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Abstract. We investigated the palynology of sediment cores evident for the hinterland of the New Jersey shelf, possibly

from Site M0027 of IODP (Integrated Ocean Drilling Pro- reflecting moisture from the proto-Gulf Stream.

gram) Expedition 313 on the New Jersey shallow shelf to The palaeovegetation data reveal stable conditions during

examine vegetation and climate dynamics on the east coashe mid-Miocene climatic optimum at 15 million years

of North America between 33 and 13 million years ago andbefore present, with only a minor increase in deciduous—

to assess the impact of over-regional climate events on thevergreen mixed forest taxa and a decrease in swamp forest

region. Palynological results are complemented with pollen-taxa. Pollen-based annual temperature reconstructions show

based quantitative climate reconstructions. Our results indiaverage annual temperatures 9fL14°C during the mid-

cate that the hinterland vegetation of the New Jersey shelMiocene climatic optimum;~2°C higher than today, but

was characterized by oak—hickory forests in the lowlands and- 1.5°C lower than preceding and following phases of the

conifer-dominated vegetation in the highlands from the earlyMiocene. We conclude that vegetation and regional climate

Oligocene to the middle Miocene. The Oligocene witnessedn the hinterland of the New Jersey shelf did not react as sen-

several expansions of conifer forest, probably related to coolsitively to Oligocene and Miocene climate changes as other

ing events. The pollen-based climate data imply an increaseegions in North America or Europe due to the moderating

in annual temperatures from 11.5°C to more than 16C effects of the North Atlantic. An additional explanation for

during the Oligocene. the relatively low regional temperatures reconstructed for the

The Mi-1 cooling event at the onset of the Miocene is re- mid-Miocene climatic optimum could be an uplift of the Ap-

flected by an expansion of conifers and mean annual tempepalachian Mountains during the Miocene, which would also

ature decrease of 4°C, from~ 16°C to~ 12°C around 23  have influenced the catchment area of our pollen record.

million years before present. Relatively low annual temper-

atures are also recorded for several samples during an inter-

val around~ 20 million years before present, which may re-

flect the Mi-1a and the Mi-1aa cooling events. Generally, thel Introduction

Miocene ecosystem and climate conditions were very simi-

lar to those of the Oligocene. Miocene grasslands, as knowdhe Eocene to Miocene witnessed the transition from

