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A B S T R A C T   

Paleoclimate reconstructions can provide a window into the environmental conditions in Earth history when 
atmospheric carbon dioxide concentrations were higher than today. In the eastern USA, paleoclimate re
constructions are sparse, because terrestrial sedimentary deposits are rare. Despite this, the eastern USA has the 
largest population and population density in North America, and understanding the effects of current and future 
climate change is of vital importance. Here, we provide terrestrial paleoclimate reconstructions of the eastern 
USA from Miocene fossil floras. Additionally, we compare proxy paleoclimate reconstructions from the warmest 
period in the Miocene, the Miocene Climatic Optimum (MCO), to those of an MCO Earth System Model. 
Reconstructed Miocene temperatures and precipitation north of 35◦N are higher than modern. In contrast, south 
of 35◦N, temperatures and precipitation are similar to today, suggesting a poleward amplification effect in 
eastern North America. Reconstructed Miocene rainfall seasonality was predominantly higher than modern, 
regardless of latitude, indicating greater variability in intra-annual moisture transport. Reconstructed climates 
are almost uniformly in the temperate seasonal forest biome, but heterogeneity of specific forest types is evident. 
Reconstructed Miocene terrestrial temperatures from the eastern USA are lower than modeled temperatures and 
coeval Atlantic sea surface temperatures. However, reconstructed rainfall is consistent with modeled rainfall. Our 
results show that during the Miocene, climate was most different from modern in the northeastern states, and 
may suggest a drastic reduction in the meridional temperature gradient along the North American east coast 
compared to today.   

1. Introduction 

The Miocene spans 23.03 to 5.33 million years ago (Walker et al., 
2018) and witnessed the major temperature decline into the Quaternary 
icehouse (Pound et al., 2012; Herbert et al., 2016; Super et al., 2018) and 
a reduction in global atmospheric CO2 (Super et al., 2018; Witkowski 
et al., 2018; Steinthorsdottir et al., 2021. Though proxy reconstructions 
of Miocene atmospheric CO2 are debated (Kürschner et al., 2008; Sos
dian et al., 2018; Super et al., 2018; Witkowski et al., 2018; Reichgelt 
et al., 2020), it is likely that modern atmospheric CO2 has already sur
passed that of the Messinian – Tortonian (~400 ppm) and the Earth's 
atmosphere will be reaching atmospheric CO2 similar to the Serravallian 
and Langhian (>500 ppm) over the next few decades (e.g., Prentice 
et al., 2001; Foster et al., 2017). As such, Miocene climate can serve as a 
near-future model of global and regional climate conditions. 

Using the Mississippi River as the western boundary, the eastern 
United States is home to >50% of the country's population, at ~180 
million people. Some of the projected consequences of increased at
mospheric CO2 in the eastern United States are higher average tem
peratures, more extreme rainfall events, an increase of temperature 
extremes and shifts in ecosystems (Iverson et al., 2008; Carter et al., 
2018; Dupigny-Giroux et al., 2018). These projections are primarily 
based on climate models, but terrestrial paleoclimate studies can offer 
insight into climate conditions at times when CO2 levels were higher 
than pre-industrial and terrestrial ecosystems had evolved in adaptation 
to these conditions. However, Miocene terrestrial paleoclimate re
constructions from eastern North America are sparse, in large part due to 
a dearth of fossiliferous strata of this age (Isphording, 1970). By 
contrast, abundant Miocene terrestrial fossiliferous strata from western 
North America revealed a major vegetation transition from C3 
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vegetation to C4 grassland (Janis et al., 2004; McInerney et al., 2011). 
With continuous C3 dominance, a Miocene forest to grassland transition 
is absent from eastern North America (Pazzaglia et al., 1997; Shunk 
et al., 2006; Kotthoff et al., 2014; Prader et al., 2017), but it is unclear 
whether forests were heterogenous through space and time. 

Though Miocene terrestrial sediments containing fossil plants are 
sparse in eastern North America, several microfloral studies from marine 
(Frederiksen, 1984; Brenner et al., 1997; Groot, 1998; Weems et al., 
2017) and terrestrial depositional settings (Rachele, 1976; Pazzaglia 
et al., 1997; Rich et al., 2002) and megafloral localities (Berry, 1916; 
McCartan et al., 1990; Farlow et al., 2001; Gong et al., 2010; Jarzen 
et al., 2010; Liu and Jacques, 2010; Tiffney et al., 2018; Lott et al., 2019; 
McNair et al., 2019; Swinehart and Farlow, 2021) are known. These 
records span the Aquitanian to the Messinian (23.03 to 5.33 Ma), but 
have a scattered distribution from Florida to Vermont (Table 1). Fossil 
plants preserve a snapshot of Earth's climatic history because plant 
physiognomy and distribution are limited by their abiotic environment, 
and modern climatic relationships to plant physiognomy or distribution 
can thereby be used to reconstruct terrestrial paleoclimate (e.g., 
Utescher et al., 2014; Peppe et al., 2018; Spicer et al., 2020). 

In this study, we explore Miocene terrestrial paleoclimate and 
vegetation through previously collected and published paleofloras from 

the eastern USA (Table 1). The main goal is to use consistent paleo
climate and paleoecology reconstruction techniques on all paleofloras in 
order to compare spatial and temporal Miocene trends in terrestrial 
climate and vegetation. We compare the terrestrial paleoclimate re
constructions with those from the marine realm and to a new mid- 
Miocene climate simulation. Finally, we explore the closest represen
tative modern vegetation types of the Miocene fossil floras and assess 
whether the eastern USA witnessed Miocene forest changes. 

2. Materials and methods 

2.1. Eastern USA Miocene paleofloras 

Miocene paleofloras in the eastern USA are scattered across 
numerous states (Fig. 1). The sites included in this study represent 
previously documented Miocene floras that reported 1) full floral as
semblages, and 2) age constraints. We provide ages of the floras as they 
were reported in their respective studies (Table 1). Palynofloral records 
from marine sediments of the New Jersey coastal plain provide semi- 
continuous records through parts of the Miocene, including the Cal
vert, Choptank, St Marys and Eastover Formations (Brenner et al., 1997; 
Weems et al., 2017; Fig. 2). In this study, palynofloral records from four 

Table 1 
Summary of paleofloral sites from the eastern USA used in this study, including modern (Mod) and Miocene (Mio) coordinates (Müller et al., 2018). Aqu = Aquitanian 
Bur = Burdigalian, Lan = Langhian, Ser = Serravallian, Tor = Tortonian, Mes = Messinian, Zan = Zanclean, Bio = biostratigraphy, Lith = lithostratigraphy, pal =
palynology, vert = vertebrates, rad = radiolarians, for = foraminifera.  

Site name Fossil provenance Loc (◦N, ◦E) 
Mod – Mio 

Age range (MYA) Dating method Formation 

Brandon Lignite1,2,3 (VT) Macro- & microfossils 
43.82, −73.06 
42.47, −68.13 18–20 (Bur) Bio (pal)2 NA 

Legler Lignite4,5 (NJ) Local & regional microfossils 40.03, −74.33 
39.22, −71.82 

10–12 (Ser/Tor) Lith5 Cohansey 

Alum Bluff6,7 (FL) Macro- & microfossils 30.47, −84.99 
29.8, −81.47 

13.6–16 (Lan) Bio (vert)7 Fort Preston 

Pollack Farm8 (DE) Local & regional microfossils 
39.2, −75.6 
38.02, −71.18 17.3–19.2 (Bur) Bio (rad)28, 87Sr/86Sr29 Calvert 

Belvidere9 (MD) Regional microfossils 
39.6, −76.01 
38.84, −73.57 5.3–16 (Lan – Mes) Bio (pal)9 Bryn Mawr 

Big Creek & Chalk Hills10,11 (LA) Macro- & microfossils 31.8, −91.7 
31.51, −89.87 

8.7 (Tor) Bio (pal & for)11 Catahoula 

Ohoopee River12 (GA) Local & regional microfossils 32.7, −82.4 
32.2, −80.59 

3.6–13.8 (Zan – Ser) Bio (pal)12 NA 

Brandywine13 (MD) Macro- & microfossils 
38.7, −76.9 
38.07, −74.89 6.5–11.2 (Tor/Mes) Bio (pal)13 Brandywine 

Gray Fossil Site14–21 (TN) Macro- & microfossils 
36.37, −82.5 
36.11, −81.45 

4.5–4.9 (Zan) Bio (vert)30 NA 

Pipe Creek22,23 (IN) Macrofossils 40.45, −85.79 
40.2, −84.49 

3.6–7.2 (Mes/Zan) Bio (vert)22 NA 

Stratford Hall24 (VA) Regional microfossils (offshore) 38.16, −76.83 
37.33, −73.92 

11.6–13.8 (Ser) Bio (pal)24 Choptank 

Stratford Hall24 (VA) Regional microfossils (offshore) 
38.16, −76.83 
37.49, −74.73 7.2–11.6 (Tor) Bio (pal)24 St Marys 

Stratford Hall24 (VA) Regional microfossils (offshore) 
38.16, −76.83 
37.22, −73.34 

13.6–16 (Lan) Bio (pal)24 Calvert 

Bouie River25 (MS) Macrofossils 31.35, −89.31 
30.93, −86.62 

11.6–13.8 (Ser) Lith, Bio (vert)25 Hattiesburg 

Atlantic City26 (NJ) Regional microfossils (offshore) 
39.4, −74.45 
37.92, −69.15 20.4–23 (Aqu) Bio (pal)26 NA 

Atlantic City26 (NJ) Regional microfossils (offshore) 
39.4, −74.45 
38.17, −70.06 16–20.4 (Bur) Bio (pal)26 NA 

