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Global Changes in Terrestrial Vegetation and Continental
Climate During the Paleocene-Eocene Thermal Maximum

Vera A. Korasidis'? (2, Scott L. Wing!, Christine A. Shields® (*, and Jeffrey T. Kiehl*

'Department of Paleobiology, National Museum of Natural History, Smithsonian Institution, Washington, DC, USA, ?School
of Geography, Earth and Atmospheric Sciences, University of Melbourne, Parkville, VIC, Australia, *National Center for
Atmospheric Research, Boulder, CO, USA, *University of California, Santa Cruz, Santa Cruz, CA, USA

Abstract Most studies of the response of terrestrial vegetation to climate change during the Paleocene-
Eocene Thermal Maximum (PETM) have focused on individual sites and sections. To get a broader perspective
we compiled published records of terrestrial pollen and spores across the Paleocene-Eocene transition at 38
sites around the globe. For the 10 sites with quantitative data PETM palynofloras were largely distinct in
composition from those in the latest Paleocene or post-PETM early Eocene. We also inferred paleoclimatic
conditions at each site from the distributions of nearest living relatives (NLRs) of fossil pollen taxa among
present-day Koppen climate types. The NLRs of Paleocene high-paleolatitude palynotaxa are most diverse

in cooler climates, whereas the NLRs of PETM taxa are more diverse in warmer, wetter climates. At middle-
paleolatitudes NLRs of Paleocene palynotaxa are most diverse in warm, wet climates, whereas NLRs of
PETM palynotaxa are most diverse in warm, seasonally dry climates. In the tropics there is little change from
Paleocene to PETM in the climate distributions of NLRs. We compared changes in paleoclimate reconstructed
from the Koppen distributions of the NLRs with those simulated from the Community Earth System Model
(version CESM1.2). Paleoclimatic changes during the PETM inferred from palynological proxies are mostly
consistent with modeled climate changes, including the expansion of temperate climates at the expense of
cold climate types at high-paleolatitudes and the expansion of temperate and tropical climates in middle-
paleolatitudes. Despite this concordance, modeled winter temperatures in continental interiors and high-
paleolatitudes remain colder than those reconstructed from NLR distributions.

1. Introduction

During the Paleocene-Eocene Thermal Maximum (PETM, ~56 Ma) a massive release of isotopically light carbon
to the ocean-atmosphere system generated a large negative carbon isotope excursion (CIE) and global warming
of 4-8°C (Dickens et al., 1995, 1997; Jones et al., 2013; Kennett & Stott, 1991; Mclnerney & Wing, 2011). The
PETM is known best from marine records, but disparate lines of geochemical, sedimentological and paleobio-
logical evidence suggest there was accompanying paleoclimatic change on the continents, including increases in
temperature and higher rates of precipitation and erosion (summarized in Carmichael et al., 2017, 2018; Hollis
et al., 2019). Existing evidence also suggests geographically heterogeneous responses to the event. High-paleo-
latitudes became warmer and experienced stable or increasing rainfall, whereas mid-to-low paleolatitudes and
continental interiors became warmer and experienced either decreasing precipitation or increasingly episodic
or extreme precipitation events (Carmichael et al., 2017, 2018; Hollis et al., 2019). Model results also predict
higher temperatures and higher frequency of intense precipitation events during the PETM than in the preced-
ing late Paleocene, especially at low to middle paleolatitudes (Carmichael et al., 2018; Kiehl et al., 2018; Rush
et al., 2021; Shields et al., 2021).

The purpose of this study is to bring together for the first time all published records of terrestrial spore and
pollen change across the PETM to develop the broadest geographic understanding of how terrestrial vegetation
and climate changed during the event. The composition and structure of terrestrial vegetation is a sensitive index
of climate, or to quote Koppen and Geiger (1936) vegetation is "...crystallized, visible climate in which many
features are more evident than in the information provided by our instruments”. Similarly fossil plants should be
a sensitive index of many aspects of paleoclimatic change.
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Figure 1. Global paleogeographic reconstruction for 56 Ma illustrating the positions and general depositional settings of PETM palynofloral sites. Paleogeographic
positions and paleotopography (in meters) from Herold et al. (2014). For additional details regarding the paleogeographic positions, palynofloral sites and depositional

environments refer to Table S1.

2. Methodology

Palynofloral records from 38 sites have been included in this study (Figure 1). The confidence with which these
sections can be correlated to the PETM varies, but most display either the characteristic CIE or are correlated
to the Paleocene-Eocene boundary through regional and/or global biostratigraphic constraints. All sites are here
classified as either continental, transitional or marine based on sedimentological and paleontological features
described in the original papers (Table S1). Following Tschudy (1969) fluvial, lacustrine, palustrine, swamp/
marsh and paleosol sediments are classified as continental deposits; deltaic (i.e., delta plain, pro-delta), coastal
marsh, lagoonal, littoral, coastal plain and near-shore marine sediments as transitional deposits; and neritic (shal-
low marine/continental shelf), bathyal (continental slope), abyssal (fully to deep marine) and restricted marine
sediments as marine deposits. In this study, sites situated above 60° north and south of the equator at the time
of deposition are classified as high paleolatitude, between 60° and 30° north and south of the equator as middle
paleolatitude and between 30° north and south of the equator as low paleolatitude.