from other areas in the USA during that time period, are notwarmer “greenhouse” to colder “icehouse” conditions (Za-
chos et al., 2001a, 2008) and a decreasing global sea level
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(e.g. Miller et al., 2005). These changes did not occur grad-otic weathering feedback (Taylor et al., 2009) and thus con-
ually or continuously, but with several reversals to warmertributed to the climate development from the Miocene until
conditions, as well as short phases of rapid cooling (e.g. Zatoday (Pagani et al., 2009).
chos et al., 2001a; DeConto et al., 2008). These changes and The MMCO was followed by a gradual cooling and ice
their driving factors are mainly understood from marine cli- sheet expansion during the late Miocene, while atmospheric
mate records, while examinations integrating terrestrial prox-CO, remained relatively stable compared to Eocene to early
ies remain rare (e.g. Eldrett et al., 2009, 2014; Pross et al.Miocene oscillations (Pagani et al., 2005). This cooling trend
2012). This is particularly the case for eastern North Amer-and increasing seasonality is generally reflected in pollen
ica, whereas several integrated studies for Eurasia have beeacords from fluvial deposits from the middle Atlantic mar-
published during the last 2 decades (e.g. Mosbrugger et algin (Pazzaglia et al., 1997), but these records could only be
2005; Jiménez-Moreno et al., 2005, 2007; Larsson et al.correlated roughly with marine records. Pollen-based results
2011; Quaijtaal et al., 2014). for the same region presented by Groot (1991) are some-
The transition from the late Eocene to the Oligocene iswhat contradictory, indicating stable climate conditions at
characterized by a rapid global cooling (the “Oi-1 event”) the close of the Miocene. However, the records described by
and the onset of large-scale Antarctic ice sheet growth, assroot (1991) lack consistent age models and can thus not be
indicated bys180 increases in marine sediments from dif- compared directly with other climate archives.
ferent localities (e.g. Shackleton and Kennet, 1975; Miller In short, there remains a lack of studies that integrate
et al., 1987; Liu et al., 2009). For the terrestrial realm, thechanges in the marine realm (e.g. sea-surface water tem-
results are few and contradictory: some terrestrial recordperatures and sea-level changes) with vegetation and cli-
show almost no climatic changes (Grimes et al., 2005) andnate developments in the terrestrial realm during the Eocene,
only weak faunal reactions (Prothero and Heaton, 1996) durOligocene and Miocene. The impact of cooling events like
ing the transition, while others imply increased aridity, cool- the Oi-1- and the Mi-1 events or of the MMCO on vegeta-
ing (Zanazzi et al., 2007), and increased seasonality (Eldrettion and regional climate in eastern North America has not
at al., 2009). The distribution of global vegetation changedyet been assessed.
significantly during the early Oligocene, with retreat of the  An ideal approach for studies integrating marine and ter-
tropical and paratropical biomes to the lower latitudes and arrestrial ecosystem and climate changes is the examination of
equatorward expansion of temperate vegetation (e.g. Wolfeterrestrial and marine palynomorphs in long marine cores
1992, Leopold et al., 1992, Janis, 1993, Willis and McEI- (e.g. Heusser and Shackleton, 1979; Eldrett et al., 2009,
wain, 2002). In the Northern Hemisphere, including North 2014; Pross et al., 2012; Contreras et al., 2013). Methods
America, broad-leaved forests declined, and conifer foresthave been developed to calculate quantitative climate data
migrated southwards (Janis, 1993). Several Oligocene shor{e.g. temperature, precipitation, and seasonality) from pollen
term sea-level and climate fluctuations, sometimes called Oassemblages. One of these methods is the “nearest-living-
events (e.g. Miller et al., 1991; Wade and Pélike, 2004), wereelative” (NLR)/“co-existence” or “mutual climate range”
probably tied to the orbital cycles, as shown by, e.g. Coxall e MCR) method (e.g. Mosbrugger and Utescher, 1997; Pross
al. (2005), Wade and Pédlike (2004), and Palike et al. (2006)et al., 2000; Thompson et al., 2012; Reichgelt et al., 2013;
The late Oligocene was a time of global warming and retreatEldrett et al., 2014): climatic limits of fossil plant taxa are
of ice sheets in Antarctica (Zachos et al., 2001a, 2008). assumed to be similar to those of their nearest living rel-
The transition to the Miocene was characterized by aatives. Therefore, the intervals of climate parameters for a
strong cooling pulse, the Mi-1 event (Miller et al., 1987, given fossil flora, in which a maximal number of nearest rel-
1991; Wright and Miller, 1992; Zachos et al., 2001b). Sub- atives can coexist, can be considered the best possible de-
sequently, starting at-20 million years before present scription of the palaeoclimate under which the fossil flora
(Ma), global temperatures increased, culminating in thelived (Thompson et al., 2012). The relative abundances of
mid-Miocene climatic optimum (MMCO) between 17 the analysed taxa are not considered in the NLR method —
and ~14Ma (Zachos et al., 2001b). This overall warm only their presence and absence. This makes the climate re-
interval was, however, interrupted and followed by sev- constructions less susceptible to transport-related and tapho-
eral centennial-scale cooling events, e.g. further Mi eventsomic bias. Taphonomic skewing of the palynological record
(Miller et al., 1987, 1991; Pagani et al., 1999) associated withcan be used to interpret variations in terrigenous sediment in-
growth of the Antarctic ice sheet, which also influenced theflux into the marine realm, and can furthermore be used to re-
North Atlantic realm (e.g. Miller et al., 1991; Quaijtaal et al., construct site—shoreline distances and sea-level fluctuations
2014) and caused a relative sea-level fall of ex0m in (e.g. McCarthy and Mudie, 1998; McCarthy et al., 2013),
the New Jersey shelf area (Miller et al., 2011). Furthermore but differential preservation and transport characteristics of
the early Miocene witnessed the spread of biomes dominategollen taxa can hamper ecosystem- and climate reconstruc-
by grasses (Poaceae; Jacobs et al., 1999; Willis and McElions, altering the original pollen associations. These tapho-
wain, 2002; Stromberg, 2005). This spread and the loss ofiomic problems can however be minimized/controlled by (a)
forest cover during the Miocene may have weakened the biehoosing research areas characterized by high sedimentation
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rates where oxidation of palynomorphs is less pronounceding highstands, and thus should not be prone to substantial
either due to lower dissolved oxygen or rapid burial (e.g. Kot-resedimentation (McCarthy et al., 2013).
thoff et al., 2008a, b) sites sufficiently proximal to the coast- The palaeogeographic position of the research area has
line to minimize transportation bias (e.g. Mudie and Mc- slightly changed since the late Eocene. Reconstructions by
Carthy, 1994) and reduce the probability of re-sedimentationScotese et al. (1988) imply that during the Oligocene and
by choosing neritic sites (e.g. McCarthy and Mudie, 1998; Miocene, the region of New Jersey was situated® fur-
Hopkins and McCarthy, 2002; McCarthy et al., 2004); and ther south than at present, and reached a position between
(c) sedimentary settings that have remained tectonically sta39° and 40 N during the Pliocene. Prevailing westerly winds
ble. transported pollen from the Atlantic Coastal Plain as they
These criteria have largely been met in the New Jer-do today. These winds also currently push the Gulf Stream
sey shallow shelf area (NJSS; North American east coastpffshore, allowing polar surface currents to penetrate be-
Fig. 1; Mountain et al., 2010). The potential of this region for tween the Gulf Stream and northeastern North America as far
palaeoclimate research and for sea-level reconstruction hasouth as Cape Hatteras (Csanady and Hamilton, 1988). Al-
already been shown for records from the coastal plain and théhough the modern North Atlantic Slope Water mass appears
continental slope (Miller and Sugarman, 1995; Miller et al., to have originated only- 1.4 Ma (McCarthy et al., 2000), a
1996). Cores recovered from the NJSS in the framework oflow salinity (but warmer) precursor to this water mass ap-
IODP (Integrated Ocean Drilling Program) Expedition 313 pears to have been created by abundant fluvial runoff since
in 2009 (Fig. 1, Supplement Fig. S1) allow study of the the Gulf Stream originated, separating northeastern North
palaeovegetation and palaeoclimate development in coast@dmerica from the warm, saline subtropical gyre, and thus
studying eastern North America during certain intervals ofresulting in greater seasonality than in the oceanic realm.
the Oligocene and particularly the Miocene. In context of The time of the origin of the Gulf Stream remains hotly de-
IODP Expedition 313 a robust age model was developecbated, but there is evidence of strong current activity on the
based on palaeontological, sedimentological, and geochemBlake Plateau as early as the late Paleocene-early Eocene
cal data (Browning et al., 2013; Miller et al., 2013). Here, we (Pinet et al., 1981) and it was an intense western bound-
present a new pollen record from Site M0027 from the Newary current by the latest Miocene, when it experienced its
Jersey shelf which covers the interval fron83 to~ 13 Ma. greatest intensification based on deep erosion of the Blake
While our record does not allow a continuous overview overPlateau (Kaneps, 1979). The palaeogeographic reconstruc-
this complete time span, it offers several insights into shortettions of Scotese et al. (1988) for 20 Ma suggest that the
intervals, including the Oligocene—Miocene transition andNorth and South Equatorial currents blown by the easterly
the mid-Miocene climatic optimum. With this record, we can trade winds would largely have recirculated northward in the
reconstruct a longer history of the vegetation and climate deAtlantic rather than continuing to the Pacific Ocean via the
velopment during the Oligocene and Miocene than obtainechighly restricted seaway between the Americas, consistent
from previous palynomorph-based examinations for coastalvith the sedimentary evidence from the Blake Plateau (Pinet
eastern North America. etal., 1981).
The modern annual precipitation in the coastal regions of
New Jersey is~ 1100 mm, and average annual temperatures
2 Geographical and geological setting are ~12°C (climate.rutgers.edu/stateclim/) with a warm,
moist tropical airstream originating in the Gulf of Mexico
Hole M0027A was drilled into the New Jersey shallow producing a warm and humid climate east of the Pacific
shelf at 3938.046N and 7337.301W at 33.5m water frontal zone that transports moisture-depleted air past the
depth and a site—shoreline distance eb0km (Fig. 1). = Rocky Mountains (Bryson and Hare, 1974). Grasslands oc-
Total penetration reached 631 meter below seafloor (mbsf)cupy the semi-arid interior of North America west of this
with a recovered interval of 547 m. The hole was aimed atfrontal zone, while the oak—pine—hickory forest of Davis and
sampling a thick early Miocene succession, but relativelyWebb (1975) is found where the Gulf Stream hugs the coast-
thin and incomplete Pleistocene, middle to late Mioceneline and oak—pine forests (deciduous forest of Davis and
and Oligocene sediments were also recovered (Mountain eiVebb, 1975) are found north of Cape Hatteras, where sea-
al., 2010). The Oligocene/Miocene sediment record fromsonality is much greater. Tectonic uplift of the Appalachian
the New Jersey shallow shelf is characterized by severaHighlands during the middle Miocene (e.g. Poag et al.,
sedimentary sequences tied to transgression and regressid889; Pazzaglia and Brandon, 1996; Gallen et al., 2013) in-
phases (e.g. Mountain et al., 2010; Browning et al., 2013;creased the altitudinal gradient, promoting the expansion of
Miller et al., 2013; Fang et al., 2013). Ages of these se-conifers at higher elevations, as characterises the region to-
guences are discussed in Sect. 3.1. The succession belatay (Delcourt et al., 1984).
420 mbsf was deposited mainly by mass wasting beyond the
shelf break during glacioeustatic lowstands. The succession
above 360 mbsf, however, has accumulated on the shelf dur-
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Figure 1. Map of eastern North America with a zoom into the area around New Jersey. White points indicate plant macrofossil outcrops,
pollen profiles, and drilling sites referred to (1: Oboh et al., 1996; 2, 10, 11: e.g. Stults et al., 2010; 3, 8, 12: e.g. Jarzen et al. 2010; 4: Hansen
et al., 2001; Jarzen and Dilcher, 2006; 5: Rich et al., 2002; 6: Groot, 1991; 7: Frederiksen, 1991; 9: Pazzaglia et al., 1997; 13, 14, 15: e.g.
Rachele 1976; 16: Traverse, 1994) and the white star indicates the position of Site M0027 (after Mountain et al., 2010; Schlitzer, 2011).
Black squares mark the position of major cities.