Atlantic City26 (NJ) Regional microfossils (offshore) 
39.4, −74.45 
38.37, −70.93 

13.6–16 (Lan) Bio (pal)26 NA 

Atlantic City26 (NJ) Regional microfossils (offshore) 39.4, −74.45 
38.5, −71.51 

11.6–13.8 (Ser) Bio (pal)26 NA 

Marshfield27 (MA) Local & regional microfossils 
42.11, −70.7 
41.02, −67.38 11.6–16 (Lan/Ser) Bio (pal)27 NA 

1: Tiffney (1994), 2: Traverse (1994), 3: Tiffney and Mancher (2018), 4: Rachele (1976), 5: Greller and Rachele (1983), 6: Jarzen et al. (2010), 7: Lott et al. (2019), 8: 
Groot (1998), 9: Pazzaglia et al. (1997), 10: Berry (1916), 11: Wrenn et al. (2003), 12: Rich et al. (2002), 13: McCartan et al. (1990), 14: Wallace and Wang (2004), 15: 
Gong et al. (2010), 16: Liu and Jacques (2010), 17: Ochoa et al. (2012), 18: Huang et al. (2014), 19: Huang et al. (2015), 20: Hermsen (2021), 21: Quirk and Hermsen 
(2021), 22: Farlow et al. (2001), 23: Swinehart and Farlow (2021), 24: Weems et al. (2017), 25: McNair et al. (2019), 26: Brenner et al. (1997), 27: Frederiksen (1984), 
28: Benson (1998), 29: Jones et al. (1998), 30: Samuels et al. (2018). 
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coastal plain marine deposits were included (Table 1): the Atlantic City 
borehole spanning the Aquitanian to Serravallian in southern New Jer
sey (Brenner et al., 1997), the Burdigalian Pollack Farm site in Delaware 
(Groot, 1998), the Middle Miocene Marshfield borehole in eastern 
Massachusetts (Frederiksen, 1984), and the Stratford Hall outcrops 
spanning the Langhian to Tortonian in northeast Virginia (Weems et al., 
2017). 

Several analyzed palynofloras were deposited in onshore environ
ments (Table 1). This makes it more likely to include elements of local 
vegetation, rather than in marine deposits which mainly contain ele
ments of wind-blown hinterland vegetation that tend to contribute more 
to pollen rain (e.g., Chevalier et al., 2020). Palynofloras deposited in 
onshore environments include the Middle to Late Miocene fluvial de
posits of the Bryn Mawr Formation near Belvidere, Maryland (Pazzaglia 
et al., 1997), the Serravallian to Tortonian Legler Lignite deposit of the 
Cohansey Formation in New Jersey (Rachele, 1976; Greller and Rachele, 
1983) and the Serravallian to Zanclean fluvial/paludal deposits at the 
Ohoopee River dunefield in eastern Georgia (Rich et al., 2002). 

Finally, several sites have extensive taxonomically assigned mega
floras associated with them, in certain cases in addition to palynofloras 
(Table 1). This includes the northern- and southernmost floras consid
ered here, as well as the westernmost (Fig. 1). Megafloras are far more 
likely to represent local vegetation than palynofloras (e.g., Ferguson, 
1985; Spicer, 1989). For this study, we analyzed floras of the Burdiga
lian Brandon Lignite in Vermont (Tiffney, 1994; Traverse, 1994; Tiffney 
et al., 2018), the Langhian Alum Bluff deposit from the Fort Preston 
Formation in northern Florida (Jarzen et al., 2010; Lott et al., 2019), the 
Serravallian Bouie River deposit of the Hattiesburg Formation in 
southern Mississippi (McNair et al., 2019), the Tortonian Big Creek and 
Chalk Hills deposit of the Catahoula Formation in Louisiana (Berry, 
1916; Wrenn et al., 2003), the Tortonian to Messinian Brandywine flora 
in the Brandywine Formation in Maryland (McCartan et al., 1990) and 
the Messinian to Zanclean Pipe Creek deposit in Indiana (Farlow et al., 

2001; Swinehart and Farlow, 2021). Of these sites, only the Bouie River 
and Pipe Creek deposits do not have associated microfloras. The Gray 
Fossil site in eastern Tennessee was included in our analysis too, though 
it has been placed in the Zanclean using biozonation (4.5–4.9 Ma, 
Samuels et al., 2018). It was formerly considered Messinian to Zanclean 
(Wallace and Wang, 2004) and because of the importance of the Gray 
Fossil site to our understanding of North American biotic evolution (e.g., 
Wallace and Wang, 2004; Huang et al., 2014, 2015; Samuels et al., 2018; 
Quirk and Hermsen, 2021), it is still included in our analyses. 

2.2. Quantitative paleoclimate estimates 

All floras analyzed in this study have previously published taxonomic 
assignments to the plant mega- or microfossils found at these sites 
(Supplementary Table S1). These taxonomic assignments allow us to use 
species probability density modeling of nearest living relatives (NLR) to 
constrain paleoclimate (Willard et al., 2019; West et al., 2020, 2021). In 
order to use NLRs of plant fossils to constrain paleoclimate, the 
assumption must be made that the range of environmental tolerance is 
determined by macroclimate (e.g., Reichgelt et al., 2018), or at least that 
biotic and abiotic tradeoffs within the plant group's niche space prevent 
the spread beyond certain macroclimatic thresholds. With probability 
density modeling of NLRs, an optimal macroclimatic range can be 
constrained for each plant group in an assemblage and by combining 
probabilities of macroclimatic range, an optimal range for the entire 
assemblage can be determined. 

Here, optimal macroclimatic range of plant groups was determined 
by obtaining species geodetic occurrences from the Global Biodiversity 
Information Facility (GBIF.org, 2021; see Supplementary Table S2 for 
derived datasets of specific plant groups). The raw species occurrence 
data was filtered for exotic occurrences which may be unrepresentative 
of the natural climatic range of a plant group. Furthermore, plant oc
currences tend to be recorded in larger density in more populous areas 

Fig. 1. Map of the eastern USA and Mexico, showing locations of fossil floras and modern vegetation sites, with vegetation types (sensu Dyer, 2006) used in 
determining vegetation similarities. Modern mean annual temperatures derived from Hijmans et al. (2017). 
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and in more economically prosperous nations. To ascertain that our 
optimal climatic range calculations are not skewed as a result of spatially 
unequal sampling, we applied a random resampling approach. All but 
three random occurrences from every 0.1 × 0.1◦ and all but ten from 
every 1 × 1◦ grid cell were discarded. This approach retains some dis
tribution skews that may arise from niche preference, while also pre
serving niche preference as a result of microclimates. 

A consideration must be made whether all occurrences within a 
taxonomic group (e.g., a family or a genus) are given equal weighting in 
the optimal range calculation. The argument can be made that the 
species within a taxonomic group with the broadest distribution is the 
most successful, and therefore its disproportional representation within 
the larger plant group is appropriate. However, a species-weighted 
approach would give equal weight to each species, and is therefore 
more representative of the macroclimate space with the highest di
versity. A distribution-weighted or species-weighted approach may 
yield a vastly different picture of the optimal macroclimatic range of a 
plant group, since the former would discount species with a restricted 
distribution. 

In this study, we add a step to previous studies using probability 
density modeling of NLRs (Willard et al., 2019; West et al., 2020, 2021) 
to apply a species-weighted approach. This is achieved by extracting 
mean annual temperature (MAT), warmest (WQT) and coldest quarter 
mean temperature (CQT), mean annual precipitation (MAP) and driest 
month precipitation (DMP) for each geodetic datapoint for each species 
in a plant group. Climate data were extracted using the dismo package in 
R (Hijmans et al., 2017). All species with <5 occurrences, after the 
filtering process was applied, were considered too little data to calculate 
optimal climate range. The means and standard deviations of these 
extracted climatic values represent the optimal climate range of each 

species. For MAP and DMP, means and standard deviations are calcu
lated from log-transformed values of actual MAP and DMP. A hundred 
resamples are then generated for each species for each climatic param
eter. For example, if Acer (Sapindaceae) was identified in a fossil de
posit, the means and standard deviation for MAT, WQT, CQT, MAP and 
DMP were calculated for each of its 88 species. Each species is then 
represented by 100 resamples, resulting, in this case, in 8800 total 
values for each climatic parameter. In this situation, even though Acer 
platanoides has 3046 and Acer velutinum has 5 occurrences, both are 
represented by 100 resamples. The means (μc) and standard deviations 
(σc) of each climatic variable are then calculated from the resamples for 
each taxa (t). 

After the above described calculation for μc and σc, the process for 
calculating paleoclimate from NLRs is the same as in previous studies 
(Willard et al., 2019; West et al., 2020, 2021). A set of ~800,000 random 
unique combinations of MAT, WQT, CQT, MAP and DMP was generated. 
The likelihood (f) of a taxon occurring at any of these climate combi
nations by was determined calculating the product of probabilities for 
each climatic variable (c). 

f (tn) =
∏5

i=1
π

/

2σ2
c × e(xc−μc)/2σ2

c (1) 

Here, xc is either MAT, WQT, CQT, MAP or DMP, and f(tn) is the joint 
likelihood of each taxon based on the five climatic variables. Then, the 
joint likelihood of occurrence of all taxa f(z) can be calculated for an 
assemblage (n), using the product of each f(tn). 

f (z) =
∏n

i=1
f (tn) (2) 

The combination of MAT, WQT, CQT, MAP and DMP with the 
highest probability density represents the most likely climate in which 
this fossil assemblage was growing. A 95% Confidence Interval is 
generated by calculating the maximum range of climatic variables with f 
(z) ≥ 5% of maximum f(z). 