2.1. Palynofloral Abundance Data

Ten of the studies published raw palynological counts and/or relative-abundance data for genus or species-level
taxa and are correlated to the PETM through a minimum of two independent proxies (Table S2). In some sections,
the PETM was divided into three phases: the rapid onset defined by a —4 to —5%o CIE, a ~100 ky-long CIE
“body” with stable negative carbon isotope composition, and an ~80 ky recovery period during which carbon
isotope values returned to pre-onset levels (Bowen et al., 2006; Westerhold et al., 2018). We honor the assignment
of samples to the “body” or “recovery” phase of the CIE if designated in the original studies. For the non-metric
dimensional scaling (NMDS) analysis, every sample of late Paleocene, PETM or post-PETM early Eocene age
was included except for the long Mar 2X site record for which we focused on the interval from ~170 to 400 m to
remove much older and younger samples. Due to the differences in sample sizes, sporomorph percentages were
used as input for the ordination analyses, and only samples with counts >50 individual grains were evaluated.
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Figure 2. Summary of steps undertaken to generate palynofloral-based Koppen climate type estimates for pre-PETM and
PETM floras at each site.

Pairwise Bray-Curtis distances were calculated between samples in each section and used in non-metric multidi-
mensional scaling (NMDS) ordinations performed with the ecodist package version 2.0.1 in R version 1.1.5001.

2.2. Inferring Koppen Climate Types From Palynofloras

To reconstruct climatic change across the PETM from pollen and spores we have used the nearest living rela-
tive (NLR) approach, which infers paleoclimate from fossil plants based on the climatic ranges of their pres-
ent-day living relatives. The NLR approach has been used for more than 150 years (Heer, 1870), the underlying
assumptions have been widely discussed, and many variants have been developed (e.g., Berry, 1930; Grimm
& Denk, 2012; Harbert & Nixon, 2015; Peppe et al., 2018; Reichgelt et al., 2018; Tiffney, 1994; Utescher
etal., 2014; Wing & Greenwood, 1993; Wolfe, 1971). For pollen and spore assemblages some version of the NLR
approach is the only method available for extracting paleoclimate information because there are no recognized
morphological correlates between sporomorph form and climate.

The correct identification of fossil plants is critical to making reliable paleoclimate inferences from the distri-
butions of their living relatives. For Paleogene pollen and spores there is a range of opinions regarding how
precisely they can be identified taxonomically. Some authors assign many dispersed Paleogene sporomorphs to
extant genera (e.g., Suan et al., 2017; Suc et al., 2020). Identification at the generic level or below yields NLR
clades with fewer living species that therefore have a more restricted climatic envelope and thus suggest more
specific paleoclimatic conditions. Other authors use a combination of characters visible in light and electron
microscopy to assign Paleogene sporomorphs to a variety of taxonomic levels depending on how diagnostic their
features are (e.g., Bouchal et al., 2014; Grimsson et al., 2015; Manchester et al., 2015). Paleoclimatic inferences
thus have intermediate specificity depending on the particular fossil taxa in the assemblage and how narrowly
they can be circumscribed taxonomically. Palynological biostratigraphers have historically aimed to identify
palynomorphs using light microscopy alone and have identified fossil taxa to well-established forms that are
generally assigned to plant families but less often to extant genera (e.g., Willard et al., 2019). We have relied in
this paper on identifications made by the original authors, most of whom adopted this last taxonomic approach.

Because most plant families or tribes are distributed across a broad range of climates, reliance on form taxa
and higher taxa reduces the resolution of our paleoclimate inferences. There are two positive aspects to using
higher taxa, though. First, some families of flowering plants have centers of diversity in specific climate types
even though their species occur in many climates (Punyasena, 2008). Second, many Paleogene pollen types that
strongly resemble extant genera belong to extinct genera when they are found in situ and characters of their flow-
ers and leaves become known (e.g., Manchester & Dilcher, 1997; Manchester et al., 2004). The climatic distribu-
tion of the extant family may provide less specific but also less misleading paleoclimatic inferences if additional
information shows the pollen does not actually belong to any living genus.

In this study, for each of the 10 sites with quantitative data we made two lists: all pollen and spore taxa present
in the pre-PETM samples and all taxa present in the PETM samples (Figure 2). We focus on relative diversity of
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taxa in the palynoflora rather than their relative abundance because abundance is likely to be influenced by many
factors with little climatic significance including pollen production, preservation, transport, and deposition. We
relied on the original authors' identifications and assignments to determine NLRs but updated the higher taxon-
omy where needed (see Table S3). The number and percentage of pre-PETM and PETM palynofloras with NLRs
for each site is available in Table S4.

We searched the Global Biodiversity Information Facility at gbif.org on November 2 and 3, 2020, for all occur-
rences of living species belonging to each of the higher NLR taxa in the assimilated lists and downloaded the
records. This data set represents an amalgamation of unbiased records from several publishing authorities and is
available to download. We manually filtered out GBIF records that had imprecise coordinates (>1 km precision)
or that had altitudes of <0 or >4000 m, reasoning that these were likely spurious or that the coordinates were
derived from the centroids of political units.

We assigned each living species occurrence to a Koppen-Geiger climate type (Koppen & Geiger, 1936) using the
gridded data set provided by Beck et al. (2018). The 0.0083° resolution (approximately 1 km at the equator) of
this global map is much higher than that available in earlier versions (Kottek et al., 2006), which improves clas-
sification accuracy particularly in regions with sharp spatial and/or elevation gradients in climate. The climate
data used by Beck et al. (2018) were explicitly corrected for topographic effects. We used the Koppen-Geiger
system in preference to climate variables such as mean annual or monthly mean precipitation and temperature
because they well express the interaction of climatic variables that are important in influencing vegetation (Denk
et al., 2013). The Koppen-Geiger system defines five major climate types: tropical (A), dry (B), temperate (C),
continental (D) and polar (E). 30 climate subtypes are defined using threshold values in the seasonality of temper-
ature and precipitation in such a way that subtypes are usually dominated by one major vegetational type (Beck
et al., 2018; Kottek et al., 2006). Critical values defining the boundaries of the climate types and subtypes are
from (Beck et al., 2018; Table 1).

