwara & Kurtz, 1988) to as late as the early Oligocene (Hughes & Long, 1980 and references
therein). Given the paucity of high-latitude megaflora sites, resolution of the age and a reinvestigation of the
Fifteenmile River fossil locality offers an opportunity to contribute significantly to our understanding of higher
latitude regions during the Paleogene.

Here, we provide a multidisciplinary investigation of the Paleogene Fifteenmile River site in west-central Yukon,
Canada. This includes a new age model based on LA-ICP-MS U-Pb zircon dating, and a quantitative paleocli-
matic reconstruction derived from fossil plants collected from the site, offering new insights into the greenhouse
climate of the western Canadian paleoarctic. Furthermore, we discuss the controls on growing season lengths in
high-latitude greenhouse climates, providing photoperiod-based growing season length estimates. Lastly, we
discuss the physiography of west-central Yukon during the middle Paleogene, assessing its influence on the
regional climate as indicated by the fossil flora. These data enhance our understanding of the regional paleo-
climate, paleoenvironment, and physiography of the western Canadian Arctic during the middle Paleogene.
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Figure 1. Map of Yukon showing the position of the Tintina Trench, Dawson City, and the Fifteenmile River fossil locality.

2. Materials and Methods
2.1. Study Area and Geological Background

The fossil plants for this study were collected from a deposit about 44 km northwest of Dawson City, Yukon, east
of the Fifteenmile River, known as the Fifteenmile River fossil locality (64.41°N, 139.84°W, Figure 1). The strata
are part of a series of deposits within the Tintina Trench, a major strike-slip fault extending northwest-southeast
through Yukon that was affected by late Cenozoic extensional faulting (Duk-Rodkin et al., 2004; Hughes &
Long, 1980). The fossil-bearing strata have been interpreted as alluvial deposits within an intermontane basin that
existed during the Paleogene, and are typically best exposed along the walls of the Tintina Trench (Duk-Rodkin
et al., 2004; Hughes & Long, 1980).

Hughes and Long (1980) described ~200 m of tilted strata east of the Fifteenmile River, exposed in a slump scar
(Figure 2) and unconformably overlain by Plio-Pleistocene gravels and till (Duk-Rodkin et al., 2004). The strata
are not currently assigned to a geological formation or group. The section was described as primarily composed of
conglomerate and sandstone beds with interbedded recessive intervals of claystones, siltstones, and thin coal
seams (Figure 2; Hughes & Long, 1980). The claystone beds are the primary source of compression fossil plants,
but the siltstones also yield fossil plant material. The age of the fossil-bearing deposits within the Dawson City
sector of the Tintina Trench has been typically regarded as late Paleocene to late Eocene based on analyses of both
the micro- and megafloras (Hughes & Long, 1980; Skwara & Kurtz, 1988). In addition to the fossil plants
recovered, the Fifteenmile River site also yielded the partial remains of a fossil bird discovered by J.F. Basinger
(Skwara & Kurtz, 1988), with probable affinity to the Phaethontiformes (Sullivan et al., 2022), and at least one
heavily devitrified tephra (Figure 2).

The modern latitude of the Fifteenmile River site is ~64°N and is considered sub-Arctic. The modern-day climate
of Yukon in low-lying inland areas can be a mixture of cold climates without a dry season, with a summer-dry
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Figure 2. Overview of the Fifteenmile River fossil locality, (a) aerial view of the Fifteenmile River site and locations of
quarry one (Q1), quarry two (Q2), quarry three (Q3), and the ash horizon, (b) photo of the in situ ash bed, marked by knives at
the contact between intact strata and rubble, (c) close up of the ash bed.

season, or a semi-arid steppe climate (Beck et al., 2018; Taylor, 1997). The paleolatitude for the Fifteenmile River
fossil locality was reconstructed using a paleolatitude calculator to be 67-68°N at ~40 Ma (van Hinsbergen
etal., 2015), which indicates that the Fifteenmile River fossil locality was at or above the Arctic Circle (~66.5°N)
during the middle Paleogene.

2.2. Fossil Material and Collection

Initial work for this study was based on a compression flora from Fifteenmile River in the University of Sas-
katchewan Palaeobotany Collection (USPC) collected in 1983. Additional fossil plant materials were collected in
2021. The recent collection represents two stratigraphically distinct localities within the local stratigraphy at
Fifteenmile River. Fossil megaflora were either sampled from scree slopes that could be clearly associated with in
situ strata (Q1 & Q2) or were quarried directly from in situ fossil-bearing silt and mudstone beds (Q3) (Figure 2).
Material from Q2 comprises blocks reworked down the dip slope from Q3, so Q2 and Q3 are considered
equivalent. Mean strike and dip measurements of the exposed alluvial strata were 106° = 2° and 38° + 4°,
respectively. Based on these consistent structural observations and measured elevations using a laser range-
finder, Q2/Q3 is ~35 m stratigraphically above Q1. In turn, the tuff bed that provides radiometric geochro-
nology for the Fifteenmile sequence is ~28 m stratigraphically above Q2/Q3 (Figure 2).

The original USPC fossil plant collection from 1983 was purpose-collected for determining taxonomic richness,
whereas the new collections were census-collected for both paleoclimatic and paleoecological reconstructions.
The USPC Fifteenmile River collection was organized into informal morphotypes to facilitate census collecting
during 2021 fieldwork. In combination with this method, morphotypes were referred to established plant fossil
taxa where possible, facilitating nearest living relative (NLR) taxon-based paleoclimate analysis. The fossil
material collected during the 2021 field season was studied at the University of Alberta, Department of Earth and
Atmospheric Sciences.

WEST ET AL.

4 of 25

85UBD| 7 SUOWILLOD BAITERID) B|dedl|dde L Aq peusenoh a1e sapile YO 8sn JO S3|nJ 10} A%eiqi8ul|UO AB]IM UO (SUORIPUOD-PUE-SLUBY/WO0D" &3] 1M AReJq1[ouU0//SdRY) SUORIPUOD PUe SWB L 8y} 835 *[9202/T0/82] Uo AriqiTauliuo A|im ‘AiseAun uemade N AQ 728700 Vdb20Z/620T OT/10p/uod Ae|im Areiqipuuosgndnfe//sdny woiy pepeojumod ‘0T ‘¥20¢ ‘GZSr2LSe



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004874

The collection was initially organized using the informal morphotypes from the USPC Fifteenmile River
collection. Following this, the informal morphotype organization was further refined into the present morphotype
framework (see Supporting Information S1). As part of the morphotyping process, the fossils were assigned a
three-letter prefix (FMR) based on the fossil locality name and a number. Characters used to identify morphotypes
followed leaf characters outlined in Ellis et al. (2009). Field and lab photography was performed using a Nikon
D5300 DSLR digital camera. Fossil specimens collected at Fifteenmile River in 2021 were labeled with Yukon
Palaeontology Program specimen numbers (e.g., YG ###) and will be deposited to the Yukon Palacontology
Program collection (Whitehorse, Yukon) following the completion of research.

2.3. Paleobotanical Climate Analyses

The distribution and morphology of plants is strongly influenced by climatic variables such as temperature and
precipitation. Consequently, the evolutionary and ecological relationships between plants and climate can be
extended into the fossil record and used to reconstruct past climates and ecosystems. The two principal methods
for retrodicting past climates from fossil plants are leaf physiognomy and NLR analysis (Peppe et al., 2018).

Physiognomic methods are based on the correlation between leaf architecture (e.g., leaf size and shape, toothed or
untoothed margins) and climate data derived from modern vegetation data sets. These methods include the
Climate Leaf Analysis Multivariate Program (CLAMP), Leaf Area Analysis (LAA), and Leaf Margin Analysis
(LMA) (e.g., Spicer et al., 2021; Wilf, 1997; Wilf et al., 1998). These methods do not require species identifi-
cation, and they typically rely on a system of morphotypes (Johnson, 2002). NLR methods, such as Bioclimatic
Analysis (BA) (Greenwood et al., 2005), are used to generate paleoclimatic information from fossil assemblages
using the climatic range of modern-day taxa that are most closely related to the fossil taxa.

In keeping with best practice methods of paleoclimate reconstruction using fossil plants (see Hollis et al., 2019;
West et al., 2020), we also use the ensemble approach to derive a consensus paleoclimate reconstruction that does
not prioritize one method over another. These methods are briefly outlined below.