Two sets of climate reconstructions were made in this way: one from 
floral assemblages that include all taxa recovered at a site in a specific 
stage, and a second from floral assemblages that exclude taxa with a 
strong potential for an allochthonous source plant. This was achieved by 
eliminating taxa that were only identified from wind-dispersed pollen 
groups, including Pinus, Abies, Picea, Alnus, Betula, Carya, Corylus, Fagus, 
Juglans, Zelkova, Ephedra, Liquidambar, Engelhardia, Platanus, Podo
carpus, Pterocarya, Quercus, Salix, Sciadopitys, Taxodium, Tsuga, Myrica, 
Ostrya, Ulmus, Sequoia, Fraxinus, Populus, Cedrus, Cyperaceae, Amar
anthaceae and Poaceae. However, if those taxa were present at a site as 
macrofossils, such as vegetative material, infructescence or inflores
cence, they were included in the analysis. In this second “locally- 
derived” analysis, sites that are described as deposited offshore were 
omitted entirely, including Stratford Hall, Atlantic City and Belvidere. 

2.3. Proxy – Model paleoclimate intercomparison 

Proxy reconstructions of Miocene climate in the eastern USA were 
compared to point extractions of an atmosphere-ocean coupled climate 
simulation (Supplementary Material). The paleolatitude and paleo
longitude of each site were reconstructed for the middle of the site's 
potential depositional age using GPlates (Table 1), consistent with the 
paleogeographic boundary condition used in the simulation (Herold 
et al., 2008; Frigola et al., 2018). MAT and MAP were then extracted 
from the simulated Miocene terrestrial surface temperature and pre
cipitation for sites that had an age overlap with the target time frame of 
the model simulation. The simulation targeted the Miocene Climatic 
Optimum (MCO, 14 to 18 Ma), which includes the depositional age of 
Alum Bluff, Brandon Lignite, Pollack Farm, Marshfield, the bottom 
section of Stratford Hall, and the top two sections of Atlantic City 
(Table 1). The simulation was carried out with the Community Earth 
System Model version 2 at 1.9 × 2.5◦ spatial resolution (Danabasoglu 

Fig. 2. Stratigraphic correlation of sedimentary formations in the eastern USA. 
Gray intervals indicate the best constrained time interval wherein a fossil flora 
was deposited, a pollen grain or leaf indicates whether the flora was composed 
of microfossils (pollen and spores), or megafossils (leaves, fruits and flowers) or 
both micro- and megafossils. Oli = Oligocene, Cha = Chattian, Aqui = Aqui
tanian, Lan = Langhian, Ser = Serravallian, Mes = Messinian, Plio = Pliocene, 
Zan = Zanclean, PF = Pollack Farm, SH = Stratford Hall, AB = Alum Bluff, BR 
= Bouie River, LL = Legler Lignite, BC = Big Creek / Chalk Hills. 
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et al., 2020) and featured similar model configurations as the Pliocene 
simulation using the same model (Feng et al., 2020). The end of run 
diagnostics of top of the atmosphere radiation imbalance and global 
mean surface temperature are provided in the supplemental material 
(Fig. S1). Root-Mean-Square Error (RMSE) was then calculated in order 
to compare model-proxy discrepancies. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n

i=1

(
Xmodel − Xproxy

)2

n

√

(3) 

Proxy-model comparison was performed both on the analysis that 
includes taxa with a strong potential for long-distance dispersal and on 
the analysis that excludes these taxa (Section 2.2). 

2.4. Vegetation clustering 

In order to assess similarity between Miocene and modern vegetation 
types, 100 modern virtual vegetation plots were generated more or less 
equally distributed amongst the eastern forest regions (Dyer, 2006), 
including montane tropical forests in central America (Fig. 1). Modern 
vegetation sites were selected from preserves and parks. Eight were 
obtained from the CTFS-ForestGEO network (Anderson-Teixeira et al., 
2015), seven montane forest sites from Veracruz with published species 
checklists of varying elevations (Williams-Linera et al., 2013), and the 
rest were obtained by determining a latitude/longitude centroid of the 
vegetation site and creating species checklists using a bounding box of 1 
km2 in the Global Biodiversity Information Facility (GBIF.org, 2021). 
From these checklists, invasive species were eliminated, and only plant 
groups that were also recorded at any of the fossil sites were included. A 
lower order taxonomic rank was used when higher order distinction was 
unavailable, for example in Rosaceae or Ericaceae. A total of 100 plant 
lists and corresponding vegetation types were assembled this way 
(Supplementary Table S3). 

Simple absence/presence lists were then compiled of both the 
modern and fossil assemblages. Fuzzy cluster analysis (FCA) using the 
vegclust package (De Cáceres et al., 2010) in R (R Core Team, 2021) was 
then used to determine vegetation classification of modern and fossil 
assemblages. FCA has an advantage over other clustering methods in 
that it indicates the degree by which an object belongs to a cluster 
endpoint, rather than a binary result (De Cáceres et al., 2010). FCA using 
vegclust requires the user to predetermine the number of cluster end
points. Here, we used the eastern forest types (Dyer, 2006) to set this 
predetermined number of clusters at eight, including northern 
hardwoods-conifer forest, oak-hickory forest, beech-maple-basswood 
forest, mesophytic-Appalachian forest, mesophytic-Acadian forest, 
southern mixed forest, subtropical evergreen forest and tropical 
montane forest. Tropical montane forest is not defined under the eastern 
forest types of Dyer (2006). 

Two FCAs were performed with the abovementioned predetermined 
cluster endpoints. The first was “blind” in which pollen taxa with a high 
potential for long-distance dispersal were included and FCA was unsu
pervised, meaning that both modern and fossil plant assemblages could 
determine which group occupied the cluster endpoints. The second was 
“subjective” in which wind-dispersed pollen groups were excluded 
(Section 2.2) and FCA was supervised (Wiser and De Cáceres, 2013), 
meaning that only modern vegetation assemblages were used to deter
mine cluster endpoints, and the best fit of fossil assemblages to those 
endpoints was then determined. A detrended correspondence analysis 
(DCA) was performed to determine the closeness of the fossil assem
blages (without wind-dispersed elements) to modern-day vegetation 
groups. 

3. Results 

3.1. Proxy paleoclimate reconstructions 

Reconstructed mean annual temperatures (MAT) for the Miocene 
eastern USA with long-distance pollen included in the analysis range 
from 12.3 ◦C for the Messinian – Zanclean Pipe Creek flora from Indiana 
to 20.2 ◦C for the Tortonian Big Creek flora from Louisiana (Supple
mentary Table S4). Warm quarter mean temperature (WQT) is consis
tently >20 ◦C, ranging from 20.7 ◦C at Pipe Creek to 25 ◦C at Big Creek 
(Supplementary Table S4). Cold quarter mean temperature (CQT) is 
more variable, as Big Creek and the Langhian Alum Bluff flora from 
Florida have reconstructed CQT of >14 ◦C, whereas Pipe Creek and the 
Tortonian Stratford Hall site from Virginia have CQT of <5 ◦C (Sup
plementary Table S4). The Serravallian Bouie River flora from Mis
sissippi and Middle Miocene Marshfield site from Massachusetts are the 
only other sites with CQT of >10 ◦C. Mean annual precipitation (MAP) 
ranges between 98 cm yr−1 at Pipe Creek to 140 cm yr−1 at the Burdi
galian Brandon Lignite flora from Vermont (Supplementary Table S4). 
Reconstructed driest month precipitation (DMP) suggests that there was 
some precipitation seasonality, with DMP at Big Creek ~20% of mean 
monthly precipitation (MMP) and DMP at the Serravallian-Tortonian 
Legler Lignite site from New Jersey ~50% of MMP (Supplementary 
Table S4). These climate ranges can be mostly classified as humid sub
tropical climates, although Alum Bluff, Big Creek and Bouie River may 
be classified as dry-winter humid subtropical climates, and Pipe Creek as 
a warm-summer humid continental climate (Supplementary Table S4, 
sensu Beck et al., 2018). The reconstructed biomes (Whittaker, 1962) 
are consistently in the range of Temperate Seasonal Forest (Fig. 3a), with 
the lower range of precipitation estimates in the Woodland biome. 

Reconstructed MAT with long-distance pollen excluded is higher by 
an average of 1.7 ◦C (Table 2). All sites, except Alum Bluff, have higher 
reconstructed MATs using this method. Notably, reconstructed MAT of 
the Marshfield and the Burdigalian Pollack Farm site in Delaware in
creases by >3 ◦C with long-distance pollen excluded (Table 2). WQT 
with long-distance pollen excluded is higher by an average of 0.9 ◦C, and 
CQT is higher by an average of 2.4 ◦C (Table 2). CQT of the Brandon 
Lignite, Legler Lignite and Pollack Farm are also >10 ◦C, and Big 
Creek has a reconstructed CQT of >18 ◦C (Table 2). Changes to MAP 
are minor with an average increase of ~7 cm yr−1, and DMP is similar 
as well, ranging from ~25% to ~60% of MMP. The same sites occupy 
the extremes (Table 2). With long-distance pollen excluded, climate 
classification (sensu Beck et al., 2018) mostly remains the same, 
although the upper temperature range now classifies Big Creek as a 
tropical savanna climate with dry winter characteristics (Table 2). This 
tropical savanna classification of Big Creek is also reflected in a shift 
towards the Tropical Savanna biome in the Whittaker (1962) classifi
cation (Fig. 3b). Hereafter, we will only focus on reconstructions derived 
from floras that were most likely autochthonously sourced (Table 2). 