For each higher taxon we calculated the number of extant species occurring in each Koppen-Geiger climate
subtype, removing climate subtypes present by virtue of a single occurrence because many of these were incor-
rectly located or were horticultural specimens. We then created a histogram for each higher taxon showing the
number of its living species found in each Koppen-Geiger climate subtype—the diversity of the taxon in climate
space. These taxon-specific distributions in Koppen-Geiger climate space were then summed and relativized for
all the NLRs of the total pre-PETM and total PETM palynofloras at each of the 10 sites. We show the propor-
tion of total NLR species diversity in each Koppen-Geiger subtype (Table S5) and consider the modal climate
subtype to be the best estimate of the paleoclimate. We used the modal Koppen-Geiger climate subtype derived
in this way to compare with Koppen-Geiger climate subtypes calculated from output of CESM 1.2 simulations,
described in Section 2.3.

We did not search for occurrence data nor generate Koppen-Geiger climate distributions for extant species of
Paleocene-Eocene higher taxa whose crown groups diversified greatly in the middle to late Cenozoic because
these diverse recent radiations might be misleading about the climate preferences of stem relatives. Examples
of families thought to have had strong post-PETM crown group diversification of mostly herbaceous lineages
included Asteraceae (Mandel et al., 2019), Amaranthaceae (Kadereit et al., 2003), Convolvulaceae (Mitchell
et al., 2016) and Myrtaceae (Thornhill et al., 2012). We also omitted higher taxa with present-day cosmopol-
itan distributions across all climate zones. This includes Euphorbiaceae (Webster, 1994) and Poaceae (Soreng
et al., 2015) which underwent major mid- or late-Cenozoic crown group radiations in both tropical and temperate
regions. For the complete list of excluded taxa see Table S6. An alternate approach in which the preferred climate
of the Paleogene ancestors is reconstructed from chronograms of clades of interest is beyond the scope of the
current study, especially because we have not been able to independently evaluate previously published identifi-
cations of Paleocene-Eocene palynomorphs.

2.3. CESM1.2 Simulations and Model Derived Koppen Data

The Community Earth System Model, Version 1.2 (CESM1.2) is a sophisticated Earth system modeling frame-
work that can be applied to deep time paleoclimate periods such as the pre-PETM and PETM (Kiehl et al., 2021;
Rush et al., 2021; Shields et al., 2021). Here, we employ a high-resolution (~0.25°) fixed sea surface temperature
configuration with coupling between the atmosphere component, CAMS5.3 (Community Atmosphere Model,
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g:le):iiiw of the Koppen-Geiger Climate Classes Including the Defining Criteria From Beck et al. (2018)
1st 2nd 3rd Description Criterion
A Tropical Not(B) & T, > 18
f - Rainforest Py, 260
- Monsoon Not (Af) & Py, 2100 - MAP/25
w - Savannah Not (Af) & Py, <100 - MAP/25
B Arid MAP < 10 X Py ecnota
w - Desert MAP <5 X Py ool
S - Steppe MAP > 5 X Py echold
- Hot MAT > 18
- Cold MAT < 18
C Temperate Not(B) & T,, > 10 & 0< T,
<18
s - Dry summer Py <40 & Py <P /3
w - Dry winter Py < Py 10
f - Without dry season Not (Cs) or (Cw)
a - Hot summer Thot > 22
b - Warm summer Not (a) & T,,,,10 > 4
@© - Cold summer Not(aorb) & 1< T, 10<4
D Cold Not(B) & T, > 10& T, ;<0
s - Dry summer Py <40 & Py < P /3
w - Dry winter Py < Py 10
f - Without dry season Not (Ds) or (Dw)
a - Hot summer T =22
b - Warm summer Not (a) & T,,,,10 > 4
¢ - Cold summer Not (a, b or d)
d - Very cold winter Not (aorb) & T, < —38
E Polar Not (B) & T;,,, < 10
T - Tundra T, >0
F - Frost T,: <0

hot

Note. Variable definitions: MAT = mean annual air temperature (°C); T, = the air temperature of the coldest month (°C);
T, = the air temperature of the warmest month (°C); T, 10 = the number of months with air temperature >10°C (unitless);
MAP = mean annual precipitation (mm yr~'); Py, = precipitation in the driest month (mm month™); P, = precipitation
in the driest month in summer (mm month~'); PWdry = precipitation in the driest month in winter (mm month™!);
P = precipitation in the wettest month in summer (mm month~'); P = precipitation in the wettest month in winter (mm
month™"); P, ... = 2 x MAT if >70% of precipitation falls in winter, Py ..q = 2 X MAT + 28 if >70% of precipitation
falls in summer, otherwise Py, ... = 2 X MAT + 14. Summer (winter) is the 6-month period that is warmer (colder) between
April-September and October-March.

Version 5.3), the land component, CLM4 (Community Land Model, Version 4), and the River Transport Model
(RTM) (Lawrence et al., 2011; Neale et al., 2010; Park et al., 2014). RTM is executed independently from CLM4
and, because of uncertainties in the paleotopography, we simply utilize the standard 1° resolution. Sea surface
temperatures are computed from equilibrated, lower resolution (~2°) fully-coupled companion simulations. The
2° fully-coupled runs were integrated for ~1800 years with the final 20 years used for the sea surface temperature
climatology. Paleotopography, paleobathymetry, and PETM vegetation climate types are taken from the Deep-
MIP forcing datasets (Herold et al., 2014; Lunt et al., 2017) with solar and orbital forcings adopted from Kiehl
et al. (2018). Given the potential influence of orbital configuration on seasonal precipitation patterns and inten-
sity in the Northern Hemisphere (e.g., the monsoons) during the pre-PETM and PETM (Zeebe & Lourens, 2019),
simulations include an orbital configuration that maximizes insolation for NH summers (Shields et al., 2021).
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Table 2
Forcings and Model Simulation Across the Simulations Presented
Simulation Co, CH, Solar Orbit
PETM_Orbmax 1590 ppmv 16 ppmv 1355 W m~2 Maximum NH
pre_PETM_Orbmax 680 ppmv 16 ppmv 1355 W m~2 Maximum NH

2

Note. Greenhouse gases are in ppmv, solar forcing is in W m~2, and the orbit is relative to the Northern Hemisphere (NH).