3 Material and Methods the very late Chattian, including the transition to the Aqui-
tanian ¢ 23.5 to~ 23 Ma; sequence 06), the early Burdi-
3.1 Age model galian ¢~ 20.9 to~19.2 Ma, sequences m6 and m5.8), and,

with some shorter hiatuses, the late Burdigalian to Serraval-
We used the age model of Browning et al. (2013) to assigrian (~ 18 to~ 11.6 Ma; subsequent sequences; Browning et
ages to samples from Hole M0027A. The precision of the agedl., 2013; Miller et al., 2013). The sequences are also shown
model based on integrated microfossil biostratigraphy (di-in Figs. 2, 3, and 4, as well as in Supplement Fig. S1.
noflagellate cysts, diatoms, calcareous nannofossils), stron- Processing and counting: sediments of approximately
tium isotopes, and sequence stratigraphy (Browning et al.>~ 5 cn? volumeA 89 dry weight were processed for paly-
2013; Miller et al., 2013) varies: for the Oligocene, the po- nological analysis at Brock University using standard tech-
tential error is between 0.5 and 1.0 Ma, while for the early hiques, including treatment with warm, diluted (0.02 %)
Miocene, the potential error is below 0.5Ma. The uncer- sodium hexametaphosphate, weak (10 %) HCI and concen-
tainty is particularly high (1 to 1.5Ma) for the upper se- trated (40 %) HF, and sieving through Nitex mesh to retain
quences (m5 to m1; Supplement Fig. S1) deposited duringhe > 15 um fractionLycopodiumspore tablets were added
the middle Miocene (betweer 14 and~11Ma). How- inorderto calculate pollen concentrations (Stockmarr, 1971).
ever, Site M0027 yields sediments from the very early Ru-Palynomorphs were identified at 40500x/1000x magni-
pelian to the late Priabonian-(33.7 to~ 32.2 Ma; sequence fication using a Zeiss Axio Scope.
01) and continuous records for the late Rupelian29.3 Sixty-one samples from Site M0027 were analyzed for
to ~28.2 Ma; sequences O3 to O5), interrupted by a pro-their palynomorph content. For most samples, between 200
nounced hiatus during the early Rupelian (32.2 to 29.3 Ma).and 300 non-saccate pollen grains (NSPGs) and between 250
There is another pronounced hiatus during the Chattian. Th&nd 400 pteridophyte spores, non-saccate pollen, and saccate
sediment record from Site M0027 furthermore comprisespollen grains (in total) have been counted. In case of three
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pollen concentration (for some samples, the weight was estimated based on the sample volume), time intervals. For taxa with low occurrences

exaggeration linesx5) are shown in grey. Sequence ages are based on Browning et al. (2013).

Figure 2. Sedimentological and palynological results for Site M0027. Shown versus depth: lithology; sequence boundaries; selected pollen
www.clim-past.net/10/1523/2014/

types, pteridophyte spores and fungal remains (taX& excluded; percentages are based on the sum of non-saccate pollen); marine
palynomorphs (marine palyn.): foraminifer test lining/nonsaccate pollen ratio, organic-walled dinoflagellate cyst/non-saccate pollen ratio;
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Figure 3. Lithology, palynological results, and pollen-based climate results for Site M0027. Shown versus depth: lithology, sequence bound-
aries, pollen percentages integrated into vegetation types (percentages are based on the sum of non-saccate pollen), pollen-based quantitat
climate data, time intervals. Sequence ages are based on Browning et al. (2013).

samples, the pollen sum was between 140 and 200 grains. Irelated bias within non-saccate pollen assemblages should be
addition to pollen grains and pteridophyte spores, fungal re-a minor issue.
mains, foraminifer test linings (forams), and dinoflagellate  Due to the particularly efficient airborne transport, longer
cysts (dinocysts) were counted. We used the total numbefloating time in the water column, and high resistance to oxi-
of NSPGs as reference sums for all percentage calculationdation, bisaccate pollen is generally over-represented in ma-
(Figs. 2 and 3). The data used for this study will be stored inrine pollen assemblages and shows significant relative in-
the PANGEA databasevivw.pangea.de crease compared to other pollen types with increased dis-
tance from the coastline (e.g. Mudie, 1982; Hooghiemstra,
3.2 Assessment of palynomorph associations and pollen 1988; Mudie and McCarthy, 1994; McCarthy et al., 2003).
differentiation It has been shown that terrestrial modern pollen assemblages
in eastern North America, including coastal and continental
A detailed review of the marine and terrestrial palynology Shelf sediments, reflect the modern vegetation with excep-
at Site M0027 and Site M0029, is given by McCarthy et tion of the generainus (pine) andPicea (spruce), whose
al. (2013). This study showed that in sequences precedin?'saccate_ pollen often originate from very distant regions
sequence 5.8 (i.e. older thar20.1 Ma; Supplement Fig. S1, (€.9. Davis and Webb, 1975; Mudie, 1982). In light of this,
Fig. 2), sediments primarily reached Site M0027 by mass"e ha_ve excluded bisaccate pollen_ from the reference sum
wasting during glacioeustatic lowstands, influencing pollen®n Which pollen percentage calculations are based. However,
assemblages, and thus hampering detailed palaeovegetatiG#fh percentages of bisaccate pollen, €guspollen, are
reconstructions based on relative occurrences. ConsideringOt necessarily tied to transport effects; they can still be re-
these findings, we have excluded samples from intervaidated to climate-based changes in the catchment area and
characterized by mass waste events and reworking at Sitl® extension oPinusforests onto shelfal areas during sea-
MO0027 for which a strong bias due to transport effects was'€vel lowstands (Lacourse etal., 2003; Kotthoff et al., 2008a).
indicated (McCarthy et al., 2013). For the remaining sam-Herein, we use estimates of the site—shoreline distance based

ples analysed in our study, reworking of pollen and transport-2N the ratio of marine palynomorphs (dinocysts, forams) to
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Figure 4. Pollen-based mean annual temperature reconstruction and deciduous—evergreen forest taxa pollen percentages for Site M0027 v
age compared to a stacked and smoothed oxygen-isotope record from the Pacific (after Cramer et al., 2009), global oxygen-isotopes afte
Zachos et al. (2001a, 2008), and global events (position of Mi events after Miller et al., 1991; Pekar and DeConto, 2006). Age model for Site
M0027 after Browning et al. (2013) and Miller et al. (2013). Strontium isotope age resolution after Browning et al. (2013); green: 0.25 to
0.5Ma, yellow: 0.5to 1.0 Ma, reds 1.0 Ma.