3.2. Comparison to modern 

Discrepancies between modern and Miocene MAT are particularly 
evident north of 35◦N in the Early to Middle Miocene (Fig. 4a). Notably, 
for the Miocene sites south of 35◦N, MAT is similar or even lower than 
modern climates. Modern terrestrial MAT also has a distinct latitudinal 
gradient of ~0.9 ◦C per degree latitude along the US east coast, but the 
latitudinal gradient is flat for the Early to Middle Miocene MAT re
constructions (Fig. 4a), while Late Miocene MAT reconstructions follow 
a similar trend to modern (Fig. 4b). It has to be noted here that the 
absence of an Early to Middle Miocene latitudinal gradient in this 
dataset could be the result of Miocene floras having formed at different 
times within this timespan (Table 1), featuring different global climate 
regimes (e.g., Westerhold et al., 2020; see also Section 3.3). Similar to 
MAT, reconstructed CQT contrasts notably with modern CQT north of 
35◦N (Fig. 4c). However, Miocene sites south of 35◦N are not cooler than 
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modern climates, but more similar or even warmer in the case of Big 
Creek. The Early to Middle Miocene CQT latitudinal gradient is also flat 
(Fig. 4c), while again for the Late Miocene the latitudinal gradient is 
similar to modern, albeit with somewhat higher CQT (Fig. 4d). 

At sites north of 35◦N, reconstructed Miocene MAP is higher than 
modern, with the exception of the Pipe Creek and Bradywine sites 
(Fig. 4e,f). Miocene sites south of 35◦N all have a very similar recon
structed MAP to modern. Modern MAP decreases towards high latitudes 

at a rate of ~2.7 cm yr−1 per degree latitude (Fig. 4e,f). However, this 
latitudinal gradient is not evident in the Miocene (Fig. 4e,f). Recon
structed DMP as a proportion of MMP is consistently lower from modern 
(Fig. 4g,h) indicating enhanced precipitation seasonality in the Miocene 
compared to today. All sites, except the Legler Lignite and Pollack Farm 
sites, have DMP/MMP more similar to modern-day Florida climates. 
Modern day DMP/MMP increases with latitude at a rate of ~2% per 
degree latitude, but this trend is not evident in the Miocene data (Fig. 4g, 
h). 

3.3. Proxy-model comparison 

Comparing proxy-derived MCO estimates to a MCO climate model 
reveals a large proxy-model MAT discrepancy in the eastern USA (RMSE 
= 10.1 ◦C; Fig. 5a). This discrepancy is improved with the exclusion of 
long-distance pollen (RMSE = 6.7 ◦C, Fig. 5b). However, terrestrial MAT 
proxy reconstructions are still consistently lower than modeled re
constructions, regardless of the exclusion of long-distance pollen. This 
discrepancy likely suggests overestimates of mid-Miocene warming by 
this model configuration. There is more agreement between proxy and 
model MAP reconstructions (RMSE = 23 cm yr−1; Fig. 5c). Proxy-model 
agreement improves with the exclusion of long-distance pollen (RMSE 
= 4 cm yr−1; Fig. 5d). This MCO proxy-model comparison has a limited 
amount of datapoints, but is useful in highlighting the disagreement in 
reconstructed MAT, agreement in reconstructed MAP, and improved 
agreement when extrabasinal plant fossils are excluded from the 
analysis. 

3.4. Vegetation type 

Vegetation clustering using FCA generally grouped modern virtual 
vegetation plots together by the correct biogeographic region (Supple
mentary Table S5 & S6). Subtropical evergreen plots all fell in the same 
cluster, albeit mixed with several Southern Mixed plots (Fig. 6a,b). 
Tropical montane plots were mostly consistent, clustering closest to the 
Subtropical evergreen cluster, and with a Southern mixed site clustering 
with the Tropical montane sites (Fig. 6a,b). The Northern hardwoods- 
conifers plots were consistently clustered as well, and in the unsuper
vised cluster with palynofloras included, clustered close to a group of 
fossil sites (Fig. 6a). This likely is the result of the prevalence of Northern 
hardwoods and conifers in the palynofloras and why NLR paleoclimate 
reconstructions from palynofloras generally provide lower temperature 
reconstructions (Fig. 3a,b). FCA could not recognize the Mississippi al
luvial vegetation type (Dyer, 2006), instead placing these plots with 
Southern mixed or Oak-hickory forests (Fig. 6a,b). Oak-hickory and 
Mesophytic-Appalachian were mostly mixed together, whereas Beech- 
maple-basswood and Mesophytic-Acadian in both supervised and un
supervised FCA formed a distinct cluster (Fig. 6a,b). DCA (Supplemen
tary Table S7) broadly matches the results of FCA, with distinct clusters 
for Tropical montane, Subtropical evergreen and Northern hardwoods- 
conifers plots (Fig. 6c). Southern mixed, Mesophytic and Beech-maple- 
basswood plots have some overlap with other clusters, but are fairly 
distinct, while Oak-hickory and Mississippi alluvial do not form distinct 
clusters (Fig. 6c). 

As noted above, the unsupervised FCA with wind-dispersed pollen 
included (Supplementary Table S5), groups all palynofloras together, 
making interpretation of their vegetation types problematic (Fig. 6a). 
With wind-dispersed pollen excluded (Supplementary Table S6), the 
Legler Lignite site clusters with Mesophytic-Acadian forests, whereas 
Marshfield and Pollack Farm group between the Subtropical evergreen 
and Tropical montane clusters (Fig. 6b). However, the DCA reveals that 
the Legler Lignite, Marshfield and Pollack Farm sites are not close to any 
modern vegetation types (Fig. 6c), and the supervised clustering may 
show the most similar modern eastern North American forest types, 
while still not being very similar. Additionally, these three sites are 
palynofloras with wind-dispersed pollen excluded, which may still not 

Fig. 3. Whittaker (1962) biome plots. (a) All Miocene eastern USA sites studied 
here (Supplementary Table S4) including microfossil only (small dashed di
amonds) and sites that include megafossils (large diamonds). (b) Miocene 
eastern USA sites with plant types with a high potential for extrabasinal 
sourcing only identified from microfossils excluded (Table 2). Red arrows 
indicate that the reconstructed temperature is warmer than the reconstruction 
with all plant types included (a). The color gradient of the diamonds corre
sponds to the age of the flora, from Early (dark green) to Late Miocene (light 
green). All Tun = Tundra, Gr = temperate grassland or cold desert, BF = boreal 
forest, Wo = Woodland or shrubland, Des = Subtropical desert, TeSF =

Temperate seasonal forest, TeR = Temperate rainforest, TrSF = Tropical sea
sonal forest or savanna, TrR = Tropical rainforest. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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provide a local floral signal as a megaflora would. 
Fossil sites with megafloral remains more consistently clustered with 

specific vegetation types (Supplementary Table S5), suggesting that they 
are compositionally similar to modern vegetation types. In FCA, the 
Alum Bluff and Brandywine sites clustered with the Southern Mixed 
vegetation forest type (Fig. 6b), which was consistent with DCA 
(Fig. 6c). It should be noted that Alum Bluff and Brandywine did not 
cluster closely to the Subtropical Evergreen forests, but rather appeared 
to be more similar to the Mississippi alluvial vegetation type. The Alum 
Bluff and Brandywine sites are spatially and temporally disparate, 
deriving from the Langhian of Florida and the Late Miocene of Mary
land, respectively (Table 1). Southern Mixed forest occurs in northern 
Florida and southern Maryland today as well (Dyer, 2006), and there
fore the data presented here do not present a notable range change of 
this vegetation type. 

The Bouie River and Pipe Creek sites clustered with the Beech-maple- 
basswood forest type, both in the FCA (Fig. 6b) and the DCA (Fig. 6c). 
Again, Bouie River and Pipe Creek are spatially and temporally dispa
rate, deriving from the Serravallian of Mississippi and the Messinian or 
Early Pliocene of Indiana (Table 1). Natural vegetation in Indiana today 
is largely Beech-maple-basswood forest; however, the occurrence of 
Beech-maple-basswood forest in the Serravallian of Mississippi would 
represent a further southward distribution than modern of this vegeta
tion type (Dyer, 2006). 

The Big Creek, Brandon Lignite and Gray Fossil sites cluster with the 
Subtropical evergreen and Tropical montane forests with FCA (Fig. 6b). 
With DCA, these sites are similar to Subtropical evergreen forests too, 
especially the Gray Fossil site which also overlaps with the Southern 
mixed forest cluster (Fig. 6c). The Ohoopee River site floral composition 
is only based on pollen types, as are the Legler Lignite, Marshfield and 
Pollack Farm sites. Therefore, despite Ohoopee River clustering with 
Subtropical evergreen and Tropical montane forests in FCA (Fig. 6b), the 
vegetation type at this location is spurious. Vegetation with affinities to 
modern-day Subtropical evergreen or Tropical montane forests at the 
Brandon Lignite and Gray Fossil sites represents northward expansion of 
these vegetation types in the Miocene. Subtropical evergreen forests are 

currently only found in Florida and southeast USA coastal forests, 
whereas Tropical Montane forests occur at intermediate altitudes (1–2.5 
km above mean sea level) in Mexico (Fig. 1). Subtropical evergreen or 
tropical montane forests at the Brandon Lignite site indicates a north
ward expansion of at least 12◦ during the Burdigalian relative to today 
and presence at the Gray Fossil site a northward expansion of at least 2◦

during the Zanclean. 