The maximum Northern Hemisphere orbit is applied with an obliquity of 24.5°, an eccentricity of 0.06, and a
moving vernal equinox of 270°. Organic aerosol emissions for CAMS were created using the MEGAN (Model of
Emissions of Gases and Aerosols) module from CLM4.0 and approximated using PETM climate types (Guenther
et al., 2012). We present two simulations with differing greenhouse gases, late Paleocene (pre-PETM) and the
PETM, to evaluate the transition between these two periods. Table 2 details greenhouse gas levels, solar, and
orbital obliquity for each simulation.

Monthly climatologies of surface air temperature and precipitation (including phase) are applied to the Koppen
category algorithms found in Beck et al. (2018) and Kottek et al. (2006). High model fidelity Koppen categories
are assigned to each grid point in the model domain used to create the maps found in the Results section. In addi-
tion, to account for the existence of climatic conditions in the Paleogene simulations that exceed modern temper-
ature limits, any grid cells that surpass modern MATs (i.e., 31.4°C), as derived from Fick and Hijmans (2017),
are assigned to Koppen categories but classified as “out of range” in the Results section. Grid point spacing is
~0.25°, which is approximately 25 km. We use the average climate type of the nine closest terrestrial grid cells
to the palynofloral sites to estimate the Koppen climate type. For the transitional and marine sites, we selected
coastal cells rather than inland cells to capture the sampling radius of typical lowland palynofloral assemblages.

3. Results
3.1. Palynofloral Composition

Most of the NMDS analyses show that palynofloral samples from the CIE body and recovery occupy a portion
of the ordination plot distinct from both latest Paleocene and post-CIE Eocene samples (Figure 3). In the ACEX
core, 22/11-N core and Bighorn Basin, samples from the latest Paleocene, CIE body, CIE recovery, and post-
PETM Eocene occupy different parts of the NMDS ordinations. Samples from the CIE body at Harrell and
Kumara-2 also occupy a distinctive portion of the ordination plot relative to the pre-PETM, and for Kumara-2,
the PETM samples are distinct from the post-PETM Eocene as well. At Natiak O-44, ODP 1172 and Tawanui, the
CIE body samples occupy a distinct portion of the ordination plot relative to the pre-PETM, but overlap with post-
PETM Eocene samples. At Chalk Butte, the CIE body samples are distinct from post-PETM Eocene samples,
but not from pre-PETM samples. At the Mar 2X site, samples from the pre-PETM, PETM and post-PETM early
Eocene overlap broadly in composition.

3.2. Koppen Climate Types

We generated plots of the distributions of NLRs among Koppen climate types using the methods described above
for the 10 sites with full palynofloral lists from both the pre-PETM and PETM (see Figure 4 for select examples
and Figure S1 for all sites). In general, high paleolatitude pre-PETM sites are characterized by high proportions of
fossil species with living relatives in the Cfa and Cfb climate types and moderate diversity in Dfb and Dfa climate
types. In contrast, the middle latitude pre-PETM sites are characterized by high proportions of fossil species with
living relatives in the Cfa and Cfb climate types and moderate diversity in the Am and Aw climate types. The
low latitude pre-PETM sites are characterized by high proportions of fossil species with living relatives in the
Af, Am and/or Aw climate types. Notably, across all paleolatitudes, the PETM coincides with an increase in the
proportions of fossil species with living relatives in the Af, Am and/or Aw climate types (Figure 4).

In general, the model predicts that cold climate types (Dfa, Dfb, Dwa) dominated high paleolatitudes, temperate
climate types (Cfa, Csa, Cwa) characterized middle paleolatitudes, while tropical climate types (i.e., Aw, Am
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Figure 3. Change in the composition of terrestrial palynofloras across the Paleocene-Eocene transition. Each of the 10 graphs is a nonmetric multidimensional scaling
analysis that summarizes published species-level relative abundance data for the samples at a site (S1, S4). Samples are coded as indicated in the key. At most sites,
samples from the body of the CIE occupy a distinct region of the plot because their palynofloras are different in composition from the pre-PETM latest Paleocene and

post-PETM early Eocene.

and Af) dominated low paleolatitudes in the pre-PETM, except for low latitude grid cells that were out of range
(Figure 5).

For the proxy data sites the palynofloral-derived Koppen climate types at high paleolatitudes during the
pre-PETM are temperate (i.e., Cfa and Cfb), whereas the model predicts cold climate types (i.e., Dfa and Dfb).
Pre-PETM, Koppen climate types inferred from proxy data at middle paleolatitude sites suggest widespread
temperate climates (i.e., Cfb). The model, however, predicts the proxy data sites would have had temperate (i.e.,
Cfa, Csa) or cold (i.e., Dfa) climate types during the pre-PETM. For the low paleolatitude Mar 2X site both the
palynoflora and model predict a tropical Aw K&ppen climate during the pre-PETM.
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Figure 4. Koppen climate type distributions for select sites for the pre-PETM and PETM. The y-axis is the percent of all species of living relatives of the fossil in each
climate type for palynofloras at each site represented as a percentage. “N” represents the number of living species with NLRs on which the percentage is based on (refer

to Table S4 for additional information).