NSPGs to validate the relevance of high bisaccate-pollersensu strictu (Greenwood et al., 2018jecipites other Are-
percentages, assuming that over-representation of bisaccataceae, and theMonocolpopollenitegype” were counted
pollen is lower in samples with small relative abundances ofseparately, but grouped together as “monocolpate” for the
dinocysts and foraminifer test linings. pollen diagram (Fig. 2). The differentiation éfrecipites,

For pollen identification, we used several works of Monocolpopollenitesand Liliacidites-related pollen grains
Krutzsch (1963a, b, 1967, 1970, 1971) and also descripis a matter of debate, e.g. there is uncertainty concerning the
tive publications and pollen keys of, e.g. McAndrews et presence ofArecipitesgrains with reticulate structure (com-
al. (1973), Frederiksen (1979, 1980), Traverse (1994), Pazzgpare Krutzsch, 1970, Nichols, 1973). We have followed the
glia etal. (1997), Beug (2004), and Jarzen et al. (2010). Genapproach of Krutzsch (1970) and in some cases assigned
erally, we have assigned pollen grains to extant taxa (commonocolpate grains with a fine reticulate structure (compare
pare Supplement Table S2). Supplement Fig. S2) térecipites but grains with a reticu-

We have counted pollen dPodocarpus(i.e. Podocar-  lum formed of clearly visible clavae and baculae were as-
piditeg separately; however, it should be noted thadocar-  signed tolLiliacidites (e.g. Nichols, 1973). Generally, the
pusgrains are very similar tBinusgrains and cannot be dis- morphology of Arecaceae pollen grains is highly diverse
tinguished in all cases. Both genera contain several specie®.g. Harley and Baker, 2001). Grains assigned to “other Are-
that are very variable in pollen morphology, and the paly-caceae” were mainly monocolpate, in rare cases monopo-
nomorphPodocarpiditesncludes both Podocarpusas well rate. Our conservative approach to identifying palm pollen in
as Pinus (Nichols and Brown, 1992), and may also repre- the New Jersey record may have yielded cooler temperature
sent related genera in the Podocarpaceae arédatcarpus
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estimates for some samples due to palms being not identified To determine the climate envelope that accommodated a
as such, but akiliacidites. majority of taxa from a given fossil assemblage with respect
For the current study and the pollen diagram presented ifo a given climate parameter, the zone of overlap was calcu-
Fig. 2, we have assigneéguercustype pollen grains to two lated using the 10th percentile (as lower limit) and 90th per-
groups, withQuercustype A containing smaller and some- centile (as upper limit) of the total range for all NLRs rep-
times rugulate grains in contrast to bigger, never regulataesented in that sample (Greenwood et al., 2005; Reichgelt
grains. Information on differentiation criteria for further taxa et al., 2013; Eldrett et al., 2014). This calculation removes
(e.g.Tsuga Ulmus Taxodium is given in the supplementary or down-weights outliers, i.e. NLR taxa whose climate pro-

material. file is at the extremes of the range of all taxa in the assem-
. blage and is comparable to the weighted MCR method of
3.3 Vegetation types Thompson et al. (2012). The estimate in bioclimatic analy-

) ) i sis is presented as the midpoint between the lower and upper
To analyze changes in ecosystems in the hinterland of th‘ﬁmits, with the error spanning from the lower to the upper

New Jersey shglf, we have assigned the pollen and spores emit (Greenwood et al. 2005; Pross et al., 2012; Thomp-
countered in this study to groups based on the modern ?C%on et al., 2012; Reichgelt et al., 2013). With this approach
ogy of related genera (Fig. 3; Supplement Table 1), following 54 py using mainly the climate profiles from Thompson

similar approaches of, e.g. Jiménez-Moreno et al. (2005) ang 1. (1999, 2000, 2012), we avoid problems discussed by
Larsson et al. (2011). While we have not assigned the samg;imm and Denk (2012), who showed that MAT ranges pro-
taxa to different vegetation types, several of the taxa meny;ijed for NLR in the widely used PALAEOFLORA database
tioned in Supplement Table 1 can occur in differgnt_ COSYS{yww.palaeoflora.deare partly inaccurate and that the pre-
tems. For examplé\yssa(tupelo tree) is present within sev-  jsjon reached with the coexistence approach based on this
eral vegetation types in recent southea_stern North Ame_”cadatabase is low. Thompson et al. (2012), however, demon-
however,Nyssais particularly frequent in swamp associa- grated that for modern North American and Pleistocene veg-
tions due to its tolerance of wet soils and is therefore bestation assemblages; (1) there was a high degree of corre-
placed into the swamp forest vegetation type. Similarly, Cu-|5tion petween observed climatic values (including CMMT
pressaceae, includinfaxodium occur in a variety of envi- o4 MAT) and estimates from MCR approaches, (2) esti-
ronments, but the majority of North American species rather, ;a5 with sample NLR< 10 were much less precise than
prefer wet conditions and include swamp taxa. Generally, thg, samples where ~20_NLR, and (3) presence—absence
assignment to vegetation types allows a clearer interpretatio|gompariSonS versus those based on taxon abundance avoid
of the pollen data and comparison with other palaeobotanica‘l:lssumpﬂOns of fossil and modern vegetation being analo-

records. gous. Their analysis also showed that MCR analysis of mod-
ern eastern North American coniferous forests and broadleaf
forests (30—-47N) yielded accurate and precise temperature

Climate was reconstructed by applying bioclimatic analysis€Stimates. All of our samples had at least 17 NLRs with cli-
(as modified by Greenwood et al., 2005; Reichgelt et aL’mate profiles for our analysis, with the majority of the sam-

2013), a form of “nearest living relative” (NLR) analysis ples analysed with 20 or more NLRs with climate profiles.

(Mosbrugger and Utescher, 1997) or mutual climate rangeWhere_as genera are typically used fqr NLRs in bioclimatic_
(MCR) technique (Thompson et al., 2012) to the spore-poller@"2lysis (€.9. Reichgelt et al., 2013), in the present analysis
record of land vegetation. Spore and pollen taxa with known! Sugawas differentiated by specieBiceaandPinuspollen

NLR were identified from the fossil assemblages. Climatic Was €xcluded from the reconstructions due to their over-

profiles were then assembled from both published and unf€Presentation in marine pollen records as also done by El-

published sources for each NLR with respect to various cli-drétt et al. (2009, 2014), whereBsdocarpusvas excluded

mate parameters such as mean annual temperature (M AT?,U‘E_ to concerns over the correct botanical affinity of these
rains (Greenwood et al., 2013, compare Sect. 3.3).

