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A b s t r a c t

This paper provides a synthesis of the long- and short-term response of various marine ecosystems (deep oceans, pelagic, pelitic 

shelves and carbonate platforms) to the Paleocene-Eocene thermal maximum (PETM) and its broader paleoclimatic and paleoceano- 

graphic context. Despite the severity and sudden onset of global warming the PETM is not marked by a mass extinction event. The 

only major extinction is among bathyal to abyssal calcareous benthic foraminifera, including some calcareous agglutinated taxa. Co

existing non-calcareous deep water agglutinated foraminifera, ostracodes and trace fossils show prominent changes in composition, 

population structure and biodiversity, but there is no clear evidence of global extinctions. Except fo r the deep-sea calcareous benthic 

foraminifera! record, the PETM is best classified as a m igration and origination event and was instrumental in kick-starting various 

short- and long-term evolutionary innovations in marine microfossil lineages. In pelagic and shallow shelf ecosystems, m igration and 

origination during and after the PETM appears to precede extinction in the aftermath of the PETM. The response of most marine 

invertebrates (mollusks, echinoderms, brachiopods) to paleoclimatic and associated environmental changes (e.g., acidification, de

oxygenation) during the PETM is virtually unknown as continuous high-resolution data of these groups spanning the PETM are un

explored and possibly not or hardly preserved. Yet information on these groups is required in order to improve assessments of the 

value of biotic records to deep-time global warming in the context of current climate change. In contrast, the relatively well-estab

lished response of Tethyan reef systems to late Paleocene-early Eocene global warming may provide a potential analog to a - pos

sibly bleak - future of present-day coral reefs.

1 . I n t r o d u c t i o n

Patterns of global climatic and biotic change in the geologic 

record can provide a valuable basis fo r assessing present-day 

biodiversity changes in response to global warming. The Pa

leocene-Eocene thermal maximum (PETM at -5 6  Ma, duration 

-2 0 0  k.y.; Hilgen et al., 2010; Murphy et al., 2010; Charles et 

al., 2011) is one of the most dramatic global warming events 

of the Cenozoic and is associated with some of the most pro

minent turnovers of marine and terrestrial biota. The best do

cumented turnovers are the extinction of 40-60% of deep-sea 

benthic foram inifera (e.g., Beckmann, 1960; von Hillebrandt,

1962; Thomas, 2007), the onset o f num m ulitid proliferation 

along carbonate platforms of the Tethys (e.g., Hottinger, 1960;

Sche ibner and Speijer, 2008) and the rise o f prim ates and 

hoofed animals (e.g., Cope, 1882; W ortman, 1896; Gingerich 

and Clyde, 2001; G ingerich, 2006). A lthough these macro- 

evolutionary events have a very long research history, their 

tight connection to climate change was revealed only during 

the last two decades (e.g., Kennett and Stott, 1991; Koch et 

al., 1992, 1995; Orue-Extebarria et al., 2001). Together, these 

biotic turnovers indicate that from the continent to the deep 

ocean the biosphere was perturbed by rapid climate change, 

leaving a mark on long-term macro-evolutionary patterns. Less 

extreme turnovers and short-term responses are observed in 

other fossil groups. Two recent papers reviewed a wide range 

of aspects related to the PETM, such as changing climate, bi

otic change, the carbon cycle and duration of the PETM (Sluijs 

et al., 2007; Mclnerney and Wing, 2011). In the current syn

thesis, we focus specifically on the long- and short-term res

ponse of various marine ecosystems (deep oceans, pelagic, 

pelitic shelves and carbonate platforms) and their constituents 

to the PETM and its broader paleoclimatic and paleoceanogra- 

phic context. We show that this natural rapid global warming 

experiment and its associated environmental changes led to 

extinctions in the deep-sea and to the wipe out of coral reef 

ecosystems. A t the same time, the PETM caused numerous 

cross-latitudinal m igration patterns and provided opportunities 

fo r some taxonom ic groups to dominate and diversify leading 

to renewed and diverse ecosystems during the early Eocene.