2.3.1. CLAMP

CLAMP is a multivariate statistical method that uses modern eudicot leaves with recorded physiognomic data
(e.g., size, shape, margin states, apex and base shape) under known climate conditions. Fossil leaf assemblages are
similarly scored and the paleoclimate is then reconstructed by finding the closest analog in multi-dimensional
space using canonical correspondence analysis (Spicer, 2008; Spicer et al., 2021; Wolfe, 1993; Yang
etal.,2011). Using the Physg3brcAZ_GRIDMet3brAZ calibration data set, we provide estimates of mean annual
temperature (MAT), warm month mean temperature (WMMT), cold month mean temperature (CMMT), length
of growing season, growing season precipitation (GSP), three wettest months (3WET), three driest months
(3DRY), mean monthly growing season precipitation (MMGSP), and relative humidity (RH) for the Fifteenmile
River fossil site (Spicer, 2008; Spicer et al., 2021; Wolfe, 1993; Yang et al., 2011).

Additionally, we obtained mean annual precipitation (MAP), warmest (WQM) and coldest (CQM) quarter mean
temperatures, and driest month precipitation (DMP) from WORLDCLIM (Fick & Hijmans, 2017) for the
CLAMP modern calibration data set (Yang et al., 2015) and used the standard CLAMP method (Spicer, 2008;
Spicer et al., 2021; Wolfe, 1993; Yang et al., 2011) to reconstruct these variables for the Fifteenmile River fossil
assemblages. CLAMP is typically calibrated using gridded climate data described in New et al. (2002), and the
classic CLAMP output does not include MAP, WQM, CQM or DMP (Spicer et al., 2009). Since our aim is to
compare results of independent botanical paleoclimate proxies and to generate an ensemble result (e.g., Lowe
et al., 2018; West et al., 2021), the reconstructed climate variables need to be the same.

Furthermore, using a single source for gridded climate information reduces uncertainty that arises from
disagreement among global climate models. CLAMP regression models used for this study are available online
(West et al., 2024). We identified 40 eudicot leaf morphotypes in the Fifteenmile River flora, 39 of which were
used for CLAMP and LMA, and 37 were used for LAA, which exceeds the 20 morphotype threshold required to
reduce uncertainty below calibration error (Spicer, 2008; Wolfe, 1993; Yang et al., 2011).
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2.3.2. Leaf Margin Analysis

LMA is based on the linear relationship between MAT and the proportion of untoothed leaves (leaf margin
proportion, or LMP) in a vegetation assemblage, where a higher LMP correlates with warmer temperatures
(Wilf, 1997). Equations 1-3 represent the classic LMA regression equation, a wet-site bias regression equation,
and a global regression equation, respectively (Kowalski & Dilcher, 2003; Peppe et al., 2011; Wing & Green-
wood, 1993). Standard error for LMA derived using Equations 1 and 2 is calculated from the number of mor-
photypes recognized in the fossil flora (Equation 4; see Wilf, 1997), where r is the number of morphotypes.
Standard error for LMA Equation 3 is set to a minimum error of 4.8°C following Peppe et al. (2011).

MAT = 1.141 + (30.6 X LMP) (1)
MAT = 2.223 + (36.3 X LMP) 2)

MAT = 4.6 + (20.4 x LMP) 3)

oMAT = 30.6(VT — LMP)/r @)

2.3.3. Leaf Area Analysis

LAA uses the natural log of mean leaf area (MInA) for a vegetation assemblage to estimate MAP (Wilf
et al., 1998). For this study, leaves were measured using both a direct and indirect method. Leaf areas were
calculated directly from photographs using the program ImageJ (Schneider et al., 2012) and indirectly from
analog measurements using Equation 5 (Cain et al., 1956). Leaf areas calculated using the indirect method are
then used in association with the Raunkiaer-Webb size class templates provided by the Manual of Leaf Archi-
tecture (Ellis et al., 2009). MAP was estimated from two linear regression equations published in Wilf
et al. (1998) (Equation 6) and Peppe et al. (2011) (Equation 7). Standard error is calculated following standard
practice for linear regression; however, each equation is converted from natural log values (In) and is asymmetric
as a result (Peppe et al., 2011; Wilf et al., 1998).

Leaf Area=2/3XLXW (5)
In(MAP) = 0.768 + (0.548 x MInA) (6)

In(MAP) = 2.92 + (0.283 X MInA) (7)

2.3.4. Bioclimatic Analysis

BA (Greenwood et al., 2005) was used to generate paleoclimatic information from fossil assemblages using the
modern-day distribution of NLRs of the taxa found in the fossil flora. Here, BA was performed by calculating
probability density functions (e.g., West et al., 2020; Willard et al., 2019). Using data available online from the
Global Biodiversity Information Facility (https://www.gbif.org/) we obtained geodetic coordinates for each NLR
associated with the fossil megaflora from the Fifteenmile River fossil locality (Table 1). Exotic occurrences of
taxa (i.e., plants found outside their native range) were filtered from the coordinate data sets. The data sets were
randomly resampled to avoid regional overrepresentation in areas where many plant collections have been made
(see West et al., 2020). Climatic envelopes of MAT, WQM, CQM, DMP, and MAP were then generated for each
plant group by cross-referencing the remaining geodetic coordinates with gridded climate maps using the dismo
package in R (Hijmans et al., 2005). A random set of over 500,000 unique extant combinations of MAT, WQM,
CQM, DMP, and MAP was then generated. We then calculated the product of probabilities (f) of being rep-
resented by the taxa (¢) in the Fifteenmile River fossil flora, using the means (x) and standard deviations (o) of
their modern-day range, for each climatic variable (¢) (Equation 8).

Xe—He

f) =T, o ®)

\/263)(77.’
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Table 1
Morphotypes, Taxonomic Affinity, Plant Organ, and the Associated NLRs Used for Bioclimatic Analysis of the Fifteenmile
River Megaflora
Morphotype identifier Taxon affinity Organ NLR
FMR-041 Acer sp. Seed Acer
FMR-004 Aesculus sp. Leaf Aesculus
FMR-032 Alnus sp. Leaf Alnus
FMR-001 Corylites/Betulites Leaf Betulaceae
FMR-030 Celtis aspera Leaf Celtis
FMR-002 & FMR-025 Trochodendroides spp. Leaf Cercidiphyllaceae
FMR-012 Cornus hyperborea Leaf Cornus
FMR-053 Coniopteris blomstrandii Frond Dicksoniaceae
FMR-052 Equisetum sp. Axis, leaves, tubers Equisetum
FMR-051 Glyptostrobus sp. Shoot Glyptostrobus
FMR-029 Malvoid Leaf Malvaceae
FMR-050 Metasequoia sp. Shoot, cone Metasequoia
FMR-031 Browniea sp. Leaf Nyssaceae
FMR-015 Platanoid Leaf Platanaceae
FMR-047 Craigia sp. Seed Tilioideae
FMR-002 & FMR-021 Trochodendron spp. Leaf Trochodendron
FMR-052 Typha sp. Leaf Typha
FMR-005 Ulmus sp. Leaf Ulmus
FMR-014 Vitiphyllum sp. Leaf Vitaceae
In which x, is some value of MAT, WQM, CQM, DMP, or MAP that generates a unique combination for which
the likelihood of the taxa occurring in that climate can be calculated. The likelihood for the total number of taxa
(n) combined was then calculated using Equation 9.
f@) =1L, 1, ©)
The combination of MAT, WQM, CQM, DMP, and MAP with the highest f(z) is considered the value most
representative of the assemblage, whereas the 95% confidence interval is the maximum range of these climatic
variables, with f{(z) >5% the maximum f{(z).
2.3.5. Ensemble Method
Although both physiognomic and NLR methods have constrained uncertainty, the results from these methods are
not always consistent. Furthermore, the accuracy and validity of these methods are often compared, with some
arguments suggesting preference for one method over another based on the perceived flaws or weaknesses
inherent in the methods. Therefore, we use the ensemble method, which builds a consensus reconstruction based
on all methods used (Lowe et al., 2018; Reichgelt et al., 2022; West et al., 2020, 2021), and avoids preferentially
weighting one method over another. This methodology is the recommended best practice for paleobotanical-
based climate reconstruction methods (Hollis et al., 2019; West et al., 2020).
The ensemble method not only highlights potential disparity between different proxy reconstructions but also
reduces the inherent uncertainty in paleoclimate proxy usage, by generating probability density intervals that
holistically and objectively represent the range of uncertainty proxy estimates (West et al., 2020). Additionally,
the ensemble method produces the most consistent reconstruction from independent methods by propagating the
error from each, further enhancing the reliability of the reconstructions (Reichgelt et al., 2022; West et al., 2020).
Here, we use the ensemble approach to create the most parsimonious climate reconstructions from both the
physiognomic and NLR results. Ensemble estimates of MAT, MAP, WQM, CQM, and DMP were produced by
WEST ET AL. 7 of 25
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bootstrapping climate data from all methods. The mean and standard deviations were resampled using n = 1,000
Monte Carlo simulations for each proxy reconstruction at each site, and the resamples were then used to create
ensemble means and standard deviations. The LMA and LAA results from multiple calibrations were boot-
strapped to create a single LMA and LAA result. This was done to avoid unequal weighting of LMA and LAA
results in the MAT and MAP ensemble reconstructions, respectively.