In general, the climate model predicts the co-dominance of cold (Dfa, Dfb, Dwa) and temperate (i.e., Cfa, Cfb,
Cwa, Csa) climate types at high paleolatitudes during the PETM (Figure 6). In order of decreasing abundance, the
model predicts temperate (Cwa, Csa, Cfa), tropical (Aw, Am, Af) and arid (BWh, BSh) climate types during the
PETM in middle paleolatitudes. The model predicts the occurrence of tropical (i.e., Aw, Am, Af) and arid (i.e.,
BWh, BSh) types occurring in some low-latitude coastal regions, however the vast majority of low paleolatitudes
exceed all modern climates in terms of temperature and are coded as out of range in Figure 6.

For high paleolatitude proxy sites we inferred Koppen climates in the temperate (i.e., Cfb) and cold (Dfb at the
Natiak site only) categories during the PETM. The model predicts temperate (i.e., Cfa) and a broad area of cold
climates (i.e., Dfa). Palynofloral-derived Koppen estimates from the middle paleolatitude sites suggest temperate
climate types (i.e., Cfb) during the PETM. The model predicts mostly Cfa climate type for these sites, though for
the Harrell core the model predicts a tropical (Aw) climate. The proxy estimate for the Mar 2X site during the

Képpen climate
Spore-Pollen [ _]CESM
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Trgpical

Qut of rangel: o2
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Figure 5. pre-PETM Koppen climate type simulations from the palynofloral-derived modal Képpen climate type for each site (left rectangle) and high resolution
CESM 1.2 simulation for each site (right rectangle) and globally. The predicted Koppen climate type for each site represents the average climate type of the nine closest
terrestrial grid cells. The CESM 1.2 simulation employs maximum orbital parameters.

KORASIDIS ET AL.

8 of 21



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004325

PETM

Do) Nati Koéppen climate

Spore-Pollen [_|_|CESM

Dfb
Cold [ Dfa

Cwa
Temperate Csa

Cfb
| Cfa

rid [ | BWh

BSh
Tropical [
u

a7 t of range| [5CT]
Depositional environment:

O Marine
O Transitional
A Continental

Figure 6. PETM Koppen climate type simulations from the palynofloral-derived modal Koppen climate type for each site (left rectangle) and high resolution CESM
1.2 simulation for each site (right rectangle) and globally. The predicted Koppen climate type for each site represents the average climate type of the nine closest
terrestrial grid cells. The CESM 1.2 simulation employs maximum orbital parameters.

PETM is Aw, possibly reflecting the inability of the NLR method to predict climates hotter than modern ones,
but the model predicts a climate that is out of range.

4. Discussion
4.1. Prominent and Widespread PETM Palynofloral Turnover

The floristic distinctiveness of PETM palynofloras at each site for which there is taxonomically differentiated
data (Figure 3 and Table S7) suggests there were prominent changes in vegetation in response to the PETM across
the Earth, albeit of different types in different places. At high northern paleolatitude sites (Table S7), palynofloral
change included an increased abundance of Cupressaceae. This pollen probably derived from the genera Metase-
quoia and/or Glyptostrobus (Frederiksen, 1980; Pocknall, 1987), which are common as megafossils in peat and
clastic swamp settings at middle and high latitudes during the Paleogene (e.g., Mclver & Basinger, 1999; Richter
& LePage, 2005). Living Glyptostrobus pensilis requires wet substrates (Averyanov et al., 2009). The increase in
cupressaceous pollen likely suggests wetter substrates and higher precipitation during the PETM. The increased
relative abundance of tropical and subtropical Arecaceae (palm) and Bombacoideae (silk cotton tree and rela-
tives) pollen in the high paleolatitude ACEX core during the PETM is also indicative of a temperature increase
(Eiserhardt et al., 2011; Linares-Palomino & Alvarez, 2005; Svenning et al., 2008). The decreased relative abun-
dance of Pinaceae (conifer) pollen at three sites (McNeil et al., 2013; Suan et al., 2017; Willard et al., 2019)
is also consistent with a temperature increase in high northern paleolatitudes because these pollen types were
probably derived from conifers that grew under temperate and cooler conditions (Jagels & Equiza, 2005; Mclver
& Basinger, 1999). The distinctiveness of samples from the CIE body in the ACEX core (Figure 3) likely results
from the increase in Cupressaceae, Arecaceae and Bombacoideae pollen and concurrent decrease in Pinaceae
pollen abundance. The appearance of probable warm temperate lineages during the PETM in North America (i.e.,
the juglandaceous genus Platycarya and pollen similar to Tilia referred to as Intratriporopollenites instructus;
Wing et al., 2005) also suggests high northern paleolatitudes had warm enough climates to permit establishment
of populations of these lineages and longitudinal dispersal from Europe and/or Asia to North America.

In the southern high- latitudes, the rapid increase in abundance of Picrodendraceae (Austrobuxus/Dissiliaria;
pink cherry; see Table S7), a group that is today most diverse in wet tropical rainforests (Airy Shaw, 1974;
Forster, 1997; Tryon & Tryon, 2012), suggests enhanced precipitation from the pre-PETM to PETM. High abun-
dances of Wollemia pollen at ODP site 1172 during the PETM are consistent with higher precipitation because
this genus has a modern distribution in wet rainforests and was abundant during previous wet periods in Austral-
asia such as the Turonian (Partridge, 2004; Fletcher et al., 2014; Vajda & McLoughlin, 2005). The increased
relative abundance of tropical to subtropical Arecaceae (palm) and tropical Nypa (mangrove palm) pollen at
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southern high-paleolatitude sites also indicates a temperature increase (Table S7; Baker & Couvreur, 2013; Eiser-
hardt et al., 2011; Reichgelt et al., 2018; Theerawitaya et al., 2014). The concurrent decline in Podocarpaceae
(podocarp) pollen (Contreras et al., 2014; Huurdeman et al., 2021), common in cool-temperate climates during
the Paleogene (Hill & Gibson, 1986; Macphail, 1999), indicates a temperature increase during the PETM. In sum,
palynofloral change at both northern and southern high paleolatitude sites suggests climate became warmer and
wetter from the pre-PETM to PETM.