2 .  E v d l u t i d n  d f  l a t e  Pa l e d c e n e  t d  e a r l y  

E d c e n e  e c d s y s t e m s  a n d  b i d t a

2.1  P e l a g i c  e c d s y s t e m s

Pelagic ecosystem s seem only m ildly perturbed during the 

PETM, as most common late Paleocene species of planktic 

foram inifera, calcareous nannofossils, dinocysts, radiolarians, 

and diatoms appear to range well into the Eocene. Conse

quently, the currently defined Paleocene-Eocene (P-E) boun

dary at the base of the PETM (both commonly delineated by 

the base of the carbon isotopic excursion -  CIE) was not re-
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solved in form er biozonations and pinpointing this boundary 

in low resolution records proved difficult. Yet, numerous recent 

high-resolution studies revealed that most pelagic groups un

derwent prominent but often only transient changes during the 

PETM. The most conspicuous pattern is that several tropical 

to subtropical p lanktic taxa diversified and briefly expanded 

their latitudinal distribution towards the poles (Fig. 1). This ap

plies to species of Morozovella  and Acarin ina  (planktic foram i

nifera; Thomas and Shackleton, 1996; Pardo et al., 1999), to 

representatives of Apectodinium  (dinoflagellate cysts; Crouch 

et al., 2001; Sluijs et al., 2006) and to various radiolarian taxa 

(Hollis, 2006).

Earlier biogeographic studies demonstrated incursions of low- 

latitude assemblages of calcareous nannofossils and planktic 

foram inifera into higher latitudes (up to 43°N) in the latest Pa- 

leocene and early Eocene A tlantic (Haq et al. 1977). These 

could reflect the longer-term warming during this time interval, 

but may also have included data representing the PETM be

fore it was known as such. A  combination of oceanic warming, 

possibly in combination with changing surface currents pro

voked the expansion of warmth-loving taxa during the PETM 

that were otherwise restricted to the lower latitudes. Changing 

surface currents may also have facilitated high-latitude sou

thern ocean marine diatoms to m igrate into northern hem is

phere basins in Central Asia (Oreshkina and Aleksandrova,

2007). It should be noted, however, that some migration pat

terns are not primarily triggered by temperature changes as

sociated with the PETM. This is shown by middle- to high-lati- 

tude records of Apectodinium  in the New Jersey Coastal Plain

(W ilson Lake and Bass River) and at ODP Site 1172, East 

Tasman Plateau (Sluijs et al., 2007, 2011). In these records 

the Apectodinium  acme that is generally considered a charac

teristic o f the PETM (Crouch et al., 2001) started some 5 to 

100 kyr before the onset of the CIE and the PETM (Sluijs et 

al., 2011). This early acme indicates that other factors than 

temperature alone controlled the distribution of Apectodinium. 

This genus is a lso considered to be to lerant to low salin ity 

and linked to (seasonally?) high food levels, but considering 

that the combination of these conditions are not unique to the 

PETM, there must be some additional factor(s) why Apectodi

nium  bloomed during and shortly before the PETM (Sluijs and 

Brinkhuis, 2009).

Changing environm enta l conditions also set the stage fo r 

some short- and long-term evolutionary innovations amongst 

(sub)tropical planktic foram inifera! genera. The PETM is cha

racterized by common occurrences of short-ranged taxa like 

M orozovella allisonensis, G lobanomalina luxorensis, and se

veral Acarin ina  species. It remains uncertain, whether the spe

cific environmental conditions during the PETM enabled this 

spéciation (e.g., Kelly et al., 1996) or that the PETM only faci

litated a w ider geographic expansion of some of these taxa. 

Morozovella allisonensis and A. multicamerata have so far only 

been recorded from sediments spanning the PETM and seem 

to evolve during the PETM (Kelly et al., 1996; Guasti and Spei

jer, 2008). However, rare occurrences o f A carin ina s iba iya- 

ensis and G. luxorensis  have been observed in the upper Pa- 

leocene in Egypt. These taxa became common to abundant 

components of PETM assemblages in Egypt and elsewhere

Acarinina 
ibaiyaensi:

icopocythere
attitagonensls

ormocyrtis
Gavelinella

beccariiformi

56.0 Ma Reconstruction
F i g u r e  1 : Icons of biotic change during and after the PETM. Plate-tectonic reconstruction based on the ODSN database (http://www.odsn.de/ 
odsn/services/paleomap/paleomap.html): Alocopocythere attitogonensis characterizes intensified migration o f West African taxa to the Tethys, in part 
through the Trans-Saharan Seaway. Gavelinella beccariiform is  stands for the extinction of numerous Velasco-type deep-sea benthic foraminifera. 
Acarinina sibaiyaensis reflects spéciation and poleward migration of tro pi cal-subtropica I Acarinina and Morozovella. Apectodinium  (image E. Crouch) 
is iconic for the spéciation and poleward migration (even up to the North Pole) o f tro pi cal-subtropica I Apectodinium. Nummulites represents the rise of 
tropical-subtropical Nummulites and Alveolina and the simultaneous downfall o f low to mid latitude coralgal reefs in the Tethys (orange shaded area). 
Phormocyrtis cubensis (image C. Hollis) marks poleward radiolarian migration.
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(Speijer and Samir, 1997; Guasti and Speijer, 2008). During 

or shortly a fter the PETM, the planispiral Pseudohastigerina  

wilcoxensis  evolved from  the low-trochospiral G. luxorensis, 

marking the onset of the successful radiation of the Eocene 

Pseudohastigerina  lineage (Speijer and Samir, 1997; Olsson 

and Hemleben, 2006).

In contrast to planktic foram inifera, calcareous nannofossils 

show somewhat enhanced extinction associated with the PETM 

(Aubry, 1998), most notably at the onset and during the first 70 

kyr of the PETM (Gibbs et al., 2006). This pertains to species of 

at least 12 genera, such as Biscutum, Fasciculithus, and Prin

sius. Yet, extinction during the PETM mainly involved relatively 

rare species (<1% abundance in pre-PETM assemblages) and 

it was suggested that these species lived closer to the ir ecolo

gical limits. Several genera, most notably the common Paleo- 

cene genus Fasciculithus, became fu lly extinct w ithin 1 myr 

fo llow ing the onset of the PETM (Aubry, 1998). Niches that 

were vacated during the PETM were rapidly filled by newly 

evolving and subsequently common (early) Eocene genera 

such as Blackites, R hom boaster/T ribrach ia tus  and P ontos

phaera  (Aubry, 1998; Gibbs et al., 2006). The early stages of 

the PETM are also characterized by severa l asym m etrica l 

(‘m alform ed’) d iscoasterids such as D iscoaster araneus  and

D. anartios  (e.g., M utterlose et al., 2007; Raffi et al., 2009). 

The resulting Rhom boaster-D iscoaster araneus  assemblage 

is a quantitatively m inor but distinct suite of tropical taxa that 

is largely restricted to the PETM (Kahn and Aubry, 2004; Raffi 

et al., 2005; Mutterlose et al., 2007). It is particularly abun

dant in neritic deposits spanning the PETM at the Dababiya 

GSSP section (Aubry et al., 2007).

2 . 2  D e e p -s e a  b e n t h i c  e c o s y s t e m s

The benthic foram inifera! extinction event (BEE) in the deep 

sea was firs t recorded as a local phenom enon in Trin idad 

(Beckmann, 1960) and Austria/southern Germany (von Hille- 

brandt, 1962). T jalsm a and Lohmann (1983) dem onstrated 

the global sign ificance and severity of the extinction event, 

considering it to be “the most dramatic event in the evolution 

of Late Cretaceous and Cenozoic deep-water benthic foram i

nifera” . Local extinction rates during the PETM are generally 

estimated between 40 and 60% of all taxa disappearing at the 

onset of the Eocene. As such, the PETM terminated the long

term dominance of the Velasco type fauna (Tjalsma and Loh

mann, 1983), which in fact was a deep-sea fauna that survi

ved from the Cretaceous into the Paleocene, basically unalte

red. For this reason, the BEE actually marked the end of the 

“Cretaceous” deep-sea fauna (Thomas, 2007), 10 million years 

after the nearly complete wipe out o f Cretaceous planktic fora

minifera at the Cretaceous-Paleogene boundary. The BEE in

volved one of the most common cosmopolitan taxa, the iconic 

Gavelinella beccariiform is  (Fig. 1) and the last representatives 

o f typical Cretaceous lineages such Neoflabellina ja rv is i and 

Bolivinoides delicatulus. These common Paleocene deep-sea 

taxa disappeared from oceanic basins as well as from deep 

continental margin basins, giving way to an Eocene fauna cha

racterized by many survivors, such as Nutta llides truempyi, 

Oridorsalis umbonatus, Tappanina selm ensis, A ragonia ara 

gonensis, Bulim ina trin ita tensis  and Abyssam ina  spp. (e.g., 

Thomas, 1998). Also the first representative(s) o f the modern 

Uvigerina seem to appear shortly after the PETM (unpublished 

data of S. D’haenens on DSDP Hole 401).