2.4. Closest Climatic Analog

Closest climatic analogs, a practice employed by paleobotanists in an effort to accurately describe ancient climate,
typically rely on evoking a modern region with similar temperature and precipitation as a potential modern
analog. Although useful, this method has limitations in that the climatic analogs selected may not be fully
representative or may be potentially misleading. We prefer to use a quantitative closest climatic analog method
(West et al., 2021) that provides the closest modern climate available to the paleoclimate reconstruction for
Fifteenmile River.

We generated 20,000 random geodetic coordinates (between 70°N and 70°S) and derived MAT, WQM, CQM,
MAP, WMP, and DMP from Fick and Hijmans (2017) to determine which modern-day locations and their
accompanying climatic zones are most similar to the late middle Eocene Fifteenmile River region. From the
equation below (Equation 10), we then calculated Z-scores for MAT, MAP, temperature seasonality, and pre-
cipitation seasonality, where temperature seasonality is the difference from WQM-CQM and precipitation
seasonality is the quotient of WMP/DMP. We then squared the Z-score distance between each site (X) and the
Fifteenmile River (FMR) reconstruction to arrive at a total Z-score (Zy) distance that indicates how climatically
dissimilar a given climate is to the late middle Eocene Fifteenmile River.

4
Zy =log Y. (X. — u./0.) — (FMR, — p./5,))’ (10)
n=1

In which p,. and o, represent the mean and standard deviation, respectively, for each climatic variable; X, is the
climate at the site for which Z is calculated; and FMR_ is the reconstructed climate of the Fifteenmile River region.
Using the Z-scores for each site an interpolated map was built using inverse distance weighting (IDW) in ArcGIS
(ESRI, 2020). IDW interpolates point-specific log-transformed Zy values, which allows us to generate heat maps
that can visualize the geographic regions with modern climates that are most similar to the paleoclimate estimated
from the ensemble method. The interpolated map had a cell size of 0.5° X 0.5° lat/long. The number of nearest
points to determine cell value in IDW was set at 12, with a maximum distance of 1°.

2.5. Zircon U-Pb Methods

Zircon crystals from one heavily devitrified tephra stratigraphically associated (Figure 2) with the Fifteenmile
River fossil sample sites (field sample number: AVR21-15M-1A) were prepared for analysis at the University of
Alberta. Although heavily altered, the sample contains preserved platy glass shards (typically <10 pm in size) and
abundant glass-clay aggregates in conjunction with trace amounts of euhedral zircon, apatite, magnetite, and
ilmenite. The sample was sieved to isolate the <250 pm size fraction, and zircon crystals were separated using
Wilfley table and heavy-liquid density separation methods (e.g., Strong & Driscoll, 2016). Zircon grains
generally <40 pm in size were hand-picked from the heavy concentrate under a binocular microscope and
mounted in epoxy.

The zircon U-Pb analyses were performed at University of Alberta in the Arctic Resources Geochemistry
Laboratory using a RESOlution ArF 193 nm laser ablation system coupled to a Thermo Scientific Element XR
magnetic sector-field (SF)-ICP-MS. Zircon crystals were ablated using a 23 pm beam for 40 s with the laser
configured to a repetition rate of 5 Hz and energy density of ~3 J/cm? (see Table S1 in Supporting Informa-
tion S1). The primary reference standard 91,500 (Wiedenbeck et al., 1995) was used for U-Pb mass bias frac-
tionation and instrument drift correction, and PleSovice (Slama et al., 2008) and Mud Tank (Horstwood
et al., 2016) zircon crystals were employed as secondary standards (see Table S1 in Supporting Information S1).
The 2°°Pb/**8U external reproducibility for these standards is ~1-2% (2rsd), with MSWD values for the entire
suite of analyses within the permissible range at 95% confidence level for the single population of replicated
analyses (Mahon, 1996). All zircon analyses were corrected for common-Pb following the “**’Pb-method”
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(Williams, 1998), with initial-Pb composition estimated from the Stacey and Kramers (1975) lead evolution
model. The ages are reported with 26 uncertainties (standard error at 95% confidence level).

The deposition age was calculated using the following three methods: (a) Bayesian modeling (Keller et al., 2018);
(b) a maximum likelihood algorithm (Vermeesch, 2021); and (c) the weighted mean of the youngest group of ages
that have overlapping 26 uncertainties (Sharman et al., 2018). We calculated Bayesian deposition age estimates
using priors based on uniform and triangular distributions, and MELTS zircon crystallization distributions based
on kinetic and thermodynamic models (Keller et al., 2018). IsoplotR v.4.2 was used to calculate the maximum
likelihood algorithm and weighted mean ages (Vermeesch, 2018).

3. Results
3.1. Fossil Morphotypes

The Fifteenmile River flora consists of a diverse assemblage of plant remains. In total 53 morphotypes were
identified (refer to Text S1, Figures S1 to S53, and associated captions in Supporting Information S1). Forty of
these are leaf morphotypes from woody broadleaf “dicot” angiosperms (Figure 3). The remaining 13 morpho-
types belong to monocots (2 morphotypes), gymnosperms (2 morphotypes), polypodiopsids (2 morphotypes), and
reproductive elements (e.g., flowers, catkins, fruits, and seeds; 7 morphotypes). Morphotypes that were aligned
with existing fossil taxa used for NLR analysis and their associated NLR are listed in Table 1.

3.2. Paleoclimate

The results from all proxy estimates (i.e., LAA, LMA, CLAMP, non-standard CLAMP, BA, and Ensemble) can
be found in Tables 2—4. The range of the primary suite of climatic variables estimated for the Fifteenmile River
region (i.e., MAT, WQM, CQM, MAP, and DMP) are reported here. In addition, we report several standard
CLAMP variables here (e.g., 3WET, 3DRY, GSP, and GSL). The MAT range for Fifteenmile River was 9.2—
15.5°C with an ensemble estimate of 11.2 (£2.4) °C from all proxies. WQM had an ensemble estimate of 18.5
(£2.9) °C and CQM of 4.6 (£2.3) °C. The MAP ensemble estimate range was 81-161 cm yr_1 with a mean of
114 cm yr~'. The DMP estimate range was 2—6 cm, with the ensemble mean estimate of 3.6 cm. The 3WET,
3DRY, and MMGSP values estimated from the standard CLAMP method were 37 (£23) cm, 20 (£6) cm, and 8.4
(£3.8) cm, respectively. Growing season length was estimated to be 7 (+1.1) months, and GSP from the standard
CLAMP method was estimated to be 52 (£32) cm. The RH from the standard CLAMP method was estimated to
be 82%.

3.3. Closest Climatic Analog

The results of the closest climatic analog analysis (Figure 4) show that the paleoclimate reconstruction for the
Fifteenmile River flora is similar to modern regions that have temperate climates, including temperate oceanic
climates (Mar del Plata, Brest, Amsterdam, Esbjerg, Canberra), humid subtropical climates (Buenos Aires,
Toulouse, Sydney), warm-summer Mediterranean climates (Victoria, Seattle, A Corufia, Temuco), and hot-
summer Mediterranean climate (Rome). The closest climatic analog analysis also highlighted some regions
that have climates that are regarded as mixed or border climate, such as Vancouver, B.C, which fluctuates be-
tween a temperate oceanic climate and a summer-dry Mediterranean climate, as well as Melbourne, which has a
temperate climate bordering on hot semi-arid climate. The strongest associations of the paleoclimate recon-
struction are to the oceanic and warm-summer Mediterranean climate zones (Figure 4). Several of the temperate
oceanic climates have some precipitation seasonality and show a similar pattern with drier summers and wetter
winters (e.g., Brest, Mar del Plata, Buenos Aires), although they do not meet the criteria to be classified as
Mediterranean.

3.4. U-Pb Results

Of the 20 zircon grains separated from the ash sample and dated, the eight youngest analyses form a coherent
cluster with overlapping uncertainties ranging from 40.1 to 43.4 Ma; these ages were used for the Bayesian model
and weighted mean deposition age calculations. The older tail of the age spectrum displays a heterogeneous mix
of ages ranging from 50.1 to 884.7 Ma, suggesting presence of xenocrysts and/or a detrital component. The
Bayesian model results here are insensitive to the choice of the prior, with triangular (40.2 £ 0.9 Ma), uniform
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Figure 3. Examples of some of the plant fossil morphotypes found at the Fifteenmile River fossil locality. FMR = Fifteenmile
River. All scales = 1 cm. (a) FMR-001 Corylites/Betulites YG 371.94, (b) FMR-005 Ulmus sp. YG 371.54a, (c) FMR-012
Cornus hyperborea YG 371.101b, (d) FMR-010 YG 371.166, (¢) FMR-002 Trochodendroides sp. 1 YG 371.160b, (f) FMR-
029 Malvaceae YG 372.6b, (g) FMR-027 YG 371.215a, (h) FMR-030 Celtis cf. C. aspera YG 373.27a, (i) FMR-032 Alnus
sp. YG 372.32, (j) FMR-040 YG 371.179, (k) FMR-006, (1) FMR-004 Aesculus sp. YG 373.37, (m) FMR-021
Trochodendron sp. 2 YG 371.206b, (n) FMR-038 YG 373.7, and (0) FMR-037 YG 372.50a.