Middle latitude palynofloras also show distinct compositional change from the pre-PETM to the PETM. Seven
sites record a rapid increase in Arecaceae (palm) and Bombacoideae (silk cotton tree and relatives) pollen (see
Table S7). Living species in these groups are major constituents in seasonally dry subtropical and tropical forests
(Carvalho-Sobrinho et al., 2014; Joyal, 1996; Linares-Palomino & Alvarez, 2005; Pennington et al., 2009),
suggesting a shift to warmer, drier, or more seasonally dry climates during the PETM. The concurrent reduction
at middle paleolatitudes of pollen with affinity to Cupressaceae (see Table S7), which require wet substrates
(Averyanov et al., 2009; LePage, 2003), is also consistent with a shift to drier conditions. The concurrent increase
in Arecaceae pollen and reduction in Cupressaceae pollen abundance in the 22/11-N and Harrell cores (Eldrett
et al., 2014; Sluijs et al., 2014) likely contributes to the distinctiveness of the PETM body in our NMDS analysis
(Figure 3).

In the southern mid-latitudes palynofloral change is also consistent with the spread of tropical and season-
ally dry tropical forests, as indicated by the increased abundance of Arecaceae (palm) pollen, including Nypa
(mangrove palm), at four sites and cores (Table S7; see Baker & Couvreur, 2013 for climatic preferences of
palms). The concurrent decline at the three New Zealand sites (Crouch & Visscher, 2003; Handley et al., 2011;
Raine et al., 2009), in the abundance of Podocarpaceae (podocarps) that prefer wet-temperate climates (Hill &
Gibson, 1986; Macphail, 1999), also suggests a transition to more seasonally dry climates during the PETM. The
distinctiveness of the PETM body in the NMDS analysis of the Kumara-2 core (Figure 3) likely results from the
increase in Nypa pollen and concurrent decrease in Podocarpaceae pollen abundance.

Palynofloral records from both northern and southern middle paleolatitude sites suggest climates became warmer
and more seasonally dry from the pre-PETM to PETM. Despite differences in the dominant pollen types and the
number of PETM exclusive palynotaxa at each site, all sites record changing floral composition across the PETM.
The plant groups involved in these floral changes suggest a latitudinally differentiated precipitation response
to the PETM, with temperatures increasing everywhere, but precipitation increasing at high paleolatitudes and
decreasing or becoming more seasonal at middle paleolatitudes.

More seasonal or episodic precipitation regimes in middle paleolatitudes are thought to have enhanced erosion
(e.g., Baczynski et al., 2016; Lyons et al., 2019; Schmitz & Pujalte, 2003, 2007) and therefore potential rework-
ing of pre-Cenozoic and Paleocene spores and pollen during the PETM. Pre-Cenozoic palynotaxa have been
recognized in numerous middle paleolatitude PETM palynological samples, including from the Kallo Borehole
in Belgium (Steurbaut et al., 2003), St. Pankraz in Austria (Hofmann et al., 2011), and the Tremp Basin of
northern Spain (Manners, 2014). In the Bighorn Basin, USA, some plant groups (i.e., Cupressaceae and Juglan-
daceae) are present during the PETM in the palynoflora but not in the megaflora (Wing et al., 2005). This has
also been suggested to result from erosion of the underlying pre-PETM sediments (Wing & Currano, 2013).
Reworking would reduce the distinctiveness of PETM palynofloras and may account for some PETM palynoflo-
ras not appearing as compositionally distinct as they might be. This may explain why the middle paleolatitude
Bighorn Basin samples from the CIE body and recovery are not compositionally distinct in the NMDS ordination
(Figure 3). In spite of reworking, terrestrial pollen and spores consistently demonstrate floral change across the
PETM at middle and high latitudes.

4.2. Paleoclimatic Inferences Derived Using the Koppen Climate Approach

At high paleolatitudes, the NLRs of most spore and pollen taxa from PETM sites are consistent with warm month
means of 10°C-22°C and cold month means of 0°C-18°C, though some NLRs grow in regions with a warm
month mean >10°C and cold month mean <0°C. The only site where the NLR reconstruction of PETM climate
is cooler than that of the late Paleocene is the Natiak O-44 core in Arctic Canada. This anomalous shift probably
results from a decrease in the proportion of palynotaxa that can be assigned a NLR (see Supplementary Table S4)
rather than an accurate paleoclimatic reconstruction. During the PETM, high paleolatitude palynofloras also have
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a higher proportion of NLRs growing in climates with a cold month mean >18°C, supporting the existence of
a climate considerably warmer than what is modeled. Consistent with our palynofloral derived Képpen climate
estimations, other lines of proxy evidence suggest elevated precipitation and terrestrial runoff during the PETM
at high paleolatitudes. These include hydrogen isotope (§?H) value enrichment of leaf waxes (Pagani et al., 2006);
low salinity dinoflagellate cyst occurrences (Sluijs et al., 2006); and more negative tooth apatite (5'80) derived
from North Sea sharks (Zacke et al., 2009). TEX86 and GDGT paleothermometry also predict that sea surface
temperatures near the Arctic increased 5°C—8°C during the PETM (Peterse et al., 2012; Sluijs et al., 2006; Weijers
et al., 2007), consistent with the palynofloral-derived inferences. The elevated abundance of polycyclic aromatic
hydrocarbons (PAHs) in the Artic during the PETM as reported by Denis et al. (2017), seems counterintuitive, but
is consistent with the development of peat swamps, which, despite being wet most of the time are susceptible to
wildfires when the organic accumulation dries out (Korasidis et al., 2016; Perry et al., 2014). In East Antarctica,
the increase in kaolinite in marine cores during the PETM has been attributed to increases in chemical weather-
ing caused by higher temperature and/or rainfall (Robert & Kennett, 1994). At ODP Site 690, Maud Rise, §'80
and Mg/Ca ratios of benthic and planktonic foraminifera also suggest a deep-water temperature increase of up
to 8°C (Kennett & Stott, 1991; Thomas et al., 2002) while sea surface temperatures in the southwest Pacific are
suggested, based on TEX86, to increase 6°C during the PETM (Sluijs et al., 2011). As such, the climate condi-
tions inferred using our Koppen climate type approach are consistent with other proxy-based estimates of warm
and wet high paleolatitudes globally during the PETM (summarized in Carmichael et al., 2017).