coldest month mean temperature (CMMT), warmest monthY

mean temperature (WMMT), and mean annual precipitation _ 1"'0mpson et al. (2012) demonstrated that the extremes
(MAP). Each profile contains the maximum and minimum ©f the modern climate range (i.e. 0% and 100 %) of NLRs
values for a range of climate and related environmental variYi€ld wide climate estimates and so recommended assign-
ables with respect to an individual NLR taxon, based on theif"d_the 10th and 90th percentiles to the range of cli-
present-day distribution. For this study, the majority of cli- MafiC tolerance of plant genera to increase precision. The
mate profiles were obtained from Thompson et al. (1999,V\{e|ght|ng (i.e. exclusion of outliers) in bioclimatic analy-
2000, 2012) and Fang et al. (2011) for trees and shrubs, angS (S€nsu Greenwood et al., 2005) based on the 10th and
the online database of Natural Resources Canada (2012) fofoth percentiles yields a warm estimate where a predom-

non-trees, supplemented by data from sources outlined in E["Nce Of taxa with high minima are present, and a pre-
drett et al. (2014). dominance of taxa with low minima yields a cool esti-

mate. Particularly high temperature reconstructions in the

3.4 Quantitative climate reconstructions
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bioclimatic analysis were therefore tied to the occurrencetively high abundances (around 2 %) of the “mesophytic un-

of thermophilic taxa such as palms (Arecacdaecipites
pollen type; Arecaceae MAT 11.2-288, CMMT 2.1—
27.2°C), together with mesothermic taxa with only moder-
ate tolerance of cold winters (e.§yssaMAT 4.5-23.0°C,
CMMT —10.4-18.9C), whereas samples with notably cool

derstorey and non-steppic herbal taxa” group.

4.1.3 ~509 to~ 422 mbsf, early Miocene
(Aquitanian/early Burdigalian, ~ 21 to~ 19 Ma)

estimates lacked these taxa (or contained only a few) anJhiS interval consists of two sequences (m6, m5.8) with sed-

were rich in taxa with low winter tolerances (e.@J-
NUsMAT —12.2-20.9C, CMMT —30.9-14.FC, Fraxinus
MAT —2.3-24.#C, CMMT —23.8-18.2C).

4 Results
4.1 Quantitative palynology

4.1.1 ~627 to~ 540 mbsf, Eocene (Priabonian)?,
Oligocene (Rupelian,~ 33 to ~ 28 Ma)

The relative amount of marine palynomorphs (depicted in
foram/NSPG ratio and dinocyst/NSPG ratio, Fig. 2) shows
a decreasing trend fromy 627 to ~ 580 mbsf and a subse-

quent increasing trend up t6538 mbsf (sequence boundary
06). Bisaccate pollen generally shows a very similar trend o
decreasing abundance. Notable exceptions are two sampl
at~ 626 and~ 624 mbsf with very low bisaccate pollen per-

iments characterized by high content of pollen (Fig. 2). The
foram/NSPG ratio is generally low, while the dinocyst/NSPG
ratio varies and reaches up t90.3. There are occur-
rences ofTsugapollen surpassing 2% of the non-saccate
pollen assemblage at 475 mbsf. This relative increase in
Tsugapollen is expressed to a higher degree at site M0029
(around~ 733 mbsf~ 20.1 Ma, with almost 10% of non-
saccate pollen; Supplement Fig. S1). A similar peak is also
revealed at Site MO028A at a depth©f%620 mbsf (Supple-
ment Fig. S1; Mountain et al., 2010). For all sites, the hem-
lock peak is coeval with a strong increase in bisaccate pollen
(mainly Pinus at~ 475 to~ 470 mbsf at Site M0027), but a
minor increase in the dinocyst/NSPG ratio (Fig. 2).
GenerallyPinusshows a decreasing trend for this interval.
ThePinuspollen increase around 475 mbsf is coeval with an
increase inCarya (over 18 %), Ericaceae, amdyssapollen,

1Ewhile members of the family Fagaceae, includiQgercus
égow a significant decrease from79 to ~ 45 %. Between

~ 467 and~ 423 mbsf, there are still minor fluctuations in

centages (paired with relatively high percentages of swamﬁhe pollen percentages of single taxa, but the percentages of

taxa pollen; Fig. 3) and one sample-ab76 mbsf with par-
ticularly high Pinuspercentages. The sample~ab76 mbsf

is furthermore characterized by very low pollen percentages

of swamp taxa and increased herbaceous pollen percentag
Pollen of deciduous—evergreen forest taxa show percentag
varying between 67 and 86 %. Dominant pollen taxa in this
association ar€uercus(oak) andCarya (hickory) and, to

a lower degreelJimus(elm) andTilia (linden). Increases in
Caryapollen are often coupled with decreaseJinercus
Ulmus andTilia pollen and vice versa.

4.1.2 ~540 to~ 509 mbsf, Oligocene/early Miocene
(late Chattian to early Aquitanian, ~ 28
to~23Ma)

The sediments between540 and~ 509 mbsf probably rep-
resent the time interval fromy 23.4 to~ 23 Ma and thus the

combined deciduous—evergreen forest taxa remain relatively
stable.

The pollen record also reveals occurrences of rare de-
ijduous tree taxa such dsglansand Corylus Pollen con-

é:séntration is particularly high around 450 mbsf, while the

number of marine palynomorphs is particularly low in the
same interval. The interval from 410 to~ 365 mbsf at Site
M0027, consisting of medium to coarse-grained sand, is bar-
ren of palynomorphs.

4.1.4 ~ 360 to~ 260 mbsf, early Miocene (late
Burdigalian ~ 19 to~ 16.5Ma)

This interval is represented by seven samples in the pollen
record from Site M0027. It is the first phase containing
consistent occurrences of Poaceae (grass) pollen, but the
percentages never exceed 2.5% for all samples analyzed.
During this interval, the percentages of different taxa (par-

transition from the late Chattian to the Aquitanian. This in- ticularly FagaceaeCarya Nyssa within the deciduous—
terval is represented by four samples in our record. The thirdevergreen mixed forest group vary significantly, while the

of these samples (from below) shows a high peak of bisac
cate pollen £ 200 %), while marine palynomorphs do not

combined percentages show a weak increasing trend of
~10%. The second half of the interval is characterized by

show such high values. The high percentages of bisaccalg gjgnificant increase iQuercusand a decrease iGarya

(namelyPinug pollen are paired with occurrencesuga
(hemlock) pollen, relatively higi€Carya pollen percentages

pollen percentages.

and a significant decrease in pollen of other arboreal taxa

(particularlyQuercus Tilia, Ulmug. Furthermore, this inter-

val contains the only Oligocene sample where steppic taxa

reach relative occurrences of at least %, paired with rela-
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4.1.5 ~ 250 to~ 79 mbsf, middle Miocene vealed at~ 475 mbsf ¢~ 20 Ma), ~ 462 mbsf (19.9 Ma), and
(Langhian/Serravallian, Tortonian? ~ 16 to at ~ 439 mbsf (~ 19.7 Ma).
~11.6 Ma) Reconstructions for the interval from~18Ma to

~16.6 Ma ¢ 335 to ~ 250 mbsf) reveal a cooling trend to

Nineteen samples from Site M0027 represent the intervalMATS of ~13°C with a minimum at~ 262 mbsf. At the
between~ 16 and~ 11.6 Ma (~ 250 to ~ 80 mbsf) in our end of this interval, MAP reconstructions indicate more hu-

pollen record. Between-250 and~ 199 mbsf ¢ 16 to mid conditions which prevail untit 11 Ma. Betweem 1§
~ 13 Ma), QuercugFagaceae pollen and combined pollen {0 14.5Ma - 255 to~ 225 mbsf), MAT values vary signif-
percentages of deciduous—evergreen mixed forest taxa ddcantly between~12°C to ~15°C. The subsequent time
crease. Samples from 199 mbsf to~ 190 mbsf show strong  Interval (~14.5 to~12MA; ~225 to ~80 mbsf) shows
variation in pollen percentages of deciduous—evergreen forSlightly higher average MAT + 14.5°C), with peak val-
est taxa (Fig. 4). In addition to relatively frequedtmus ~ UeS & 16°C) at ~13MA (around~208 mbsf). Samples
(elm) pollen, the sediments betweer250 and~ 79 mbsf |nd|cat|n'g. relatively low temperatures during this interval
also contain small amounts dilia, Alnus Carpinus and ~ &ré positioned at depths of 218 mbsf (13.6Ma) and of
Ostrya pollen grains. The samples between210 and ~ 199/196 mbsf{ 12.9 Ma).