(40.1 £ 1.1 Ma) and MELTS (39.9 = 1.4 Ma) priors yielding indistinguishable ages at 2c uncertainty. The
maximum likelihood algorithm (40.7 = 0.5 Ma) and weighted mean (40.8 = 0.5 Ma) results are also indistin-
guishable and overlap with the Bayesian model ages. For consistency we rely on the Bayesian model results, but
irrespective of the method used the conclusion of the zircon geochronology remains the same. We prefer the result
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Table 3

Table 2
Paleoclimate Estimates of Mean Annual Temperature (MAT) and Mean Annual Precipitation (MAP) From Leaf Margin
Analysis (LMA) and Leaf Area Analysis (LAA), Respectively

MInA  MAP (cm yr™")

n LMP MAT (°C) Calibration

39 (37)

026 92x22 764 147 (—44/+64)
11.8 2.6 - -

100 £48 — 164 (=75/+138)

Wing and Greenwood (1993) (LMA); Wilf et al. (1998) (LAA)
Kowalski and Dilcher (2003)
Peppe et al. (2011) (LMA and LAA)

Note. LMP = leaf margin proportion (number of taxa or morphotypes as a proportion of n, Wilf, 1997); MInA = mean of the
natural logarithm of leaf area. 39 of the 40 broadleaf morphotypes were useable for physiognomic analysis; an additional two
morphotypes were deemed too fragmented to be accurately measured for leaf area, resulting in n = 37 for LAA. Standard
errors for MAP are asymmetric, as they are converted from log,.

based on triangular prior (40.2 + 0.9 Ma), because the probability density function of the 2*°Pb/**3U ages takes
roughly a triangular form and henceforth report this age is the best estimate for the tephra bed depositional age.

4. Discussion
4.1. Age of the Fifteenmile River Flora

The Paleogene deposits found within the Dawson City sector of the Tintina Trench were originally thought to be
Eocene in age based on compression fossils found in the coal mines of Cliff Creek (Collier, 1903). This age
assignment was later expanded by Hollick (1936), whose work on the Alaskan sector of the Tintina Trench
suggested an age assignment that spanned the Late Cretaceous to Eocene. Later, Hughes and Long (1980) re-
ported the age of the Paleogene deposits within the Dawson City sector of the Tintina Trench, including those at
Fifteenmile River, as likely being late Eocene in age. This age assignment was based on previous reports by
Green (1972) and Hopkins et al. (1975), who investigated the fossil-bearing horizons of coals and mudstones from
nearby Cliff Creek.

Green (1972) suggested that the age of the coals and the megaflora-bearing deposits at Cliff Creek (64.54°N,
140.45°W, ~32 km northwest of the Fifteenmile River fossil locality) were of probable Paleocene to middle
Miocene age, based on the composition of the microfloras and scattered fragments of compression fossils, such as
Metasequoia occidentalis.

Hopkins et al. (1975) further constrained the age to late Eocene, possibly earliest Oligocene, based on the
microflora composition and presence of Gothanipollis, a pollen form genus associated with the Loranthaceae, that
is primarily known from middle Eocene to Oligocene deposits in North America. Skwara and Kurtz (1988) re-
ported that the deposits at Fifteenmile River were potentially late Paleocene in age based on an informal review of
the fossil plants collected there. However, the 40.2 = 0.9 Ma age indicated by our tephra zircon U-Pb analyses
suggest a late middle Eocene age. This age is consistent with prior biostratigraphic ages for the region based on
analysis of microflora from coal deposits at Cliff Creek (Hopkins et al., 1975).

The 40.2 + 0.9 Ma tephra zircon age also falls within estimates for the age range for the MECO. The MECO is
variably assigned a conservative age range of 40.1-40.5 Ma (e.g., Henehan et al., 2020; Rivero-Cuesta
et al., 2019) or a broader age of 39.1-41.1 Ma (e.g., Cramwinckel et al., 2018). The more inclusive age esti-
mate includes the full age range of increasing and decreasing temperatures into peak MECO conditions that may
be spatially time transgressive, and incorporates the full age uncertainty across proxies. Disagreement between

Paleoclimate Estimates Derived From CLAMP (n = 39)

MAT
(°C) £2.1

WMMT
(°C) £2.5

CMMT
(°C) £3.4

LGS (months) *1.1 GSP (cm) +32 MMGSP (cm) +3.8 3WET (cm) 23 3DRY (cm) 6 RH (%) £8.6

11.5

20.8

25

6.9 51.9 8.4 37.2 19.9 81.9

Note. MAT = mean annual temperature; WMMT = warm month mean temperature; CMMT = cold month mean temperature; LGS = length of growing season;
GSP = growing season precipitation, MMGSP = Mean Monthly Growing Season Precipitation; 3WET = three wettest months precipitation; 3DRY = three driest
months precipitation; RH = relative humidity (Spicer et al., 2021; Yang et al., 2011).
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Table 4
Paleoclimate Estimates From Non-Standard CLAMP, Bioclimatic Analysis, and Ensemble Analysis

MAT (°C) WQM (°C) CQM (°C) MAP (cm-yr™") DMP (cm)

Non-standard CLAMP 9.9 (£1.6) 16.1 (£2) 3.6 (£2.6) 87.1 (63.6-119.3) 3.5 (1.8-6.6)
Bioclimatic Analysis 13.3 (11.5-15.5)  21.4 (19.2-22.6) 5.5(2.9-8.2)  117.5 (100-141.3) 3.8 (2.6-5.5)
Ensemble Analysis 11.2 (£2.4) 18.5 (£2.9) 4.6 (£2.3) 114 (80.5-161.7) 3.6 (2.2-5.94)

Note. BA estimates represent the mean and the 95% Confidence Interval. Ensemble paleoclimate estimates are based on
non-standard CLAMP, LMA, LAA, and BA. MAT = mean annual temperature; WQM = warmest quarter mean temperature;
CQM = coldest quarter mean temperature; MAP = mean annual precipitation; DMP = driest month precipitation.

age estimates of “events” in Earth's history of several hundreds of thousands or even millions of years is common.
An inclusive age range can incorporate the uncertainty inherent in age estimates, as well as potential spatial
differences in the expression of a climate disruption. On the other hand, the more conservative age estimate may
represent peak MECO conditions that are more or less consistent spatially.

The tephra used for U-Pb analyses is ~63 and ~28 m stratigraphically above the Q1 and Q2/Q3 fossil-bearing
strata, respectively. Given the conformable nature of the alluvial sediments that separate the dated tuff from

50°N 4

45°N 4

-30°N

- Equator

Climatic similari

30°S 4

35°S -

40°S

(d)

muco

-30°S

-35°S

-40°S

70°W

60°W 140°E 150°E

Figure 4. Climatic similarity of modern climates in the world, based on temperature and precipitation variables, to the paleoclimate of the Fifteenmile River fossil
locality ca. 40 million years ago. Dashed boxes on map (a) indicate areas with the most pronounced similarity. (b) Detail of the coastal areas of the Pacific Northwest in
North America, (c) western Europe, (d) southern South America, and (e) southeastern Australia.
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the fossil-bearing strata, and assuming a typical alluvial sedimentation rate of 0.2—10 mm/yr (Ferring, 1986), the
63 m stratigraphic separation between the devitrified tephra and lower fossil-bearing strata represent 6.3-315 kyr.
We therefore identify three sources of uncertainty in placing the Fifteenmile flora within the age constraints of the
MECO: (a) the uncertain age constraints of MECO globally; (b) the £0.9 Ma uncertainty associated with the
206pp 2381 result; and (c) the range of possible alluvial sedimentation rates that would determine the time sep-
aration of the tuff and the fossil-bearing strata. To account for these sources of uncertainty, we bootstrapped the
possible ages of the Fifteenmile River flora based on the 2*°Pb/>**U result and sedimentation rates, and evaluated
the percentage of results that fall within the conservative age range of 40.1-40.5 Ma or the inclusive age range of
39.1-41.1 Ma. We generated 10,000 resamples representing possible ages of the Fifteenmile River flora assuming
a normal distribution for the 40.2 + 0.9 Ma 2°°Pb/***U result and random ages between 6.3 and 315 kyr rep-
resenting the sedimentation rate. This resulted in 21.6% overlap of possible ages with the conservative age es-
timate and 71.8% overlap with the inclusive age estimate. Using a basic probability scale, it is possible that the
Fifteenmile River flora was formed during the conservative age estimate (40.1-40.5 Ma) for the MECO, but
likely that it was formed during the time of the more inclusive age range (39.1-41.1 Ma) for the MECO. This
probabilistic approach allows us to explore different scenarios, indicating that the flora likely represents vege-
tation that thrived under climate conditions during, or immediately preceding or post-peak MECO, and thus
different from the baseline climate that characterized the cooling trend of the late middle and late Eocene.