4. Discussion 

4.1. Poleward amplification 

Our terrestrial quantitative paleoclimate estimates on Miocene fossil 
plant remains from the eastern USA allowed us to gain a spatial as well 
as a temporal perspective. According to these reconstructions, Miocene 
terrestrial climate of the eastern USA was similar to modern south of 
35◦N, but was both wetter and warmer than modern north of 35◦N 
(Fig. 4). This suggests poleward amplification of temperature affects the 
North American east coast during the greenhouse climate states of the 
Miocene. Poleward amplification of temperatures agrees with modeled 
climate reconstructions of the Miocene (You et al., 2009; Herold et al., 
2010; Goldner et al., 2014; Burls et al., 2021) as well as modern-day 
climate observations and modeled future climate scenarios (e.g., Bek
ryaev et al., 2010; Smith et al., 2019). A weaker than modern Middle and 
Late Miocene meridional temperature gradient was also found for 
amalgamated continental climate reconstructions spanning North 
America and western Eurasia (Utescher et al., 2017). The absence of an 
Early to Middle Miocene meridional temperature gradient in our re
constructions (Fig. 4a) may suggest potentially intensified latitudinal 
heat transport by the Gulf Stream at this time, given the much warmer 
reconstructed SSTs (28 ◦C) in the North Atlantic (Super et al., 2018; 
Guitián et al., 2019). Additionally, higher than modern MAP north of 
35◦N (Fig. 4e) may indicate enhanced moisture transport during the 
Early to Middle Miocene that accompanied poleward amplification. 
Increased rainfall in northeastern states, but not in southeastern states, 
has also been observed in precipitation data of the last century (Peterson 

Table 2 
Results of nearest living analysis of plant fossils recovered from Miocene fossil localities of the eastern USA, with extrabasinal plant groups excluded. For results with 
extrabasinal plant groups included, see Supplementary Table S4. N = number of different taxa used in nearest living relative analysis (see Table S1). MAT = mean 
annual temperature, WQT = warmest quarter mean temperature, CQT = coldest quarter mean temperatures, MAP = mean annual precipitation, DMP = driest month 
precipitation. Broad biome classification follows Whittaker (1962) and climate classification follows Beck et al. (2018). Cfa = temperate climate + no dry season + hot 
summer, Cwa = temperate climate + dry winter + hot summer, Aw = tropical climate + savannah, Dfb = cold climate + no dry season + warm summer. Note that sites 
with the potential classification of Cwa are only classified as such if summer is the wet season.  

Site name N MAT (◦C) WQT (◦C) CQT (◦C) MAP (cm) DMP 
(cm) 

Class (Whittaker) Class (Köppen- 
Geiger) 

Brandon Lignite (VT) 22 
17.4 ±
2.4 

23.5 ±
2.2 11 ± 3.6 

143 + 33/ 
−27 4 + 3/−1 Seasonal Forest Cfa 

Legler Lignite (NJ) 10 17 ± 2.8 23.2 ±
2.7 

10.5 ±
4.5 

146 + 38/ 
−31 

7 + 3/−2 Seasonal Forest Cfa 

Alum Bluff (FL) 25 18.6 ±
3.2 

24.2 ±
2.2 

13 ± 4.8 129 + 39/ 
−30 

3 + 3/−1 Seasonal Forest / Woodland Cfa/Cwa 

Pollack Farm (DE) 11 
19.9 ±
2.1 

25.7 ±
1.2 14.5 ± 3 

142 + 26/ 
−21 7 + 2/−2 Seasonal Forest Cfa 

Big Creek & Chalk Hills 
(LA) 

16 
22.7 ±
2.1 

26.1 ±
1.6 

18.9 ±
3.1 

139 + 48/ 
−35 

3 + 3/−2 
Seasonal Forest / Woodland / Tropical 
Savanna 

Cfa/Cwa/ Aw 

Ohoopee River (GA) 16 16.2 ±
2.7 

22.5 ±
2.3 

9.8 ± 3.9 125 + 31/ 
−25 

4 + 3/−2 Seasonal Forest Cfa 

Brandywine (MD) 29 15.4 ± 3 22.5 ±
2.4 

7.5 ± 4.4 112 + 39/ 
−28 

3 + 2/−2 Seasonal Forest Cfa 

Gray Fossil Site (TN) 26 
16.4 ±
2.4 

23.6 ±
2.0 8.8 ± 3.5 

136 + 38/ 
−29 4 + 3/−1 Seasonal Forest Cfa 

Pipe Creek (IN)* 26 
12.6 ±
3.4 

20.6 ±
2.6 

4.8 ± 4.9 96 + 33/−25 3 + 3/−1 Seasonal Forest / Woodland Cfa/Dfb 

Bouie River (MS)* 18 17.8 ±
2.5 

24.4 ±
2.1 

10.3 ±
3.7 

118 + 35/ 
−27 

2 + 3/−1 Seasonal Forest / Woodland Cfa/Cwa 

Marshfield (MA) 11 
19.6 ±
2.8 

24.2 ±
2.4 15 ± 4.2 

146 + 45/ 
−35 5 + 4/−2 Seasonal Forest Cfa  

* Only megafossils: results in this table and Table S4 are the same. 
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et al., 2013; Easterling et al., 2017) and is predicted to continue during 
the 21st century (Easterling et al., 2017). Terrestrial Miocene climate 
reconstructions from the eastern USA based on paleobotanical proxies 
therefore provide empirical support that poleward amplification of 
temperature and precipitation occurs during warmer than modern 
global climates. 

Taken together, the Miocene climate in comparison to modern of the 
eastern USA can be described as a northward expansion of the warm- 
temperate, fully humid, hot summer climate type that prevails in the 
southeast USA today (Köppen-Geiger classification Cfa, Rubel et al., 
2017), replacing the snow, fully humid, warm or hot summer climate 
type of the northeast USA (Köppen-Geiger classification Dfa or Dfb, 
Rubel et al., 2017). Indeed, this climate transition is also predicted to 
develop over the next century (Rubel and Kottek, 2010). 

4.2. Seasonality 

In the warmer conditions of the Miocene, seasonal temperature dif
ferences in the eastern USA were smaller than modern (Table 2), 
whereas seasonal precipitation differences were larger (Fig. 4g,h). Little 
contrast between the Miocene and modern is observed south of 35◦N for 
MAP and MAT; however, Miocene DMP/MMP reconstructions are lower 
for every site (Fig. 4g,h) implying precipitation seasonality similar to 
modern-day southern Florida. From this data, it is not clear which month 
was the driest, but modern-day Florida has drier winters than summers. 
Fall precipitation in the eastern USA has undergone the most consistent 

and uniform increase over the last century (Peterson et al., 2013). Future 
projected changes are expected to see significant precipitation increases 
in winter and spring, in particular throughout the northeast and likely in 
the form of snow (O'Gorman, 2014), although as the climate continues 
to warm, winter and spring temperatures are expected to be too warm 
for snow (Ning and Bradley, 2015; Easterling et al., 2017). 

Wetter summers and drier winters have been inferred from lacustrine 
rhythmites at the Gray Fossil Site in Tennessee (Shunk et al., 2009a). 
Conversely, the Pipe Creek Sinkhole was interpreted to be deposited in a 
Mediterranean-style climate, with hot and dry summers and cool and 
wet winters, based on paleosol type (Shunk et al., 2009b). Importantly, 
the Pipe Creek Sinkhole study by Shunk et al. (2009b) covers several 
stratigraphic intervals, with variable facies, and the facies that the flora 
was recovered from indicates a wetter local paleoenvironment than the 
terra rosa paleosol that the Mediterranean climate interpretation was 
based on. The interpretation of Shunk et al. (2009b) of a more conti
nental climate at Pipe Creek is supported by our data, which has the 
lowest MAP reconstruction (Table 2) and in the Whittaker (1962) biome 
plot is reconstructed as straddling the temperate seasonal forest and 
woodland biomes (Fig. 3). However, the Pipe Creek flora was deposited 
in the Late Miocene, which was a time of global cooling and expansion of 
drier continental climates (Herbert et al., 2016), and it is therefore un
clear whether a coast-to-inland precipitation gradient would have 
existed during the warmer Early and Middle Miocene. 

In the western continental USA, δ18O measurements from paleosols 
and clays show drier winter conditions leading to an open habitat 

Fig. 4. Climate comparison of Early to Middle Miocene (a,c,e,g) and 
Late Miocene (b,d,f,h) sites to modern: (a,b) mean annual temperature, 
(c,d) cold quarter mean temperature, (e,f) mean annual precipitation, 
(g,h) driest month precipitation / mean monthly precipitation. Modern 
comparison (gray circles): 1 = Miami FL, 2 = Orlando FL, 3 = Houston 
TX, 4 = New Orleans LA, 5 = Baton Rouge LA, 6 = Savannah GA, 7 =
Charleston SC, 8 = Atlanta GA, 9 = Memphis TN, 10 = Greensboro NC, 
11 = Norfolk VA, 12 = Louisville KY, 13 = Washington DC, 14 =

Indianapolis IN, 15 = Philadelphia PA, 16 = New York City NY, 17 =
Akron OH, 18 = Hartford CT, 19 = Boston MA, 20 = Buffalo NY, 21 =
Portland ME. Fossil sites (diamonds) are graded from darker to lighter 
green indicating earlier to later in the Miocene, same as the timeline in 
Fig. 2: AB = Alum Bluff FL, BR = Bouie River MS, BC = Big Creek/Chalk 
Hills LA, OR = Ohoopee River GA, GF = Gray Fossil site TN, BW =

Brandywine MD, PF = Pollack Farm DE, LL = Legler Lignite NJ, PC =
Pipe Creek IN, MA = Marshfield MA, BL = Brandon Lignite VT. (For 
interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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expansion in the Late Oligocene into the Miocene (Kukla et al., 2022). 
The study of Kukla et al. (2022) also shows that the summer to winter 
precipitation contrast was more pronounced east of the Rocky Moun
tains continental divide, with a potentially delayed transition to drier 
winters relative to farther west. A Miocene transition to more seasonal 
precipitation regimes is not obvious from our data (Table 2, Fig. 4g,h). A 
north-south gradient may exist with a higher DMP/MMP at northern 
sites than at southern sites (Fig. 4g,h), although the datapoints are too 
sparse and ages poorly resolved in order to establish a trend. Potentially, 
an eastern USA seasonality transition occurs earlier, in the Aquitanian or 
in the Late Oligocene. However, offshore vegetation and climate re
constructions of the Oligocene – Miocene also do not show a drastic 
change in vegetation (Kotthoff et al., 2014). 