~ 190 mbsf reveal a decrease of conifer (maiftinug
pollen and strong increase in fungal remains.

The uppermost sample (from sequence m1;9.6 mbsf)
probably has an age of 11.6 Ma (J. V. Browning, personal
communication, 2012). This sample is not particularly differ-
ent from older Miocene samples and is characterized by IOWIn the following. we present an interpretation of the vegeta-
percentages of bisaccate pollen and marine palynomorph%,on and climagt]é devpelo ment in th ph' terland of th gN
and also high percentages of fungal remains. . elopment In e hinteriand of the New

Jersey shelf, integrating the relative abundances of terrestrial
and marine palynomorphs and the pollen-based quantitative
4.2 Pollen-based climate reconstructions climate analyses with further results from IODP Expedition
313. The results and interpretations are compared with other
Pollen-based temperature values are genera”y well Con[ECOde from the North Atlantic, eastern/central North Amer-
strained for the record from Site M0027, with uncertainties ica, and Europe, and with global climate records, particularly
varying between 2 to 4C for mean annual temperatures OXygen-isotope records.
(Fig. 3). Mean temperatures of the warmest month gener-
ally show less variation between samples than those of th&®.1 Eocene(?), Oligocene (Rupeliany 33 to ~ 28 Ma)
coldest month. The mean annual precipitation curve for Site
MO0O027 is less variable than the reconstructed temperatures-or the lowermost two samples analyse¢ 627 and
The values vary between 1140 and~ 1370 mm a*l, which ~ 624 mbsf), high relative abundances of marine paly-
is within the range of the values encountered today in Newnomorphs, particularly foraminifer test linings, compared to
Jersey. non-saccate pollen, imply a particularly long site—shoreline

Relatively warm temperatures are indicated for the low- distance. Under such circumstances, bisaccate pollen should
ermost, probably Priabonian-aged sample (MAT13°C, be particularly over-represented. The very low percentages
CMMT: ~5°C). MAT values for the subsequent sample of bisaccate pollen in these samples thus imply that conifer
from the early Oligocene are lower by 2@, CMMT val- forests were rare in the catchment area of Site M0027 or very
ues are 2.3C lower. During the Oligocene, MAT values far away from the site during the very late Eocene/very early
show a generally increasing trend, culminating in particularly Oligocene. It cannot be unambiguously determined whether
high values of~ 16°C for two samples around 535mbsf  the lowermost sediments from Site M0027 are from the Pri-
(~23.4MA). MAP reconstructions indicate generally more abonian or the early Oligocene (Browning et al., 2013). But
humid conditions during the Rupelian than during the fol- if the lowermost sample analyzed herein is of Priabonian age,
lowing intervals with exception of two samples at depth of then the temperature changes over the Eocene—Oligocene
~ 585 and~ 576 mbsf. The high temperature values during boundary in hinterland of the New Jersey shelf (with a de-
the late Oligocene are followed by a rapid declinet®2°C crease in MAT of 1.2C and 2.2C in CMMT) are weaker
at the transition to the early Miocene 630 mbsf; Fig. 4). than changes found by Eldrett et al. (2009), who calculated

For the time interval reflected in sequence m6 and thea decrease of annual temperature~08°C (from ~ 13 to
lower part ofm5.8 £ 503 to ~ 439 mbsf; reflected in 18 ~10°C) at the transition from the Eocene to the Oligocene
samples), average MATs of-14°C have been recon- in the high latitudes, based on the NLR method applied to
structed, showing a slight decreasing trend. Samples resediments from the Norwegian-Greenland Sea. Similarly to
flecting particularly cool conditions around 12°C are re-  the findings of Eldrett et al. (2009), Liu et al. (2009) showed

5 Discussion and comparison with other vegetation
records
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that sea-surface temperatures decreased®3C in the high  erophyllg can tolerate cool climates, but needs humidity and
latitudes at the Eocene—Oligocene transition. cannot tolerate persistent drought (e.g. Havill et al., 2008).
The relatively minor changes in pollen associations (ex-As temperatures dropped at23.4 Ma, the site—shoreline
cluding a strong decrease in swamp/wet forest taxa, Fig. 3jlistance shortened, as indicated by the decrease in marine
between the samples at627 and~ 624 mbsf indicate that palynomorph/NSPG ratios, particularly in the foram/NSPG
air temperature may have been a less important controllingatio (Fig. 2). This temperature drop and shortening of the
factor for vegetation development at that time and only in- site—shoreline distance is probably linked to the Mi-1 glacial
fluenced particular thermophilous species. This is consistengévent (see Sect. 5.6) and the accompanying sea-level fall.
with results of Oboh et al. (1996), who also could not find
significant palaeobotanical changes at the Eocene—Oligocer23 Early Miocene (Aquitanian/early Burdigalian, ~ 21
boundary in records from southeastern North America (in- to ~19Ma)
cluding St. Stephens Quarry, Fig. 1, No. 1), while marine
proxies at St. Stephens Quarry indicate significant change$he frequent occurrences @dugapollen at all three sites
in the marine ecosystems. around ~20Ma (~492 and~475mbsf at Site M0027,
The decreasing trend in marine palynomorphs fro@27 Suppl. Fig. S1 and Fig. 3), paired with very high percentages
to ~ 580 mbsf ¢ 33 to~ 28.8 Ma,; Fig. 2) indicates a short- of Pinuspollen (at Site M0029 at around 733 mbsf and at
ening site—shoreline distance, with a subsequent lengtheningite MO028A at a depth of 620 mbsf) may be partly caused
of the distance up te- 538 mbsf, which is coeval with in- by over-representation due to the good transport properties
creasing MATs. A relatively dry phase during a generally of these pollen types — particularly given the location beyond
humid interval with MAP below 1200 mm is indicated for the clinoform rollover at all three sites. Nonetheless, consid-
~ 28.8 Ma by two samples, of which the second also indi- ering the coeval decrease in deciduous—evergreen forest, we
cates a spread of conifers and a decrease of swamp forestfer that around- 20 Ma cooler, but humid conditions pre-
vegetation. vailed in the hinterland of the New Jersey shelf, causing a
Generally, the vegetation in the catchment area was domspread of conifer taxa in the catchment area. MAP values
inated by oak-hickoryQuercusCarya) forests (with chang-  of ~ 1240 mm around this interval compared to lower aver-
ing frequency of elms and lindens). Whifdnus (alder) is  aged values of- 1200 mm (Fig. 4) during the middle and
common in western and northern North American recordslower Burdigalian support this scenario. The cool conditions
from the Eocene and Oligocene, its presence in Oligocenéndicated for~ 20 Ma,~ 19.9 Ma, and- 19.7 Ma may be re-
sediments from southeastern North America has to oulated to Mi-events (see below). The presencé&ajusand
knowledge not yet been confirmed, and evidence from theluglansin the area is confirmed by findings of respective
Eocene is rareAlnuspollen was identified by Gray (1960) pollen grains in the early Miocene Brandon lignite from Ver-
in Eocene sediments from Alabama (Fig. 1, No. 13), butmont, an area north of New Jersey (Traverse, 1994; Fig. 1,
Frederiksen (1979) foundlinus pollen in Palaeocene, but No. 16).
not Eocene samples in Virginia (Oak Grove, Fig. 1, No. 7), The site—shoreline distance probably continued to shorten
and studies from the Eocene of Florida (Jarzen and Dilcherduring the related interval between20 and~ 19.5 Ma as
2006; Fig. 1, No. 3) did not reveal the presence of this genusimplied by decreasing abundances of marine palynomorphs.
Swamp vegetation was widespread during the late Eocenésing also foraminifer-based water-depth calculations, Mc-
and the early Oligocene, but less abundant during the follow-Carthy et al. (2013) infer a generally falling sea level for this
ing interval between- 29.3 and~ 28.2 Ma. interval.