4.2. Paleoclimate of Fifteenmile River

The ensemble climate analysis indicates that Fifteenmile River had a temperate mesic climate
(MAT =11.2 £2.4°Cand MAP =114 —33.5/4+47.7 cm yrfl), with mild winters (CQM = 4.6 + 2.3°C). Modern
climate data for the region differ markedly from those of the late middle Eocene, particularly in the nature of cold
month mean temperatures. For example, nearby Dawson City has a MAT of —4.3°C, a CMMT of —13.5°C, and a
MAP of 32.4 cm yr~' (Environment and Climate Change Canada, 2024), and is representative of a modern
Northern Hemisphere climate, influenced by Arctic air and polar ice caps (Gervais et al., 2016), and greater mean
annual ranges of temperature (Basinger et al., 1994). In contrast, due to absent high albedo and southward
movement of polar air masses, the winter temperatures of ice-free greenhouse periods were altogether different
and likely milder and less subject to strong day-to-day fluctuations.

Global climate model reconstructions for the late middle to late Eocene have suggested the southwestern Yukon
region had a relatively mild climate, with surface air temperatures modeled between 10 and 15°C and MAP 160-
200 cm (Baatsen et al., 2020). Modeled sea surface temperatures and MAP along coastal southwestern Alaska/
Yukon were between 16 and 20°C and 200-300 cm respectively, which suggests increased precipitation along the
coast (Baatsen et al., 2020). The results of our study are generally consistent with the Baatsen et al. (2020) model
simulations, although the Fifteenmile River plant-based reconstruction yields a somewhat cooler and drier
paleoclimate.

The closest climatic analog analysis (Figure 4) identifed several regions that have similar climates to the recon-
structed paleoclimate for Fifteenmile River. These include temperate oceanic climates (i.e., Mar del Plata, Brest,
Amsterdam, Esbjerg, Canberra), Mediterranean climates (i.e., Victoria, Seattle, A Corufia, Temuco), humid
subtropical climates (i.e., Buenos Aires, Toulouse, Sydney), and regions that have mixed climates between
temperate oceanic and Mediterranean (i.e., Vancouver). In the Koppen-Geiger climate system, temperate oceanic
climates are defined as having the coldest month averaging above 0°C, and temperatures averaging above 10°C for
at least 4 months, and a temperature average below 22°C for all months of the year (Belda et al., 2014; Peel
etal., 2007). Similarly, the definition for a Mediterranean climate is that the coldest month averages above 0°C, at
least4 months averaging over 10°C, and a hot- or warm-summer Mediterranean climate with at least 1 month above
22°C, or below 22°C, respectively. The ensemble CQM (4.6°C) and WQM (18.5°C) of the Fifteenmile River flora
meet the temperature criteria for both a temperate oceanic climate and a warm-summer Mediterranean climate.

In terms of precipitation, the closest climatic analog analysis largely highlighted sites that are characterized by
seasonal precipitation regimes, although some sites with only minor precipitation seasonality were also highlighted
by the analysis. For example, some of the temperate oceanic sites identified by the closest climatic analog analysis
do have some precipitation seasonality, such as summer wet and winter dry (e.g., Buenos Aires, Mar del Plata), or
are seasonally dry during the spring or fall (e.g., Amsterdam, Brest, Esbjerg). This suggests that precipitation
seasonality is a common trait shared between Fifteenmile River and those sites identified by the closest climatic
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analog analysis. Importantly, the definition for a temperate oceanic climate is that it does not have significant
variation in precipitation between seasons (Belda et al., 2014; Peel et al., 2007), as is reconstructed for Fifteenmile
River (DMP = 3.6 cm). This would disqualify the reconstructed paleoclimate for Fifteenmile River as temperate
oceanic.

On the other hand, warm-summer Mediterranean climates are similar to temperate oceanic climates with respect
to temperature, but differ in terms of precipitation. Instead, warm-summer Mediterranean climates have driest
summer month precipitation of <4 cm, and at least three times as much precipitation in the wettest winter month
(Beldaetal., 2014; Peel et al., 2007). Thus, the reconstructed paleoclimate of Fifteenmile River qualifies as warm-
summer Mediterranean, assuming DMP was in summer. Hot-summer Mediterranean climates are defined
similarly, but must have a warmest month average >22°C (Belda et al., 2014; Peel et al., 2007), which the
Fifteenmile River flora was unlikely to have had, as the ensemble WQM is 18.5°C. Humid subtropical climates
are defined as having a coldest month average >0°C, an average temperature of at least 1 month >22°C, at
minimum 4 months averaging >10°C, and no significant difference in precipitation between seasons, and thus an
absence of dry summer months (Peel et al., 2007). The reconstructed CQM and WQM of the Fifteenmile River
flora are too low to meet the criteria of a humid subtropical climate.

Modern estimates of GSP are usually representative of the warm or summer season, especially in the Northern
Hemisphere, as the cold or winter seasons typically result in plant dormancy or death. Consequently, it is difficult
to assign a season to estimates of GSP from past greenhouse intervals, as seasonal temperature differences were
reduced and primary plant growth may not have been restricted to the astronomical summer seasons
(Basinger, 1991; Basinger et al., 1994; Konrad et al., 2023; West et al., 2015; Williams et al., 2009). However, it
can be assumed that the Fifteenmile River GSP estimate occurred during the astronomical summer, as the Fif-
teenmile River region (~67°N paleolatitude) would have been at or above the Arctic Circle during the late middle
Eocene. Although not as extreme as the High Arctic, the Fifteenmile River region would have experienced
lengthy periods of darkness or twilight during the winter, periods of perpetual daylight during the summer, and
shoulder seasons characterized by a more typical diurnal cycle and extended intervals of twilight. Considering the
greenhouse climate in place during the late middle Eocene, characterized by mild winters, reduced daily tem-
perature fluctuations, and a narrow mean annual range of temperature, it is very likely that photoperiod, rather
than temperature, was the primary control on growing season length (see Section 4.3 below), as evidenced by
fossil wood anatomy (Basinger, 1991).