In contrast to calcareous deep-sea taxa, deep water aggluti

nated foram inifera (DWAF or flysch-type agglutinated foram i

nifera) were not globally pushed to extinction during the PETM 

(Kaminski et al., 1996). W hereas records from Trinidad show 

the disappearance of about 34% of the agglutinated taxa (but 

these are largely the calcareous-cemented forms; Kaminski et 

al., 1988), abyssal localities in Morocco, Poland and the Nor

wegian Sea (Nagy et al., 1997; Galeotti et al., 2004; Kaminski 

and Gradstein, 2005) show few consistent extinctions. W here

as som e d is tinc t we ll-know n taxa (e.g., R em esella  varians  

and possib ly R zehakina ep igona) seem to become extinct 

during the PETM, this warming event is rather manifested by 

pronounced changes in abundance, size, diversity, and shifts 

in the proportions of agglutinated foraminifera! morphogroups 

(Kaminski et al., 1996; Bak et al., 1997; Nagy et al., 1997; Bak, 

2004; Galeotti et al., 2004). The most striking feature among 

DWAF is the blooming of the Glomospira  assemblage, con

sisting of various genera of coiled tubular genera, during and 

shortly after the PETM in Tethyan and North Atlantic abyssal 

settings. The widespread dominance of the Glomospira assem

blage during the early Eocene is variously interpreted as a 

result o f warm and/or oxygen-poor and/or extremely oligotro- 

phic deep-sea conditions (e.g., Kaminski et al., 1996; Bak, 

2004; Kaminski and Gradstein, 2005).

There was little tu rnover in bathyal to abyssal ostracodes 

(Benson, 1990; Coles, 1990; Honigstein and Rosenfeld, 1995; 

Guernet and Molina, 1997). Only three studies, however, ad

dress the response of ostracode assemblages to the PETM in 

some detail. Short-term ecologie effects in response to enhan

ced food fluxes to the deep-sea floor were reported by Stein- 

eck and Thomas (1996) on ODP Site 689 (Southern Ocean; 

paleodepth 1100 m). Community structure data from the near

by ODP Site 690 (paleodepth 1900 m; Thomas, 1998) rather 

surprisingly show that the ostracode communities indicate less 

eco log ica l stress during the PETM than p rio r to this event 

(Webb et al., 2009). In contrast, the only other detailed deep- 

sea ostracode record across the PETM from DSDP Site 401 

(northeast Atlantic; Yamaguchii and Norris, 2012) documents 

an increase in ecological stress during the PETM (strong do

minance by Krithe crassicaudata), but provides no evidence 

fo r excursion taxa or extinctions either. These limited obser

vations indicate that there is no general ecologie and taxono

mic collapse like observed in deep-sea benthic foraminifera! 

communities from the same locations and elsewhere. Beyond 

these two study regions, the response of deep-sea ostracodes 

to the PETM is largely terra incognita.

O ther deep-sea benth ic organ ism s are extrem ely rare in 

deep-sea deposits spanning the PETM and provide basically 

no record of late Paleocene to early Eocene biodiversity. Yet,
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traces of m acro-invertebrates have been studied recently in 

bathyal sequences exposed in New Zealand and Spain (Nico- 

lo et al., 2010; Rodriguez-Tovar et al., 2011). Both sequences 

show well-developed burrow ing com m unities, com posed of 

e.g., Chondrites and Zoophycos, below and above the PETM, 

indicating oxic conditions and normal benthic food availability. 

During the early part o f the PETM, the trace fossil producers 

d isappeared  rap id ly  and subsequen tly  g radua lly  returned. 

Based on these data it cannot be judged whether a taxonom ic 

turnover amongst trace fossils occurred or not. Yet, these data 

are in line with the benthic foraminifera! record that sea-floor 

comm unities were exposed to stressed conditions, including 

dysoxia, temperature rise, ocean acidification and changes in 

food supply (Nicolo et al., 2010; Rodriguez-Tovar et al., 2011).