5.2 Oligocene/Miocene transition (late Chattian/early 5.4 Early Miocene (late Burdigalian~19to~ 16.5 Ma)
Aquitanian, ~23 Ma)

The relatively weak changes in the ratios between ma-
The findings described in Sects. 4.1.2 and 4.2 indicateine palynomorphs and NSPGs over this interval 360
that the time interval from~23.4 to~23Ma (~535 to  to ~269mbsf) point to only minor changes in the site—
~ 523 mbsf) was characterized by warm temperatures and ahoreline distance, while at almost the same time, starting
long site—shoreline distance, but a sudden cooling (Fig. 4at~ 18 Ma, the hinterland of the NJSS witnessed a decrease
by ~4°C (MAT) led to an expansion of conifer forests, in- of MATs by ~ 2.5°C. Due to slight uncertainties in the age
cluding a spread of'suga The Tsugapollen grains found model (0.25 to 0.5Ma, Browning et al., 2013; Fig. 4), it is
within this interval probably belong to different specigs ( unclear if the particularly low MAT values at 262 mbsf are
canadensisT. heterophylla and T. mertensianp These  the regional reflectance of the Mi-2 event (e.g. Miller et al.,
findings are consistent with phylogenetic results by Havil et1991). The weak increase in combined deciduous—evergreen
al. (2008), implying that the split of these species occurredmixed forest taxa with a relative decreaseGdrya (hick-
during the Eocene/Oligocene. The increasédngapollen is ory) presence during the second half of this interval (starting
of particular interest since this genus, particularbuga het- at ~17.9 Ma) may indicate increasingly humid conditions,
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which is also partly reflected in the quantitative climate data. The plant associations found in early/middle Miocene
These indicate a significant increase of MAP starting with sediments (reflecting the MMCO and the subsequent inter-
the onset of the MMCO (at 16.6 Ma~ 262 mbsf). val) from the NJSS are very similar to those encountered
The occurrences of Poaceae pollen indicate that grassen similar-aged marine/marginal marine sediments from At-
were present within the vegetation in the Atlantic Coastallantic Western Europe (e.g. Larsson et al., 2011). However,
Plain during the early Miocene, but our pollen record impliesthe MATs reconstructed for the Miocene of the Atlantic
that they never became an important factor during the timeCoastal Plain (averaged MAT te 13.7°C for the inter-
interval examined in the framework of this study. There areval from ~ 16.5 to ~ 14 Ma and~ 14.3°C thereafter) are
only a few intervals during the subsequent middle Miocenecolder by~ 1 to almost £C compared to records from Den-
during which Poaceae showed slightly higher abundancesmark (~17.5°C, Larsson et al., 2011), Serbia (5.5°C,
The generally rare occurrences of true grasses in the Atlantit)tescher et al., 2007), or Bulgaria (5°C, Utescher et al.,
coastal plain can be explained with the consistent humid con2009), with European records from higher altitudes showing
ditions in the catchment area, presumably tied to the prestower temperatures. Considering that the present-day MATs
ence of the proto-Gulf Stream since at least the early Eocena the European regions mentioned above are significantly

(Pinet et al., 1981). lower (e.g.~9°C in Denmark;~11°C in Serbia) than in
New Jersey+{ 12°C, Sect. 2), this seems to be a discrepancy,
5.5 Middle Miocene (Langhian/Serravallian,~ 16 to even considering that the palaeolatitudes of the European
~11.6 Ma) records were- 5° lower during the MMCO (e.g. Scotese et
al., 1988).

Generally, the pollen assemblages found in the middle
Miocene sediments from Site M0027 @50 to~79mbsf) 56 Further comparison with global signals and outlook
are very similar to those found in the neighbouring pollen
record from the York Quarry (Fig. 1, No. 9) witQuercus The pollen-based quantitative climate record presented here
Carya, and Pinus being dominant taxa, and the consistent for Site M0027 must remain fragmentary due to several
presence of Taxodiaceae, Cupressacedmus llex, Lig- hiatuses and the insufficient pollen preservation in coarse-
uidambar Pterocarya andCastanedike pollen (Pazzaglia grained sediments, even if the sample resolution will proba-
et al., 1997). The Langhian/Serravallian pollen percentage$ly be increased during subsequent studies. The age model
and pollen-based climate reconstructions from Site M0027established by Mountain et al. (2010) and Browning et
imply several changes in ecosystems, particularly spreadal. (2013) still allows a comparison with supra-regional cli-
in swamp forests and understorey plants. Similarly, climatemate records (Fig. 4).
conditions varied significantly. If directly compared to global climate changes as indicated
The similarity of the sample at 79.6 mbsf to the Miocene in oxygen-isotope values (Zachos et al., 2001a, 2008; Cramer
samples below indicates that it is also of Miocene age.et al., 2009), the averaged mean annual temperature record
The relatively high MATs { 13.2°C) for this sample fit shows similar signals during the Palaeogene. The transition
well with palaeoflora-based estimations from New Jerseyfrom the Priabonian to the early Oligocene is reflected in
(Pine Barrens; Fig. 1, No. 14). The Miocene palaeofloraa temperature decrease (Fig. 4), but this decrease is weaker
suggests warm and temperate conditions for this region athan in records from the high latitudes (Eldrett et al., 2009;
~ 11 Ma (Greller and Rachele, 1984). Based on the paly-Liu et al., 2009). Furthermore, a shift to less humid condi-
noflora, Rachele (1976) estimated the annual precipitation tdions is indicated by the decrease in swamp/wet forest taxa
1270 mm, average January temperature 1€ @&nd average (Fig. 3), though the pollen-based precipitation reconstruc-
July temperature to 24C. These results cannot directly be tions for the transition interval are not precise enough to re-
tied to the record from Site M0027 due to the lack of pre- veal such a shift. Around- 29 Ma, an increase in MATs is
cise age estimations for the Miocene lignite analysed in thecongruent with a slight decrease in the oxygen-isotope val-
study of Rachele (1976), but they match relatively well with ues. Unfortunately, the interval from 28 to 26 Ma is not yet
our results for the sample at79.6 mbsf (MAP:~1305mm,  recovered from the NJSS, but the Mi-1 cooling event (Miller
CMMT: ~3.0°C, WMMT: ~22.2°C). Our results are fur- et al., 1987, 1991; Wright and Miller, 1992) is reflected by
thermore consistent with findings by McCartan et al. (1990)shifts in palaeovegetation (Figs. 2 and 3) and a rapid fall in
who analyzed a late Miocene palaeoflora from upland de-MATSs (Figs. 3 and 4; compare Sect. 5.2).
posits of the southern Maryland Coastal Plain (Fig. 1, No. 8). For the early Miocene, there are still congruencies be-
The climate was probably warmer in southeastern Northtween the results from the NJSS and the global marine sig-
America. Palaeobotanical records from the middle Miocenenals (Fig. 4). We suggest that the several decreases in mean
Alum Bluff Flora (Fig. 1, No. 12) indicate warm-temperate annual and winter temperatures (Figs. 3 and 4) for the inter-
conditions (e.g. Jarzen et al., 2010). val between~ 21 and~ 19 Ma can be local expressions of
the Mi-1a and Mi-1aa events (Pekar and DeConto, 2006).
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The MAT peak at~18Ma and the subsequent rapid al. (2009) imply for the Miocene that topographical lowering
decrease is also congruent with the oxygen-isotope dataf high mountain ranges such as the Andes and the Tibetian
(Fig. 4). plateau can significantly increase regional temperatures. Vice