The GSP estimate of 52 cm, and the MMGSP of 8.4 cm, suggests the growing season length was ~6 months long
(where 52 cm divided by 8.4 cm equals 6.2), which is consistent with the growing season length estimated by
CLAMP (~7 months), although, as noted below, length of the growing season is influenced by photoperiod at
high latitudes during periods of global warmth. Following this, if we assume a warm dry summer, as is typical
with a Mediterranean climate, then the 3DRY and DMP estimates of 20 and 3.6 cm, respectively, would have
occurred during an approximate six-month-long growing season. Therefore, we can conclude that the mean
monthly precipitation during the growing season at Fifteenmile River would have fluctuated between 3.6 and
10.6 cm. This range assumes that the 3DRY precipitation estimate includes the DMP estimate, with
52 — 20 cm = 32 cm to be distributed over the remaining 3 months of the growing season. However, if we instead
assume that the 3DRY and DMP estimates do not co-occur, and occupy instead 4 months of the growing season,
the mean monthly precipitation during the growing season would range between 3.6 and 14.2 cm. As the GSP
estimate accounts for approximately 46% of the MAP, the remaining 54%, or 62 cm, would be distributed across
the remaining 6 months of the year. The ~62 cm of precipitation outside of the growing season would also include
the 37 cm 3WET estimate, which suggests that mean monthly precipitation during the winter dark months would
have been between 8.3 and 12.3 cm. Given that 12.3 cm would be the wettest winter month precipitation, which is
three times the precipitation of the driest month, this suggests that the Fifteenmile River region was characterized
by a Mediterranean climate during the late middle Eocene. The idea of Mediterranean climates at higher latitudes
is not without merit, as parts of modern-day Yukon and Alaska currently feature summer-dry climates (Scud-
der, 1997; Taylor, 1997), and such summer-dry continental climates (i.e., Dsa, Dsb, Dsc, and Dsd, see Beck
et al., 2018; Belda et al., 2014; Peel et al., 2007) are now typically referred to as Mediterranean-influenced
climates (e.g., Mediterranean-influenced subarctic climate; Andrade & Contente, 2020; Stefanidis et al., 2022;
Yalcin & Arca, 2024; Zhang et al., 2022). We note that the error range for these estimates could accommodate
other precipitation combinations. However, our preferred interpretation uses the highest-probability estimates and
is a mathematically consistent scenario that agrees with both our climate and closest climatic analog analysis.
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This indicates that the Fifteenmile River region did not experience a pronounced winter dry season, such as would
be typical for a monsoonal climate regime; however, it does suggest that the region had a summer-dry precipi-
tation regime. Based on this interpretation, we conclude that the Fifteenmile River region had a Mediterranean or
Mediterranean-like climate during the late middle Eocene, especially since the radiative flux in summer would
have been disproportionately high, resulting in a higher evapotranspiration potential. The definition of a Medi-
terranean climate is often erroneously conflated with geography or flora (Blumler, 2005); we make no inferences
with respect to geography or flora and restrict ourselves to a climatic definition alone. Broad-leaved evergreen
sclerophyllous vegetation is often incorrectly assumed to be a necessary qualifier for a Mediterranean climate
(Blumler, 2005; Gavilan et al., 2018; Valiente-Banuet et al., 1998), which would seem incongruent with the polar-
broad leaved trees of the Paleogene as most, if not all, were deciduous (e.g., West et al., 2019). However, there are
examples of sclerophyllous floras in the modern day that grow in regions without a Mediterranean climate
(Valiente-Banuet et al., 1998), and regions with a Mediterranean climate that instead support a deciduous flora
rather than an evergreen sclerophyllous flora (Gavildn et al., 2018). Indeed, evidence from the fossil record
suggests that sclerophylly may have evolved in both winter wet and summer wet climate regimes (Denk
et al., 2023). Although outside the scope of this present study, systematics and ecophysiology analyses of the
fossil flora from Fifteenmile River will be subjects of future studies.

Mediterranean climates are characterized by a winter precipitation maximum. Marine west coast North American
climates are also characterized by a winter precipitation maximum and are a subtype of the temperate oceanic
climate type. The marine west coast climate was also indicated by the closest climatic analog analysis—although
not as strongly as the Mediterranean climate. In select cases, some regions that show marine west coast climates
have a mixed climate, where topographical variations (e.g., mesoscale altitude and aspect) lead to a mosaic of
Mediterranean and marine west coast climates (i.e., Vancouver). Therefore, it is reasonable to conclude that the
Fifteenmile River region had a Mediterranean climate, or possibly a mosaic Mediterranean and temperate oceanic
climate, as evidenced by the summer-dry and winter-wet precipitation regime. Seasonally dry forests during the
late middle Eocene have also been recognized in the mid-latitudes of North America (Allen et al., 2020), in South
America (Martinez et al., 2021), and Australia (Reichgelt et al., 2022). Likewise, the post-MECO interval in Asia
has been linked to arid episodes (Bosboom et al., 2014). Although more data are required, these studies and the
results of this study suggest that the increased precipitation seasonality and aridity associated with the Eocene-
Oligocene transition (Butrim & Royer, 2020) may have begun as early as the late middle Eocene.

4.3. Controls on Growing Season Length at High Latitudes

The length of the growing season in present-day, higher-latitude environments is primarily determined by
temperature, with photoperiod playing a secondary role as adequate temperatures for initiating plant growth are
typically available only after a threshold number of daylight hours has been reached (Hénninen, 2016; Taulavuori
et al., 2009). However, the growing season, as a concept, is somewhat vague, and its definition often varies
depending on specific plant responses (e.g., growth in volume or biomass, phenological stages like bud break and
leaf senescence, dormancy cycles) and environmental criteria (e.g., short-term weather patterns or long-term
climate trends) being evaluated (Korner et al., 2023). Nevertheless, at its root, the growing season for plants
can be understood as the synchronization of phenological events with the fluctuation of favorable environmental
conditions, whereby this synchronization aims to maximize photosynthesis and growth (Caffarra & Don-
nelly, 2011; Hénninen, 1987, 2016; Heide, 1993; Korner et al., 2023).

This is most pronounced in the seasonal climates of present-day temperate and boreal latitudes. In these regions,
woody perennial plants have developed physiological mechanisms to regulate their growth cycles. They achieve
this by transitioning through phases of induced dormancy, effectively synchronizing their growth with the annual
variations in temperature, precipitation, and photoperiod. Dormancy is a crucial adaptation employed by
temperate and boreal trees to ensure survival during extended periods of freezing temperatures in the winter
months. This adaptation involves a state of suspended vegetative activity until favorable growth conditions return
in the spring (Caffarra & Donnelly, 2011; Hénninen, 2016). Trees from temperate and boreal latitudes usually
enter dormancy and start developing dormant buds toward the end of summer, which coincides with a decreasing
photoperiod (Caffarra & Donnelly, 2011; Hénninen, 2016). These changes in photoperiod present an early
indication of the impending decrease in temperatures (Battey, 2000; Caffarra & Donnelly, 2011; Hénni-
nen, 1990). This state is known as “endo-dormancy” and is characterized by a state of suspended growth, where
growth will continue to be inhibited even during favorable environmental conditions, such as an increase in
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temperature (Caffarra & Donnelly, 2011; Hénninen, 2016). This state of endo-dormancy is only broken upon
exposure to cold or chilling temperatures, typically temperatures below 10°C, for a set number of days that is
usually species-specific (Battey, 2000; Hinninen, 2016; Sarvas, 1972). After the endo-dormancy period, trees
transition into a phase known as eco-dormancy. During this phase, the tree remains resilient to freezing conditions
but is no longer in a state of deep dormancy; however, growth is still hindered due to unfavorable environmental
conditions (Caffarra & Donnelly, 2011; Hénninen, 2016). Subsequently, exposure to consistently warm tem-
peratures over a certain period acts as an environmental signal to conclude the eco-dormancy phase. This prompts
the tree to initiate budburst and resume its growth (Arora et al., 2003; Battey, 2000; Caffarra & Donnelly, 2011;
Cannell & Smith, 1983; Hédnninen, 1990, 2016; Sarvas, 1972).

Although temperature is currently the primary factor necessitating dormancy, photoperiod commonly regulates
the initiation and termination of dormancy in certain tree species. Specifically, for many boreal tree species, the
diminishing photoperiod often signals growth cessation (Bennie et al., 2010; Hénninen, 2016) and is interpreted
as an adaptive response, preparing the trees for the eventual temperature drop that typically accompanies a
reduction in photoperiod (Hanninen, 2016). Moreover, photoperiod holds a significant role in terminating
dormancy for numerous boreal and northern temperate tree species. For example, an extended photoperiod
characterized by longer days and shorter nights can either shorten the number of chilling days needed to break
endo-dormancy (Heide, 1993; Myking & Heide, 1995), or compensate entirely for insufficient chilling (Caffarra
& Donnelly, 2011; Farmer, 1968; Myking & Heide, 1995; Nienstaedt, 1967).

The ability of photoperiod to override dormancy temperature controls can be understood as a 'safety mechanism'.
This mechanism comes into play when there is an insufficient number of chilling days, which might happen
during a warm early spring or in a generally milder climate. In such cases, if the nights become sufficiently short,
endo-dormancy will eventually be broken, allowing growth to resume as usual at the beginning of the growing
season (Hanninen, 2016 and references therein).

Even so, empirical evidence for the importance of photoperiod for some tree species remains equivocal, espe-
cially when some temperate trees appear to disregard photoperiod entirely, or that for some trees fluctuating
temperatures can result in changes in dormancy irrespective of photoperiod length (Caffarra & Donnelly, 2011;
Hinninen, 2016; Heide, 2011; Heide & Prestrud, 2005; Junttila, 1980). Nevertheless, photoperiod is capable of
modulating both the cessation and initiation of growth in plants, as would be required at higher latitudes during
greenhouse intervals in Earth history. During the late middle Eocene this would have been necessary for the
vegetation in the Fifteenmile River region, where winter temperatures, even during the dark polar winter, would
have been mild and without sustained freezing, and would not have been sufficient to induce dormancy.
Consequently, temperature would not have been a limiting factor, making photoperiod the primary factor in
inducing dormancy at high latitudes.