At middle paleolatitudes, the NLRs of most spore and pollen taxa from PETM sites are consistent with warm
month means of 10°C-22°C and cold month means of 0°C—18°C. At high paleolatitudes the proportion of NLRs
growing in climates with the cold month mean >18°C increases from the pre-PETM into the PETM, even though
the broad Koppen climate types we reconstructed showed little change. In agreement with our palynofloral
derived Koppen climate estimations, several lines of evidence suggest increasingly warmer and seasonally dry
climates in the middle paleolatitude Bighorn Basin during the PETM. These include floral composition and leaf
shape (Wing & Currano, 2013; Wing et al., 2005); paleosol weathering indices and nodule formation/compo-
sition (Adams et al., 2011; Kraus & Riggins, 2007; Kraus et al., 2013; Woody et al., 2014); accelerated organic
matter decay rates as inferred from n-alkanes (Baczynski et al., 2017, 2019); decreased body size of perisso-
dactyls (Secord et al., 2012; Smith et al., 2009); and changes in ichnofossil assemblages (Smith et al., 2008).
The development of these features can be attributed to seasonally intense precipitation, high temperatures, or a
combination of both (Wing et al., 2005). Organic proxies from the eastern margin of North America also indicates
that the regional climate became much warmer (8°C; Zachos et al., 2006) and more seasonally extreme during the
PETM (Lyons et al., 2019). In middle paleolatitudes of Europe, the PETM interval coincides with the deposition
of the Claret Conglomerate (Schmitz & Pujalte, 2007; Schmitz et al., 2001), smectite clay (Egger et al., 2005) and
nitrogen isotope (8°N) fluctuations (Storme et al., 2012) also attributed to intermittent rainfall and seasonally
dry periods. Palynofloral inferences derived using our Koppen approach are consistent with other proxy-based
estimates showing warmer and seasonally drier middle paleolatitudes globally during the PETM.

At low paleolatitudes, the NLRs of most spore and pollen taxa from the Mar 2X PETM site are consistent with
tropical conditions prevailing during the PETM, with air temperatures >18°C during the coldest month of the
year. Other evidence for warmer climates at low paleolatitudes during the PETM includes palygorskite deposition
across Africa (Bolle & Adatte, 2001; Carmichael et al., 2017; Robert & Chamley, 1991), and TEX86 proxies
from Nigeria (Frieling et al., 2017). An increase in §?H values also suggests decreased rainfall during the PETM
(Carmichael et al., 2017), which resulted in more arid climates in eastern Africa (Handley et al., 2008).

Although Koppen climate types estimated here are generally consistent with other proxy-based estimates for
pre-PETM and PETM climates, we acknowledge that the NLR method we use may underestimate the amount
of climate change that occurred. We intentionally excluded some palynomorphs from the analysis because their
extant crown groups diversified greatly into cooler climate zones during the middle to late Cenozoic. A group such
as grasses that is highly diverse in middle and high latitudes today would shift the mode of the NLR distributions
toward cooler climates, yet would be misleading about PETM vegetation because the extant diversity evolved
long after the PETM. We preferred removing such groups on grounds that it is better they provide no information
about paleoclimate than misleading information, but this is at the cost of reducing the number of living taxa used
in the analysis. A related problem is that some PETM sites had relatively few palynotaxa of known taxonomic
affinity, so that the inferred paleoclimate was based on few NLR distributions (see Supplementary Table S4). The
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Figure 7. Changes in plant ranges from the pre-PETM to PETM mapped on simplified Koppen climate types. Palynofloral data (Table S7) and CESM simulations
suggest that tropical and temperate (i.e., subtropical) climates expanded during the PETM, and that this occurred largely at the expense of cool climates. The CESM 1.2
simulation employs maximum orbital parameters.

relatively small shifts in Koppen climate types that we reconstruct at the PETM also reflects the relatively wide
variation encompassed within each type. In spite of these problems it is likely that latitudinal climate gradients
were shallower in the Paleocene-Eocene than they are today, and that the Koppen climate types inferred through
NLR analyses successfully capture the major climatic features and changes for the pre-PETM and PETM.