A potential mechanism for higher-than modern Miocene summer 
rainfall in the eastern USA is enhanced extreme precipitation events. 
Atmospheric moisture carrying capacity is correlated with temperature 
and in summer the air can get saturated through evaporation and 
transpiration. Elevated temperatures therefore increase the chance of 
extreme precipitation events, as has been the case for summer and 
especially fall in the eastern USA over the last century (Easterling et al., 
2017). Additionally, the eastern USA is prone to extreme precipitation 
events due to landfall of tropical cyclones. In general, tropical cyclones 
are expected to increase in intensity, and the season in which tropical 
cyclones may occur in the USA is expected to lengthen in a warmer 
world (Knutson et al., 2015; Walsh et al., 2015; Levin and Murakami, 
2019). In addition, climate models of the hothouse world in the Eocene 
suggest greater tropical storm intensity and reach in North America 
(Kiehl et al., 2021). Enhanced moisture transport due to changes in or 
intensifying storm tracts have been suggested for Miocene greenhouse 
climates as well (Böhme et al., 2008; Micheels et al., 2011). 

4.3. Proxy – Model mismatches 

Early studies identified mismatches between zonal means of paleo
floral proxies and model simulations in western Eurasia and western 
North America (Utescher et al., 2017). In the eastern USA, there is also a 
strong mismatch between MAT reconstructions from the plant-based 
proxy used in this study and MAT produced by CESM2 at 2◦ spatial 
resolution (Fig. 5a,b). This mismatch is reduced by removing plants and 
localities from the analysis with a strong potential for the inclusion of 
extrabasinal elements (Fig. 5b), but the model still produces a MAT that 
is on average > 6 ◦C warmer than the terrestrial MAT reconstructions. 
The mismatch between terrestrial proxy reconstructions and modeled 
temperatures has been problematic for model-proxy intercomparison 
projects (e.g., Utescher et al., 2017; Burls et al., 2021). 

Proxy-based Miocene SST reconstructions from the North Atlantic 
are mismatched with our terrestrial MAT reconstructions as well. Re
constructions from DSDP site 608 (42.837, −23.088) suggest SSTs from 
the interval of deposition coeval with that of the Brandon Lignite of 30.0 
± 2.9 ◦C (TEX86) and 26.5 ± 2.0 ◦C (UK

37) (Super et al., 2018). IODP site 
U1406A, which is closer to the US east coast (40.35, −51.65), has 
reconstructed SSTs for the same time interval of 25.4 ± 1.7 ◦C (TEX86) 
and 27.7 ± 2.0 ◦C (UK

37) (Guitián et al., 2019). This would mean that 
terrestrial MAT at the Brandon Lignite site is 8–12 ◦C colder than SSTs in 
the North Atlantic at similar latitudes. The same SST records are also 
warmer than Marshfield (5.8–7.8 ◦C), Legler Lignite (7.9–10.5 ◦C) and 
Pollack Farm (5.5–12.0 ◦C), for the respective time intervals that these 
sites were deposited. No SST reconstructions existed for the North 
Atlantic at similar time intervals and/or similar latitudes for the other 
eastern USA sites studied here. On the surface, these differences between 
terrestrial MAT and SST may suggest problems in reconstructions. 
However, modern average annual SST can be higher than US east coast 
MAT as well. For example, SST from the Gulf Stream (Hurrell et al., 
2008) is consistently warmer than terrestrial east coast MAT (Hijmans 

Fig. 5. Model – proxy comparison of sites deposited during the Middle Miocene Climatic Optimum in this study. RMSE = root mean squared error. (a, c) includes 
plant types in the proxy reconstructions that are potentially extrabasinally derived, (b, d) excludes extrabasinal input. 
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et al., 2017) at the same latitude; by up to 10 ◦C at 44◦N. The Miocene 
east coast terrestrial MAT – SST discrepancy is therefore reconcilable 
with modern-day processes, such as ocean heat transport. Though as 
Super et al. (2018) points out, Middle Miocene SST at DSDP site 608 was 
nearly 15 ◦C warmer than today, indicating enhanced northward heat 
transport. Consistent with this result, our terrestrial MAT also shows 
amplified warming in the high latitudes. Taken together, the differences 
between reconstructed terrestrial MAT and SST may suggest a similar 
land-sea thermal contrast to today along the North American east coast. 

Curiously, Miocene terrestrial MAT may be consistently lower than 
coeval SST reconstructions in Northern Hemisphere mid-latitudes 
(Fig. 7a,b), but SST overlaps with reconstructed terrestrial WQT 
(Fig. 7c,d). This could be attributable to a combination of the greater 
seasonality and colder winter on land compared to the ocean in general 
and the aforementioned northward heat transport by ocean currents. 

Terrestrial NLR-based MAT reconstructions from the eastern USA 
presented in this study are consistent with MAT reconstructions using 
the Climate Leaf Analysis Multivariate Program (CLAMP) from western 
North America and Europe (Fig. 7a,b). Additionally, with the exception 
of reconstructions of high-altitude floras in the Miocene Rocky Moun
tains (Wolfe et al., 1997), North American and European plant-based 
terrestrial MAT reconstructions appear to follow a latitudinal trend, 
both for the warmer Early-Middle Miocene (Fig. 7a) and the Late 
Miocene (Fig. 7b). Though also relying on plants, CLAMP is independent 
of taxonomy, relying instead on what are accepted universal physio
logical responses expressed in the phenotypes of angiosperm leaves to 
macroclimate variation (Yang et al., 2015; Spicer et al., 2020). As such, 
CLAMP reconstructions are independent of those based on NLR, and the 
similarity of zonal MAT reconstruction of these two proxies (Fig. 7a,b) 

suggests that the records presented in this study are not anomalous. In 
addition, NLR- and CLAMP-based paleoclimate reconstructions from 
single localities show agreement in reconstructed MAT (e.g., Reichgelt 
et al., 2015; West et al., 2020; Reichgelt et al., 2022), though in some 
European studies, mismatches between NLR- and CLAMP-based paleo
climate reconstructions were identified (e.g., Uhl and Herrmann, 2010; 
Kvaček et al., 2014; Moraweck et al., 2015). More rarely and more 
variably, terrestrial MAT reconstructions based on soil carbonate 
clumped isotopes and NLR are usually harmonious (Hyland et al., 2018; 
Methner et al., 2020). The terrestrial temperature reconstructions based 
on soil carbonate clumped isotopes of the Miocene that are laterally 
closest to our paleobotanical reconstructions are in Texas (at 28◦N). The 
Texas clumped isotope reconstructions give soil temperatures, repre
sentative of MAT or mean warm season air temperature, of 24–28 ◦C 
(Fig. 7b, Godfrey et al., 2018), which overlaps with our reconstruction at 
Big Creek (MAT = 22.7 ± 2.1 ◦C). 

4.4. Plant nearest living relatives in paleoclimate reconstructions 

Plant fossil-based terrestrial paleoclimate reconstructions are 
increasingly used in global proxy-model intercomparison projects (e.g., 
Carmichael et al., 2016; Burls et al., 2021; Hutchinson et al., 2021). NLR 
techniques, specifically the Coexistence Approach, have been strongly 
criticized for subjectivity, poor use of statistics, and opaque NLR data 
(Grimm and Potts, 2016; Grimm et al., 2016). Novel NLR techniques, 
such as the one used in this study, have attempted to tackle these issues 
through, for example, the usage of probability density modeling and 
using public and continuously updated NLR data sources (e.g., the 
Global Biodiversity Information Facility, GBIF.org, 2021). Nevertheless, 

Fig. 6. Result of fuzzy cluster analysis (FCA, a,b) and detrended correspondence analysis (DCA, c), showing matching of fossil floras with modern forest types based 
on composition. Pie-charts at cluster tips indicate the percentage of modern vegetation assemblages (sensu Dyer, 2006) that contribute to that cluster endpoint. BL =
Brandon Lignite, LL = Legler Lignite, PF = Pollack Farm, BV = Belvidere, GF = Gray Fossil site, OR = Ohoopee River, SH = Stratford Hall, AC = Atlantic City, MA =
Marshfield, BC = Big Creek/Chalk Hills, AB = Alum Bluff, BW = Brandywine, PC = Pipe Creek, BR = Bouie River. 
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as NLR techniques are some of the most common sources of terrestrial 
paleoclimate estimates that are increasingly compared with other proxy 
and model results, it is useful to review and discuss potential sources of 
systematic bias. The four sections below outline four observed or theo
retical sources of bias in NLR-based MAT reconstructions. We provide a 
brief discussion of how such biases have been addressed or might be 
addressed in the future. 