In order to derive growing season length at Fifteenmile River during the late middle Eocene, it is necessary to
evaluate the photoperiod in terms of both daylight hours and available Photosynthetically Active Radiation
(PAR), and then attempt to cross-validate the growing season length estimates provided from the CLAMP
analysis. This can be done using estimates of average insolation at the top of the atmosphere and the number of
light hours for a specific time and place using solar data derived from the ModelE2 version of the Goddard
Institute for Spaces Studies (GISS) GCM developed for the Coupled Model Intercomparison Project Phase
(CMIPS) as part of the Fifth Assessment Report of the IPCC (IPCC, 2013; Schmidt et al., 2014). These data are
available online (https://data.giss.nasa.gov/modelE/ar5plots/srlocat.html). This model was used because it pro-
vides data on sunrise and sunset times, average sunlight at the top of the atmosphere, and accounts for the angle of
incidence of sunlight, which affects light intensity at a given latitude. The angle of incidence is crucial for accurate
insolation estimates at high latitudes, where the sun's rays strike the Earth more obliquely. This oblique angle
reduces the solar energy per unit area, leading to lower light intensity and influencing the effectiveness of
photosynthesis and overall solar energy availability. These data were generated for the year 2023 and for a latitude
of 67°N and longitude of 139°W.

Solar insolation, initially measured at the top of the Earth's atmosphere, quantifies the total amount of solar energy
received per unit area and is typically expressed in watts per square meter (W/m?). However, as solar radiation
passes through the atmosphere, its intensity diminishes due to scattering and absorption, resulting in an average loss
of approximately 57% (Hartmann et al., 2013). Of this attenuated solar radiation, only a fraction falls within the
range of PAR (wavelengths between 400 and 700 nm) which can be absorbed by chlorophyll and other pigments to
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drive the photosynthetic process. Photosynthetic Photon Flux Density (PPFD) narrows this further by quantifying
the amount of PAR reaching a specific area, and is measured in micromoles of photons per square meter per second
(pmol/m?/s). PPED quantifies the instantaneous intensity of light available for photosynthesis at a particular point,
and typically conversions approximate 1 W/m* ~ 4.57 pmol/m?/s (McCree, 1972; Thimijan & Heins, 1983);
however, this is assuming that the energy measured in W/m? is PAR only. In reality, only about 45% of solar
radiation is between the 400 and 700 nm range, and it is more appropriate to use a conversion factor of ~2.02 pmol/
m*/s (Mavi & Tupper, 2004). Daily Light Integral (DLI; mol/m*/d) is another useful metric to measure PAR and
encompasses the comprehensive energy received by a plant over a day from both the varying intensity and duration
of light exposure (Poorter et al., 2019). DLI provides further information about the useable energy for photo-
synthesis during a 24-hr period, as it is a function of the PPFD and the total light hours (Poorter et al., 2019).

It is challenging to determine the average DLI requirements for an entire forest ecosystem, as some plant species
are better adapted to shade or full sun, and both greenhouse experiments and observations in the field have shown
that some plants are able to tolerate a very low DLI (~1-6 mol/m%d) and still photosynthesize (Caffarra &
Donnelly, 2011; Welander & Ottosson, 1997; Poorter et al., 2019 and references therein); however, experiments
have shown that many plants are unable to reproduce or function well at levels below 3 mol/m?/d (Poorter
etal., 2019). Therefore, a minimum DLI threshold of 3 mol/m>/d for the start and end of the growing season seems
reasonable, as this would not compromise early reproductive efforts and capture plants capable of utilizing such
low light levels, and thus capture the entirety of the growing season. Using the DLI of 3 mol/m*/d and accounting
for losses resulting from atmospheric scattering and absorption, then at an approximate latitude of 67°N, a
sufficient amount of PAR would not be available at the Fifteenmile River locality until approximately 1 March,
when daily average sunlight approaches ~97 W/m? at the top of the atmosphere. Using that same metric, the
growing season would persist until approximately 11 October when the daily average insolation at the top of the
atmosphere would dip back down to ~97 W/m?. This would result in 225 days of sufficient PAR, or approxi-
mately 7.4 months. A DLI of less than 3 mol/m*/d would probably be below the photosynthetic threshold for most
of the plants in the Fifteenmile River forest, and is therefore considered unrealistic as the onset of the growing
season. A DLI of more than 3 mol/m?/d, on the other hand, would likely overlook many plants capable of growth
under low light conditions.

It is important to remember that DLI is both a measure of light intensity (PPFD) and total light hours (i.e.,
photoperiod), and can be potentially misleading, as identical DLI values can occur from different combinations of
PPFD and photoperiod (e.g., a DLI of 3 mol/m?/day may result from different values of PPFD and photoperiod).
This is not unimportant, as the photoperiod has been shown to have effects on dormancy induction and break
regardless of light intensity (Caffarra & Donnelly, 2011; Dormling et al., 1968; Ekberg et al., 1979;
Hibjerg, 1972; Hinninen, 2016; Heide, 1974; Howe et al., 1995; Junttila, 1980; Junttila & Skaret, 1990;
Wareing, 1956), and both day length and night length have been shown to play a role in signaling the start and end
of dormancy (Hénninen, 2016 and references therein). However, the role day length and night length play in
dormancy in modern forests appear to be linked to temperature (Tanino et al., 2014) and are more challenging to
use as proxies for growing season length in greenhouse worlds like the late middle Eocene.

Another important point to keep in mind is that the calculations of PPFD and DLI are based on the average
sunlight striking the atmosphere and the average losses that occur due to atmospheric scattering (i.e., ~57%), and
do not consider losses due to cloud cover, or sunlight passing through a canopy, and therefore the leaf area index.
Nevertheless, as temperature would not have been a limiting factor during the global greenhouse world of the
Eocene it is evident that light intensity and photoperiod would have been crucial for signaling dormancy,
especially at high latitudes. Thus, using the value of 3 mol/m>/d as a reasonable threshold minimum for the
initiation and cessation of the growing season, we infer a growing season length for the Fifteenmile River region
of approximately 7.4 months.

The distinction between estimating growing season length using temperature versus light is more evident when
considering the thresholds for these estimates. For example, the CLAMP threshold for growing season is defined
as months with a mean monthly temperature of 10°C or more (Wolfe, 1993). This temperature threshold was
chosen as it was considered to be the temperature boundary between forest and tundra (Wolfe, 1993 and refer-
ences therein). However, a more recent study examining the controls on the treeline at high elevations and high
latitudes suggested the temperature boundary for the treeline is a daily mean temperature greater than 0.9°C, with
a minimum mean of 6.4°C across those days (Paulsen & Korner, 2014). Using these temperature minima the
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growing season length could be as long as 365 days for the late middle Eocene Fifteenmile River locality, as well
as for the early Eocene plant fossil localities known from higher latitudes, given the warm mild climates with non-
freezing winters these regions exhibited (e.g., West et al., 2020). This is, of course, illogical given polar extended
winter darkness at these latitudes would inhibit photosynthesis. This underscores the potential problems with
defining a growing season based solely on temperature during ancient greenhouse intervals, such as those found
in the Eocene, and that light played a pivotal role on both growing season length and dormancy cycles.

4.4. Mediterranean Climates and Yukon Physiography During the Late Middle Eocene

The modern summer-dry climate of the Mediterranean region, typified by hot or warm, dry summers and mild,
wet winters, is primarily driven by a combination of atmospheric and physiographic factors (Lionello et al., 2006;
Rundel et al., 2016). Subtropical high-pressure systems, such as the Azores High, shift northward during the
summer months, which creates a descending air mass that suppresses cloud formation and precipitation.
Concurrently, during the summer months the polar jet stream moves northward, which redirects synoptic storm
systems away from the region, further reinforcing dry conditions. Physiographic features, including the Medi-
terranean Sea and surrounding mountain ranges like the Atlas Mountains in Africa and the Alps in Europe, play a
significant role by moderating temperatures and blocking moist air masses from regions of the Mediterranean
basin. Additionally, high summer sea surface temperatures contribute to local evaporation but generally fail to
produce significant rainfall due to the stable atmospheric conditions. Seasonal wind patterns, such as the Etesian
winds from the Aegean Sea, also facilitate dry conditions by transporting dry air from inland areas or high-
pressure regions (Lionello et al., 2006; Rundel et al., 2016).

Collectively, these features result in a distinctive summer-dry pattern named after this region: a Mediterranean
climate. However, this climate type is not restricted to the geographic Mediterranean, but occurs in other regions,
including parts of California, Chile, South Africa, and Australia (Beck et al., 2018), where similar combinations
of atmospheric and physiographic features result in the development of a Mediterranean climate (Conradie
et al., 2022; Minnich, 2006; Rundel et al., 2016).