2 . 3  E p i c o n t i n e n t a l  b e n t h i c  e c o s y s t e m s :

PELITIC BASINS

Studies on middle to upper bathyal sequences exposed on 

land showed that the PETM also affected shallower benthic 

foraminifera! assemblages consisting of a mixture of deep sea 

elements of the Velasco-type fauna and those of the neritic 

Midway-type fauna. The extinction percentage (loss of Paleo

cene taxa) in these deep deposits is a lso s im ila r (40-50% ; 

Speijer et al., 1995). Extinction percentages in Tethyan shelf 

basins are considerably lower than in the deep sea, -25 %  at 

outer neritic (-200  m) depths and decreasing further towards 

shallower depths (Speijer et al., 1995). Angulogavelinella avni- 

m elechi is a characteristic outer neritic to upper bathyal spe

cies that became extinct during the PETM. In Egypt, the basin- 

wide spread of anoxia during the PETM triggered downslope 

m igrations of transient benthic faunas dominated by a few op

portunistic shallow water taxa (e.g., Anom alinoides aegyptia

cus). In Tethyan middle to inner neritic deposits in Tunisia, the 

composition of benthic foraminifera! assemblages is strongly 

influenced by sea-level changes and variations in nutrients 

and oxygenation, so that the amount of tu rnover cannot be 

assessed (Stassen et al., 2012a).

The New Jersey continental margin provides one of the few 

other regions yielding neritic records spanning the PETM in a 

pelitic facies with calcareous m icrofossils. Compared to the 

Tethyan shelf, extinction levels are very low as only Gaveli

nella beccariiform is  became extinct at the onset of the PETM. 

The PETM triggered a temporary bloom of opportunistic spe

cies (e.g., Tappanina selm ensis  and Pulsiphonina prima) pos

sibly as the result o f river induced shelf eutrophication (Stas- 

sen et al., 2012b). Merely temporary assemblages changes 

are observed and long-term change is difficult to assess be

cause of m ultiple unconform ities in the lower Eocene. Yet it 

seems that along the southern Tethys and American North A t

lantic shelf, the recovery of neritic benthic assemblages fo llo

wed sim ilar pathways (Stassen et al., 2012c).

Quantitative ostracode records from Tethyan neritic deposits 

in Egypt and Tunisia reveal paleoecologic changes indicative 

o f changes in sea level, oxygenation and trophic conditions 

associated with the PETM (Speijer and Morsi, 2002; Morsi et

al., 2011). Additionally, the data suggest a long-term turnover 

of Tethyan margin ostracodes (1-2 m.y.), punctuated during 

the PETM. This turnover is characterized by gradual replace

ment of long-ranging taxa typical o f the Paleocene South Te

thyan type fauna (e.g., Mauritsina) by new, immigrating taxa 

constituting the Esna type Fauna (Bassiouni and Luger, 1990). 

Immigrant taxa invaded the Tethyan epicontinental basins from 

W est Africa, with m igration routes through the Trans-Saharan 

seaway (only shallow water taxa) or along the African conti

nental margin. S im ilar to a Tunisian inner neritic  to coastal 

record (Morsi et al., 2011), data from India show a complete 

turnover from Paleocene to Eocene assemblages (Bhandari, 

2008), suggesting large biofacial shifts in very shallow settings, 

probably triggered by sea-level and associated changes (Morsi 

et al., 2011). In all areas where the ostracode record of the 

PETM was studied in some detail, various species of Aloco

pocythere  dominated just prior to or during the PETM (Speijer 

and Morsi, 2002; Bhandari, 2008; Morsi et al., 2011).