4.4.1. Extrabasinal plant inclusion 
NLR-based paleoclimate reconstructions often rely on taxonomic 

identifications based on pollen and spores (e.g., Ivanov et al., 2011; 
Pross et al., 2012; Willard et al., 2019; Huurdeman et al., 2021; 
Thompson et al., 2022). Using pollen and spores for quantitative pale
oclimate reconstructions is advantageous, because pollen and spores are 
far more abundant than other plant fossils, readily identifiable to a plant 
group, and are dispersed to marine sediments. Moreover, where mega
fossil assemblages usually offer no more than a ‘snapshot’ of climate in 
time, pollen and spore assemblages can be used to reconstruct transient 
climate states (e.g., Kotthoff et al., 2014; Prader et al., 2017, 2020). 
However, pollen and spore relative abundance is strongly dependent on 
dispersal syndrome and, where studied, significant mismatches occur 
between megafloras and palynofloras (e.g., Mildenhall et al., 2014; 
Lowe et al., 2018; Lott et al., 2019). Megafloras tend to be locally 
derived, with large organs, such as fruits and leaves, that do not trans
port over long distances before disintegrating. However, pollen and 
spores, especially those adapted for wind pollination, can become part of 
a microfloral assemblage while not representing the local paleo- 

environment (McGlone et al., 1996; Jackson and Williams, 2004; Man
der and Punyasena, 2018). This inclusion of extrabasinally-derived 
pollen and spores generates an apparent climate envelope in NLR 
analysis that is colder than the true climate of the depositional envi
ronment (Fig. 8a), since the wind-dispersal pollination syndrome tends 
to be more abundant in cooler climates (Regal, 1982; Rech et al., 2016). 

In this study, when plant types were omitted that were potentially 
extrabasinally-derived, the reconstructed temperature as well as the 
reconstructed precipitation increased (Fig. 3). Though in the case of the 
southernmost site, Alum Bluff, this change made little difference 
(Table 2 and Supporting Information Table S4). Some NLR-based pale
oclimate studies using microfossils choose to omit plant groups that tend 
to dominate the pollen assemblage but are unrepresentative of local 
vegetation (e.g., Willard et al., 2019). In other studies, a ‘critical abun
dance’ threshold is applied, wherein the presence of a particularly 
abundant plant group in NLR analysis is only considered if it is above a 
certain relative abundance that would imply local presence (Huurdeman 
et al., 2021; Allstädt et al., 2021). 

4.4.2. Selective extinction 
Paleofloras include plants with both known and unknown taxonomic 

affinities (e.g., Lott et al., 2019). The older the paleoflora, the more 
likely it is that there are no known modern analogues for species that 
occur in, or even dominate the assemblages, possibly because the line
age is extinct. By definition, the species that are present today represent 
lineages that survived, and therefore were able to adapt and thrive in 
modern-day climate conditions. The plants in a fossil assemblage could 

Fig. 7. Comparison between previously published sea surface temperatures (SST), mean annual temperature (MAT, a,b) and warmest quarter mean temperature 
(WQT, c,d), for the Early to Middle Miocene (a,c) and Late Miocene (b,d). Sources of temperatures in this figure can be found in Supplementary Table S8. CLAMP =
climate leaf analysis multivariate program, LMA = leaf margin analysis, Δ47 = carbonate clumped isotopes. 
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therefore be made up partially of plant groups that had a broad climatic 
tolerance and survived to this day, and plant groups with a narrower 
climatic tolerance that went extinct. For example, the global cooling 
trend since the Middle Miocene (e.g., Westerhold et al., 2020) may have 
led to selective extinction of megathermal species, leaving only cold- 
tolerant species to define the climate envelope (Fig. 8b). 

The problem of selective extinction is of particular concern in pale
oclimates potentially lacking a modern analogue. For example, tropical 
latitudes during greenhouse and hothouse climates are notoriously 
problematic for proxies that rely on modern-day climates for calibration. 
Do relatively cool terrestrial climates at the tropics during global 
hothouse conditions indicate a drastic change in global atmospheric 
circulation systems and non-linear temperature responses, or vegetation 
assemblages and leaf physiognomy without a modern analogue (e.g., 
Yao et al., 2009; Spicer et al., 2014; Shukla et al., 2014; Xie et al., 2019)? 
Similar problems are prevalent in temperature proxies that rely on 
organic geochemistry (e.g., Peterse et al., 2012), and the most 
commonly advocated solution is to apply a multi-proxy approach, 
whenever possible (Hollis et al., 2019). 

In terrestrial paleoclimate studies that focus on high-to-mid-latitude 
locations during global green- or hothouses, the problem of non- 
analogue temperature states is not as prevalent. This is because there 
is no restriction to northward migration of strictly tropical plant groups 
during the Miocene. There is only limited evidence for northward 
migration of strictly tropical plant lineages in the USA, such as the 

occurrence of Chrysobalanaceae at Alum Bluff (Lott et al., 2019). By 
contrast, the evidence for Miocene northward migration of plant groups 
with distinct subtropical modern-day ranges is much more prevalent, 
such as Itea, Cyrilla, Cleyera, Gordonia, Persea, Symplocos, Illicium and 
Melliodendron recorded in the Brandon Lignite (Tiffney and Barghoorn, 
1979; Traverse, 1994; Tiffney et al., 2018). Additionally, the climate of 
Big Creek was reconstructed as tropical here (Fig. 3b), and its floral 
composition stands out for its absent temperate floral elements, such as 
Carya, Pinus and Salix (Supplementary Table S1). It seems therefore that 
if the climate of, for example, Alum Bluff was truly tropical, 1) the flora 
would be composed of predominantly tropical plant groups, and 2) there 
would not be a high number of temperate plant groups mixed in. 

4.4.3. Adaptive radiation 
Paleoclimate reconstructions based on NLRs rely on the assumption 

that modern-day climatic tolerance of plant groups, constrained by 
distribution, is representative of the climatic tolerance of the fossil 
species (Utescher et al., 2014). However, similar to the selective 
extinction model (Section 4.4.2), modern-day species by definition 
represent the descendants of those species that were able to adapt, 
diversify and radiate in response to global climate change that drove 
others to extinction. Most notably, species that were capable of adapting 
to cool climates during the Late Miocene and subsequent Plio- 
Pleistocene cooling (e.g., Westerhold et al., 2020), were able to diver
sify and radiate, and those descendants make up modern-day vegetation 

Fig. 8. Schematic representation of the hypothetical sources of reconstruction bias in nearest living relative-based (NLR) approaches based on fossil plants, including 
the effect it could have on a temperature reconstruction. (a) The inclusion of extrabasinal plants, commonly through wind-dispersed pollen, will generate a cooler 
apparent climatic envelope. (b) Selective extinction of plant groups with a preference for warmer climates may result in a cooler climatic envelope. (c) Adaptive 
radiation of species with a tolerance for cooler climate may result in a cooler climatic envelope. (d) Macroclimate is not the determining factor of vegetation dis
tribution, but rather an environmental factor such as fire or edaphic conditions controls vegetation, resulting in no apparent difference between the Miocene and 
modern climatic envelope. 
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assemblages. In paleoclimate reconstructions using NLRs, this could 
result in the paleoclimate envelope only getting defined by the species 
that radiated and diversified into cooler climates, creating a non- 
representative bioclimatic envelope (Fig. 8c). 

Identifying species-level extinction in plants is notoriously compli
cated, as is identifying which past species may have been cold tolerant. 
One approach to this problem is explored in this study (Section 2.2) as 
species that radiated into cold climates were given less weight. Instead, a 
diversity-weighted approach is applied here, wherein the climate that 
the majority of species within a plant group occurs in is more important 
in defining the optimal climate range for the group. However, this 
approach still does not account for the potential of diversification events 
in response to novel climatic niches in Earth's history. In molecular 
phylogenetic studies, the timing of diversification or adaptive events in 
groups of organisms can be tested to correlate with the timing of climatic 
events using ancestral state reconstructions (e.g., Jordan et al., 2008; 
Manen et al., 2010; Onstein and Linder, 2016). Ancestral state re
constructions could be used in the NLR approach as well, for example by 
omitting species from the NLR-based reconstruction that are part of a 
diversification event that postdates the targeted time in Earth's history. 
However, this approach requires resolving phylogenetic relations at the 
species level (e.g., Manen et al., 2010) for all plant groups in the fossil 
assemblage. 

4.4.4. Unconstrained control of species distribution 
Temperature and precipitation variables have predictive value for 

species diversity and distribution (Kreft and Jetz, 2014; Iverson et al., 
2019). However, the most important abiotic predictors of distribution 
are highly variable between plant groups and may not always be cli
matic, but could be edaphic (Iverson et al., 2019). In addition, fire plays 
an important role in determining vegetation distribution in the eastern 
USA (Nowacki and Abrams, 2015), with positive feedback mechanisms 
between vegetation openness and fire recurrence. If the regular occur
rence of fire in the Miocene ecosystem is what prevented denser, shade- 
tolerant vegetation to migrate north, such as rainforest vegetation, then 
the temperature range suggested by the NLR may not be indicative of the 
actual temperature (Fig. 8d). Additionally, the effect of high-to-mid- 
latitude light regimes on mid-to-low-latitude analogue floras has been 
invoked as a possible confounding factor in plant-based terrestrial 
paleoclimate studies (e.g., Spicer, 2000; Reichgelt et al., 2015; West 
et al., 2020). 