4.3. Subtle Palynofloral Response to the PETM in the Tropics

In the low paleolatitudes palynofloral change from the pre-PETM to the PETM is not as great as it is at middle
and high paleolatitudes. Low paleolatitude records of the Paleocene-Eocene do record subtle increases in the
relative abundance of Arecaceae (palm), Bombacoideae (silk cotton tree and relatives) and Fabaceae (legume)
pollen (see Table S7). These are groups with high present-day diversity in dry subtropical and tropical forest
ecosystems (Joyal, 1996; Linares-Palomino & Alvarez, 2005; Pennington et al., 2009). In contrast to the modest
changes in floral composition, the model predicts large increases in temperature and aridity, such that there is
a great expansion in the area of the tropics occupied by climates with MAT >31.4°C, hotter than any modern
climate (Figures 5 and 6). If we do not use the out of range climate type, the model predicts the expansion of trop-
ical climate types with temperatures in the coldest month >18°C, arid climate types with mean annual temper-
atures >18°C and, for the Mar 2X site, a tropical desert (i.e., Aw; Figures 5 and 6). These hot desert conditions
are modeled as being widespread at low paleolatitudes. The modeled shift from tropical wet to very hot and dry
climate at Mar 2X is surprising given the modest changes in palynofloral composition at the site. The absence of
major floral change at Mar 2X and other low paleolatitude palynofloral sites has several possible explanations.
The PETM may not be well preserved, and especially in nearshore marine settings, reworking may have diluted or
temporally smeared a distinctive PETM palynoflora. (Hiatuses can alternately create the false impression of rapid
extinction, as happened in early analyses of the Harrell Core that did not recognize a gap at the base of the CIE
(Harrington & Jaramillo, 2007; Sluijs et al., 2014)). It is also possible that the plant lineages present in pre-PETM
time were able to tolerate climates outside the range of Earth's current climate, and thus the same taxa persisted.
Finally, it may be that the modeled climates are hotter and more arid than what actually existed. Additional trop-
ical data are needed to decide amongst these possible explanations.

4.4. Modeled and Proxy Climate Disparities

The model generated climates generally agree with proxy climate data on the expansion poleward of temperate
and tropical climates at high and middle paleolatitudes during the PETM (Figure 7). At low paleolatitudes, the
model predicts most regions are out of range (i.e., those with MATs exceeding 31.4°C), which prevents us from
making explicit comparisons of NLR proxy estimates and models.
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At high paleolatitudes, the model generated climate shows relatively warmer conditions during the PETM in
comparison to the pre-PETM. This includes the expanded geographic distribution of temperate climate types at
the expense of the cold climate types (Figure 7). For the high paleolatitude palynofloral sites investigated, the
model predicts warm month means of 10°C-22°C and cold month means of 0°C-18°C for the temperate climate
sites or <0°C for the cold climate site during the PETM. At high paleolatitudes there is good agreement between
the model and proxy estimates during the PETM, which may result from the PETM model sufficiently warming
the whole planet, so the predicted climates are closer to the proxy estimates. For the pre-PETM high paleolati-
tudes, it has proved difficult for the model to fully match the generally warm winter temperatures that proxy data
imply (Contreras et al., 2014; Greenwood & West, 2017; Tripati et al., 2001; West et al., 2020). The equable
climate enigma (Sloan, 1994; Sloan & Barron, 1990, 1992) has not been fully resolved.

At middle paleolatitudes, the model predicts increasingly warm conditions during the PETM in comparison to the
pre-PETM, with the poleward expansion of tropical, arid and temperate climate types and the concurrent contrac-
tion of cold climate types (Figure 7). For the sites investigated, the model predicts warm month means of >10°C,
the warmest month >22°C and cold month means of 0°C—18°C for the temperate climate sites and coldest month
temperatures of >18°C for the tropical climate site. During the PETM there is generally good agreement between
the model and proxy estimates, again perhaps because the PETM model sufficiently warms the Earth's surface,
so the predicted climates are closer to the proxy estimates. For the pre-PETM continental interiors, the proxy
reconstructions continue to be warmer and wetter than the model results for mid-latitude continental interiors, a
long-standing problem (Currano et al., 2008; Fricke & Wing, 2004; Sloan, 1994; Sloan & Barron, 1990, 1992;
Wing & Currano, 2013; Wing & Greenwood, 1993).

5. Conclusions

Data compiled from 38 sites where terrestrial spores and pollen have been reported from the Paleocene-Eocene
transition reveal that PETM palynofloras generally have compositions distinct from pre-PETM samples at the
same sites. These shifts in floral composition indicate changes in vegetation were global, although the taxa
involved vary by region. NLR reconstructions of paleoclimate indicate that the PETM brought warmer and wetter
climates to the high paleolatitudes in both hemispheres, but warmer and more seasonally dry climates to the
middle paleolatitudes. The palynofloral climate reconstructions are consistent with other proxies indicating that
precipitation shifted from middle to high paleolatitudes during the PETM (Carmichael et al., 2017, 2018; Hollis
et al., 2019). Low paleolatitude sites are few, and paleoclimate reconstructions from NLR distributions are less
certain because of the strong possibility that PETM climate at low latitudes was hotter, and possibly drier, than
any extant low latitude climate. If so, the distributions of NLRs may not provide relevant information. In spite of
this problem the lack of a compositionally distinct PETM palynoflora at Mar 2X is intriguing because it suggests
the same lineages were able to persist in the area as climate warmed and dried substantially.

The Community Earth System Model (version CESM1.2) simulations generate climates that generally agree with
NLR reconstructions, especially in the poleward expansion of temperate and tropical climates during the PETM.
Model and proxy estimates are in greater agreement at high latitudes during the PETM than in the latest Pale-
ocene, but for both periods the high northern paleolatitudes and continental interiors are colder in the model than
in the NLR reconstructions. This suggests the long-standing equable climate enigma has not been fully resolved.

Data Availability Statement

CESM1.2.2 is publicly available at http://www.cesm.ucar.edu/models/cesm1.2/ with modifications for deep time
paleoclimate at https://github.com/CESM-Development/palecToolkit/blob/master/cesm1_2/PaleoToolkit_Reci-
pe_2020Jan1.pdf. Model output and GBIF floral occurrence data is publicly available at Korasidis et al. (2021).
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