However, for the interval between17 to 14.5Ma{ 272  versa, an uplift of mountain ranges could cause a shift in veg-
to ~225mbsf at Site M0027), which should reflect the etation and a temperature decrease. Poag and Sevon (1989),
MMCO, the regional temperature signals from the NJSSPazzaglia and Brandon (1996), and Gallen et al. (2013) dis-
and the global signal reflected in the benthic oxygen-isotopecuss an uplift phase of the Appalachian Highlands (Fig. 1)
record seem to be decoupled (Fig. 4). The MAP valuesduring the middle Miocene based on sedimentation rates at
show a significant increase at the onset of the MMCO (atthe U.S. Atlantic continental margin and on analyses from
~16.5Ma), but the MAP remain continuously high from the Cullasaja River basin (Southern Appalachian Highlands).
there on, even after the end of the MMCO. The deciduous-Since the Appalachians are close to the NJSS, a tectonic up-
evergreen forest taxa pollen curve seems to some degree tift — even if not resulting in a significant spread of high al-
resemble the oxygen-isotope curve, but the averaged MATitude forests in the catchment area — could cause a decrease
over the MMCO imply a temperature of oty 14°C, (less  and even emigration of thermophilous taxa. This could be
than in preceding and subsequent intervals). The only minoa possible explanation for the surprisingly low temperatures
impact on the North Atlantic Coastal Plain of North Amer- reflected in our pollen.
ica is surprising, since the MMCO had a strong impact on The current research state probably does not allow a fi-
the terrestrial realm on the eastern side of the North Atlanticnal interpretation. During future research, the Oligocene and
(e.g. Mosbrugger et al., 2005; Quaijtaal et al., 2014, see alsdliocene palynomorph assemblages of Site M0027 will be
Sect. 5.5). analysed in a higher resolution. Particularly the interval cov-

One possible explanation for the discrepancy betweerering the MMCO will be in the focus of further studies.
indications for warm climate during the MMCO in other
records and hints to relatively cool temperatures in our record
could be a problem in the age model. The strontium-isotope6 Conclusions
and microfossil-based age control could be erroneous by 1
to 1.5Ma for the samples between225 and~ 190 mbsf =~ The Atlantic Coastal Plain was characterized by oak—hickory
(sequences m5, m4.5, and 4.1; compare Sect. 3.1). If shiftefbrest during the Oligocene and Miocene. The Oligocene
by 1.5Ma to the past, the samples from these depths coul#vitnessed several expansions of temperate conifer forest,
reflect the second part of the MMCO at15Ma, since  which in some cases can be tied to cooling events. The transi-
the pollen-based climate reconstructions imply particularlytion between Oligocene and Miocene sediments at the NJSS
warm MAT for these samples. But even if this were correct, is probably the regional expression of the Mi-1 cooling event.
there would still be a discrepancy with the first part of the Itis reflected by an expansion of conifers and an annual tem-
MMCO at~ 16.5 Ma. For this time, the age control is partic- perature decrease of almost@to 12.5°C around 23 Ma.
ularly good (Fig. 4; Browning et al., 2013). There was little change in terrestrial ecosystem and cli-

Another possible explanation would be that the hinter-mate conditions between the Oligocene and the Miocene.
land of the NJSS was not very susceptible to global climateThe pollen associations found in Miocene sediments are gen-
changes during the middle Miocene due to the moderatingerally congruent with results from other North American
effect of the North Atlantic in that region. Climate model pollen records. An Oligocene/Miocene expansion of grass-
results assessing differences between the MMCO intervalands is not evident for the hinterland of the NJSS. The quan-
and present-day conditions (e.g. Herold et al., 2011, 2012jitative climate results for the Miocene are in accordance
show only minor differences between MMCO and present-with other reconstructions from the Atlantic Coastal Plain,
day conditions for the eastern US coast (including the re-but comprise a longer time interval. Further Miocene cool-
gion around New Jersey), while the northern North Americaning events could be identified, which could be regional ex-
(Canadian) coast and the regions around the Gulf of Mex{pressions of the Mi-1a and Mi-1aa cooling events at around
ico reveal strong differences. However, the climate models~ 20 Ma. While the mean annual temperatures in the region
used in the studies of Herold et al. (2011, 2012) also indi-were generally warmer than today (around.4°C) during
cate minor changes for western Europe, which is not congruthe Oligocene and Miocene, they were significantly lower
ent with results from European pollen records showing verythan temperatures reconstructed for European records.
warm conditions during the middle Miocene (e.g. Mosbrug- There is no clear expression of the MMCO reflected in the
ger et al., 2005; Utescher et al., 2007; Larsson et al., 2011pollen record from the NJSS, and mean annual temperatures
compare Sect. 5.5). during the MMCO were not higher than during preceding

A further option to explain the surprisingly low temper- and subsequent intervals. We conclude that vegetation and re-
atures reconstructed for the hinterland of the NJSS wouldgional climate in the hinterland of the New Jersey shelf may
be topographical changes resulting in regional vegetatiomot have reacted as sensitively to Oligocene and Miocene
and climate changes. Climate model results by Herold eiglobal forcing factors as other regions in North America or
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