Edaphic conditions are problematic in NLR analysis, predominantly 
because soil type preference has strong interspecies variation (e.g., 
Iverson et al., 2019) and allopatric speciation commonly occurs along 
edaphic gradients (Kay et al., 2011). Strong interspecies variability in 
soil type preference may imply that at higher taxonomic levels, such as 
genus or family, soil type does not play as strong a role in determining 
distribution. However, the predictive importance of climate and edaphic 
conditions at the genus- or family-level has not been tested. Testing 
modern-day distribution patterns of plant genera and families for the 
relative predictive importance of abiotic factors would elucidate which 
plant groups are useful for NLR analysis. 

Fire recurrence also may be important in determining the distribu
tion of plant groups in the eastern USA. Due to changes in regional 
climate and anthropogenic suppression of fires in modern time, a pro
cess known as “mesophication” is taking place, where fire-prone 
(pyrophilic) vegetation is replaced with mesophytic forest that typi
cally reduces fire recurrence (pyrophobic, Nowacki and Abrams, 2015). 
Both may be examples of Alternate Stable State (ASS) vegetation types in 
which the vegetation type is maintained through positive feedback 
mechanisms, rather than distinct macroclimate preferences (Nowacki 
and Abrams, 2008; Pausas and Bond, 2020). In short, pyrophilic vege
tation will promote fire through biological and physical adaptations and 
processes, for example, by maintaining an open, well-lit understory, 
where ignition and spread of fire is more likely. Pyrophobic vegetation, 
on the other hand, does the opposite, for example with densely shaded 

understories, where humidity is high and evaporation reduced, dimin
ishing the likelihood of ignition and spread of fire. 

Whether ASS between pyrophobic and pyrophilic vegetation existed 
in the Miocene is unclear. Only at the Messinian to Zanclean Gray Fossil 
and Pipe Creek sites has frequent fire disturbance been identified, based 
on the presence and prevalence of charcoal (Shunk et al., 2009b; Zobaa 
et al., 2011; Ochoa et al., 2016; Swinehart and Farlow, 2021). However, 
charcoal abundances were not reported at the other Miocene localities 
studied here, making a comparison impossible. Nowacki and Abrams 
(2015) identified the tree genera Carya, Castanea, Pinus, Populus, Quer
cus and Sassafras as typically pyrophilic in eastern USA forests. The 
genera identified at the sites studied here (Supplementary Table S1) 
reveal that none of the sites, including the Gray Fossil and Pipe Creek 
sites, are exclusively made up of these pyrophilic taxa or have an 
absence of pyrophobic genera, such as Acer, Fagus, Fraxinus, Juglans, 
Liquidambar, Platanus or Ulmus. However, this does not account for the 
potential mixing of pyrophilic and pyrophobic vegetation components 
in fossil assemblages, either because of lateral vegetation mosaics (e.g., 
riparian and upland vegetation) or short-term vegetation succession. 
Interestingly, the Brandon Lignite is the only site that lacks pyrophilic 
vegetation components altogether. Perhaps this indicates a spatial or a 
temporal trend in the evolution of fire vegetation. However, a more 
comprehensive investigation of fire indicators, such as charcoal, should 
be performed in order to examine the changing role of fire in Miocene 
ecosystems of eastern North America. 

4.5. Vegetation heterogeneity 

In western North America, the Miocene was characterized by an 
overall vegetation transition from forests to grasslands (Kukla et al., 
2022), as typified by the increasing dominance of C4-type vegetation 
(McInerney et al., 2011; Strömberg and McInerney, 2011). Evidence of 
this vegetation transition in eastern North America is limited, primarily 
because the climate likely did not favor C4-type vegetation, or even C3 
grasslands, in the Miocene, but also because of the general sparsity of 
studied sections. The most comprehensive studies on this topic are again 
from the Messinian to Zanclean Gray Fossil site and the Pipe Creek 
sinkhole, where the presence of C4 vegetation can be established, but the 
landscape still is dominated by forests (Shunk et al., 2006; DeSantis and 
Wallace, 2008; Shunk et al., 2009b; Zobaa et al., 2011). The vegetation 
at the Pipe Creek sinkhole was described as a temperate woodland 
savanna, with abundant Poaceae (Swinehart and Farlow, 2021) and 
classified with beech-maple-basswood forest (Ochoa et al., 2016), which 
agrees with our classification based on FCA (Fig. 6b). A spatial or tem
poral trend from closed to more open vegetation could not be detected in 
this study, which agrees with Miocene palynological investigations of 
the New Jersey hinterland (Kotthoff et al., 2014; Prader et al., 2017, 
2020). This suggests that throughout the Miocene, much like today, a 
mosaic of different wooded biomes existed in the eastern USA. 

5. Conclusion 

Due to a dearth of sedimentary deposits in the eastern USA, Miocene 
floras are rare in this region. The available paleofloras span >10◦ lati
tude, were deposited at different times, and sometimes have large 
temporal uncertainties. Creating a continuous record of terrestrial 
climate and vegetation of the eastern USA is therefore complicated. The 
available autochthonous paleofloras reveal limited climate variation 
both spatially and temporally. Mean annual temperature is largely 
15–20 ◦C, and mean annual precipitation 100–150 cm yr−1. Corre
spondingly, the reconstructed macrobiomes are temperate seasonal 
forests, similar to those in eastern USA today. The largest deviations 
relative to today are in the northeast (>35◦N) of the USA, where both 
temperature and precipitation are elevated, suggesting enhanced heat 
and moisture transport in the globally warmer conditions of the 
Miocene. Notably, reconstructed Miocene precipitation seasonality is 
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larger than today. Despite homogeneity in the reconstructed macro
biomes, there was variability in the reconstructed vegetation types. 
Some Miocene floras clustered confidently with modern vegetation 
types, specifically subtropical evergreen or beech-maple-basswood for
est, although pollen floras could often not be confidently placed. There is 
no detectable spatial or temporal trend in vegetation type differences. 

Reconstructed mean annual temperatures from the eastern USA were 
cooler than reconstructed coeval North Atlantic average sea surface 
temperatures from similar latitudes. This may represent the overall 
higher heat capacity of the ocean in combination with northward heat 
transport by ocean currents. We highlight the discrepancy between our 
reconstructed temperatures during the Miocene Climatic Optimum and 
those derived from a simulation of the Middle Miocene with a new Earth 
System Model. Plant-based proxies suggest much cooler conditions 
during the Middle Miocene than the model. Proxy-model discrepancy is 
reduced when allochthonous plant types are removed, and there is 
strong proxy-model agreement in reconstructed precipitation. Despite 
the proxy-model discrepancy, Miocene paleobotanical records allow us 
to identify regional climatic responses to increased global temperatures 
that are of importance to the eastern USA in the near future, such as 
poleward amplification of temperatures and increased precipitation 
seasonality. 
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Chevalier, M., Davis, B.A.S., Heiri, O., Seppä, H., Chase, B.M., Gajewski, K., Lacourse, T., 
Telford, R.J., Finsinger, W., Guiot, J., Kühl, N., Maezumi, S.Y., Tipton, J.R., 
Carter, V.A., Brussel, T., Phelps, L., Dawson, A., Zanon, M., Vallé, F., Nolan, C., 
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A., Röhl, U., Tauxe, L., Raine, J.I., Huck, C.E., van de Flierdt, T., Jamieson, S.S.R., 
Stickley, C.E., Van de Schootbrugge, B., Escutia, C., Brinkhuis, H., 2012. Persistent 
near-tropical warmth on the Antarctic continent during the early Eocene epoch. 
Nature 48, 73–77. 

Quirk, Z.J., Hermsen, E.J., 2021. Neogene Corylopsis seeds from eastern Tennessee. 
J. Syst. Evol. 59, 611–621. 

R Core Team, 2021. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.  

Rachele, L.D., 1976. Palynology of the Legler Lignite: a deposit in the Tertiary Cohansey 
Formation of New Jersey, U.S.a. Rev. Palaeobot. Palynol. 22, 225–252. 

Rech, A.R., Dalsgaard, B., Sandel, B., Sonne, J., Svenning, J.-C., Holmes, N., Ollerton, J., 
2016. The macroecology of animal versus wind pollination: ecological factors are 
more important than historical climate stability. Plant Ecol. Divers. 9, 253–262. 

Regal, P.J., 1982. Pollination by wind and animals: ecology of geographic patterns. 
Annu. Rev. Ecol. Syst. 13, 497–524. 

Reichgelt, T., Kennedy, E.M., Conran, J.G., Mildenhall, D.C., Lee, D.E., 2015. The early 
Miocene paleolake Manuherikia: vegetation heterogeneity and warm-temperate to 
subtropical climate in southern New Zealand. J. Paleolimnol. 53, 349–365. 

Reichgelt, T., West, C.K., Greenwood, D.R., 2018. The relation between global palm 
distribution and climate. Sci. Rep. 8, 4721. 

Reichgelt, T., D’Andrea, W.J., Valdivia-McCarthy, A.D.C., Fox, B.R.S., Bannister, J.M., 
Conran, J.G., Lee, W.G., Lee, D.E., 2020. Elevated CO2, increased leaf-level 
productivity, and water-use efficiency during the early Miocene. Clim. Past 16, 
1509–1521. 

Reichgelt, T., Greenwood, D.R., Steinig, S., Conran, J.G., Hutchinson, D.K., Lunt, D.J., 
Scriven, L.J., Zhu, J., 2022. Plant proxy evidence for high rainfall and productivity in 
the Eocene of Australia. Paleoceanography Paleoclimatol. 37 e2022PA004418.  

Rich, F.J., Pirkle, F.L., Arenberg, E., 2002. Palynology and paleoecology of strata 
associated with the Ohoopee river dune field, Emanuel county, Georgia. Palynology 
26, 239–256. 

Rubel, F., Kottek, M., 2010. Observed and projected climate shifts 1901–2100 depicted 
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