Summer-dry continental climates in sub-Arctic regions (Beck et al., 2018; Belda et al., 2014; Peel et al., 2007),
now often referred to as “Mediterranean-influenced” climates (Andrade & Contente, 2020; Stefanidis et al., 2022;
Yalcin & Arca, 2024; Zhang et al., 2022), such as those found in parts of Yukon and Alaska (Beck et al., 2018;
Scudder, 1997; Taylor, 1997), result from atmospheric and physiographic interactions similar to those found at
lower latitudes. During the summer months, due to irradiation and the high heat capacity of the North American
continental landmass, high-pressure systems develop over the interior of the continent, resulting in a descending
air mass that suppresses cloud formation and precipitation. The position and strength of the polar jet stream also
play a crucial role as it shifts northward during the summer, redirecting storm systems away from these regions,
which results in reduced precipitation.

Conversely, winters may receive more precipitation due to the shifting jet stream (Shields et al., 2021). Addi-
tionally, the presence of large mountain ranges, such as the St. Elias and the Coast ranges, contribute to dry
conditions by blocking moist maritime air from moving inland. These areas also experience increased solar ra-
diation during the extended daylight hours of summer, which enhances evaporation and leads to drier surface
conditions (Scudder, 1997; Taylor, 1997). These combined factors create a distinct summer-dry climate, despite
the higher latitude, resembling the Mediterranean pattern of warm, dry summers, and mild, wet winters.

Although the Earth's climate was considerably warmer and wetter 40 million years ago than it is todays, it is likely
that atmospheric and physiographic features were in place in some regions of subarctic North America to support
a Mediterranean climate. For example, models suggest that the polar jet stream was present during the Eocene
(Baatsen et al., 2020; Shields et al., 2021). The combination of extant factors (coastal mountain ranges and
summer migration of the jet stream) could have been enhanced by the elevated Eocene summer temperatures to
create the Mediterranean climate in the Yukon as is indicated by our results. Proxies for weather systems, air
masses, and other synoptic-scale phenomena are generally lacking, and as a consequence much of our knowledge
of these events in deep time is largely derived from climate models. Thus, while it can be assumed that broadly
similar atmospheric conditions were in place during the late middle Eocene to support a Mediterranean, or
Mediterranean-influenced, climate at high latitudes, these ideas are not directly testable. However, there are
sufficient data and proxies available to consider the physiography of Yukon, and whether or not the St. Elias and
Coast range were at a suitable elevation to cause a significant orographic effect.
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Figure 5. North American 40 Ma paleogeographic reconstruction with the approximate location of the Fifteenmile River fossil locality. Base map was generated using
the online reconstruction tool (https://map.paleoenvironment.eu/) based on model reconstructions and data of Poblete et al. (2021). Gradient scale refers to the height of

the topography in meters.

The current physiography of the St. Elias and Coast Range is a consequence of orogenic events that occurred
between 3 and 6 Ma (e.g., Enkelmann et al., 2009; Falkowski & Enkelmann, 2016). However, uplift throughout
the region likely occurred as early as the Late Cretaceous or early Paleogene (Bacon et al., 2014; Csejtey
et al., 1992; Falkowski & Enkelmann, 2016; Israel & Cobbett, 2008; Mair et al., 2006; McDermott et al., 2019;
Trop & Ridgway, 2007; Trop et al., 2002). These interpretations are supported by tectonic and physiographic
models that suggest the regions of southeastern Alaska and southwestern and west central Yukon may have had
elevations as high as 2,500 m (Figure 5) by the late middle and late Eocene (Poblete et al., 2021). Shoreline
reconstructions for North America at 40 Ma (see Poblete et al., 2021) indicate that the Fifteenmile River site was
about as far inland as it is currently (approx. 520 km) (Figure 5).

McDermott et al. (2019) calculated paleoelevation for the late Eocene lower Amphitheatre Formation in
southwestern Yukon using the lapse rate method (see Meyer, 2007 and references therein) based on paleoclimate
data sourced from palynofloral and geochemical analyses. The lapse rate method requires a temperature value for
the site, where elevation is unknown, as well as a nearby contemporaneous sea surface temperature value to serve
as a baseline (Meyer, 2007). McDermott et al. (2019) used a temperature of 16.7°C—the average of the maximum
and minimum MAT values estimated by Pound and Salzmann (2017) for the lower Amphitheatre Formation
using the Coexistence Approach—and an average sea surface temperature of 20°C, resulting in a paleoelevation
estimate of ~700 m for the Kluane Ranges in southwestern Yukon during the late Eocene. However, the
incongruent minimum and maximum MAT estimates for the lower Amphitheatre Formation reported by Pound
and Salzmann (2017), in addition to identified limitations in the Coexistence Approach (Grimm & Denk, 2012;
Grimm & Potts, 2016; Grimm et al., 2016), suggest that this paleoelevation estimate might be problematic.
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Re-evaluation of the late Eocene (~38 Ma) palynoflora of the lower Amphitheatre Formation from Ridgway
et al. (1995) using BA provides a MAT estimate (~12°C, see Tables S4 and S5 in Supporting Information S1)
several degrees cooler than the MAT used by Pound and Salzmann (2017) to determine paleoelevation of the
Kluane Range. Using the same variables for sea surface temperature, lapse rate, and sea level used by McDermott
et al. (2019), we derive a paleoelevation of about ~1,500 m for the lower Amphitheatre Formation in the Kluane
Range during the late Eocene, as compared to current elevations which vary between 2000 and 2,800 m, with an
approximate average elevation of 1,700 m. This calculated paleoelevation is substantially higher than the ~700 m
paleoelevation estimate of McDermott et al. (2019), but lower than the 2,000-2,500 m paleoelevation reported in
recent paleo-physiographic models (Poblete et al., 2021).

These paleoelevation estimates, coupled with paleogeographic models, indicate some orographic influence on
precipitation along the southwest coast of Yukon. This would have reduced the amount of precipitation available
to the Fifteenmile River region during the late middle Eocene. Indeed, the reconstructed paleo-elevation of
~1,500 m is consistent with the inferred uplift of the Yukon-Tanana plateau region—which includes the Fif-
teenmile River fossil locality—as early as the Late Cretaceous (Mair et al., 2006; Pavlis, 1989; Trop et al., 2019).
This is higher than the current elevation of the Fifteenmile River site of approximately 740 m. Furthermore, a
sizable Yukon-Tanana plateau during the late middle Eocene would have resulted in air mass desaturation, which
would have further contributed to the generation of an inland Mediterranean, or Mediterranean-influenced,
climate some distance from the paleo-coast. Finally, during globally warmer periods, the North American west
coast is recognized as an area with increased winter moisture transport through atmospheric rivers (Shields
et al., 2021), which suggests enhanced winter precipitation in these regions. Curiously, Mediterranean climates at
elevations of 800-1,500 m, such as those found at present in California and the mountains of southeastern
Australia (Beck et al., 2018; Kelly & Goulden, 2016), are some of the closest modern climate analogs to the
reconstruction based on the Fifteenmile River flora (Figure 4). These results suggest that the physiographic and
climatic conditions in the Eocene Yukon were conducive to the development of a Mediterranean, or
Mediterranean-influenced, climate.

5. Conclusions

The present study provides new U-Pb age and paleoclimate data for a terrestrial high-latitude and high-altitude
fossil site from Yukon, Canada. Zircon U-Pb analyses from a tephra interbedded in alluvial sediments at Fif-
teenmile River provide an age of 40.2 + 0.9 Ma, which indicates that the fossil flora used for this study were
growing during the late middle Eocene, an age that encompasses the MECO. Considering the duration of the
MECO event and an average sedimentation rate, we conclude that it is likely that the fossil flora from the Fif-
teenmile River represents vegetation growing during, or immediately prior to or post-peak MECO. The ensemble
paleoclimate estimates from both physiognomic and BA indicate a warm paleoclimate (MAT = 11.2°C) for the
Fifteenmile River region, with mild winters (CQM = 4.6°C). Although relatively wet (MAP = 114 cm yr™"), the
region experienced precipitation seasonality (3DRY = 20 cm, 3WET = 37 cm) characterized by a distinct
summer-dry season (DMP = 3.6 cm). Estimates of growing season using both light intensity and photoperiod
suggest a growing season approximately 7.4 months in length. Temperature-based estimates of growing season,
such as those derived from CLAMP, are not relevant to high-paleolatitude sites such as Fifteenmile River, with
their mild, yet dark winters. Closest climatic analog analysis indicates that regions with a Mediterranean climate
are the most similar modern analogs. A Mediterranean climate may have resulted from uplift of a proto-coastal
mountain range along the coast of southwestern Yukon during the late middle Eocene, or to the Fifteenmile River
region itself having been at moderate elevation as part of an upland plateau. These interpretations align with
previous GCM climate and paleogeographic models (Baatsen et al., 2020; Poblete et al., 2021), and when taken
together, provide a more comprehensive understanding of high-latitude environments and climate in North
America during the final greenhouse event of the Eocene—an event superimposed upon the global cooling trend
that would define global climate for the remainder of the Paleogene Period and the entirety of the subsequent
Neogene Period.
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