Neritic Tethyan marine sequences spanning the PETM have 

been extensively studied fo r foram inifera and ostracodes, but 

occasionally also contain beds with numerous macro-inverte- 

brates such as bivalves, gastropods, nautiloids, brachiopods 

and so lita ry cora ls, som etim es w ith shell preservation, but 

mostly preserved as limonitic or hematitic molds (unpubl. field 

obs.). So far, this material has not been studied in relation to 

the PETM. The Atlantic coastal plain (Virginia, Maryland) out

crops yie ld rich m ollusk beds in the upper Paleocene and 

slightly less rich in the lower Eocene. However, the interval 

spanning the PETM is s ituated w ith in a clay unit (Marlboro 

clay) and contains hardly any calcareous fossils at all (Ward, 

1985; Gibson and Bybell, 1991). Similarly, the Gulf Coastal 

Plain provides rich m ollusk records of Paleocene and Eocene 

age, yielding long term records of faunal turnover with extinc

tion rates up to 97% (Dockery, 1998). Yet, the changes in mol

lusk assemblages were suggested to be tightly connected to 

sequences induced by sea-level fluctuations (Dockery, 1998), 

although a recent compilation of mollusk Gulf Coast data ra

ther suggests that temperature (especially seasonal range and 

minimum temperature) is found to significantly influence both 

origination and extinction, and exerts a much stronger influ

ence than sea level (Sessa et al, 2011). This study also re

vealed that extinction rate was relative ly unchanged across 

the Paleocene-E ocene transition , a lthough orig ination rate 

significantly dropped, indicating a possible effect o f the PETM 

at this level o f resolution. Yet, there are currently no marine 

invertebrate faunas known from the PETM in the Gulf Coastal 

Plain, Atlantic Coastal Plain, or Tethyan margin, so that the re

lation between m ollusk distributions and global change during 

the PETM cannot be assessed.

2 . 4  E p i c o n t i n e n t a l  b e n t h i c  e c o s y s t e m s :

CARBONATE PLATFORMS

The vast accumulation of nummulite shells in the warm shal

low  seas o f the early Eocene Tethys has been recognized 

since the early days of geology. The first systematic research
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outlining the clear differences between late Paleocene larger 

foram in ifera! assem blages characterized by relative ly small 

sized species, and early Eocene assemblages, characterized 

by large shell sizes and adult dimorphism dates back already 

half a century (Hottinger, 1960). However, it was realized only 

a decade ago that this turnover did not occur during the late 

Paleocene, but that it correlated with the PETM (Orue-Exte- 

barria et al., 2001; Pujalte et al., 2003; Scheibner et al., 2005). 

In the western Tethys several index taxa of larger foram inifera 

characterize uppermost Paleocene assemblages: Hottingerina  

lukasi, Glomalveolina spp., Miscellanea spp., and Ranikothalia 

spp.. Lowerm ost Eocene assem blages consist o f abundant 

Alveolina  spp., Nummulites spp., Orbitolites sp., Opertorbito

lites  sp. and the absence of H. lukasi, M iscellanea  spp., and 

R anikothalia  spp. (Sche ibner and Speijer, 2009). However, 

some regional d ifferences occur: the eastern Tethys (Indian 

subcontinent) shows that M iscellanea  spp. and Ranikothalia  

spp. still thrive at the beginning of the Eocene whereas Num 

m ulites  spp. and Alveolina  spp. initially remain absent or sub

ordinate (Afzal et al., 2011).

Besides larger foraminifera! turnover from the late Paleocene 

to early Eocene, Tethyan carbonate platform s experienced 

another fundamental change. During the latest Paleocene car

bonate platforms, essentially made up of coralline frameworks 

and calcareous algae (coralgal reefs), had almost completely 

disappeared from the low latitudes (up to 20°N), giving way to 

larger-foraminifera dominated platforms (Scheibner and Speijer, 

2008). Consequently, these coralgal reefs had become res

tricted to their m id-latitude range (~30-40°N) in southern and 

central Europe. Scheibner and Speijer (2008) hypothesized 

that this b iogeographic contraction to higher latitudes was a 

response to la test Paleocene gradual warm ing p rior to the 

PETM. Eventually, during the PETM, Tethyan coralgal reefs 

also disappeared from their northernm ost refuges, being re

placed by nummulitid-alveolinid dominated platforms through

out the Tethys (Fig. 1). High sea-surface temperatures are con

sidered the main driver behind the near extinction of framework 

building corals and delim iting their symbiosis with zooxanthel- 

lae, sim ilar to modern coral bleaching. Yet, also ocean acidifi

cation and eutrophication of the shelves during the PETM may 

have been additional key parameters hampering the growth 

of coralgal reefs (Scheibner and Speijer, 2008; Kiessling and 

Simpson, 2011). Based on an analysis of the PaleoReefs Da

tabase, Kiessling and Simpson (2011) concluded that the early 

Eocene marks one of five global metazoan reef crises (also 

late Devonian, early Triassic, early Jurassic and late early Ju

rassic), during which reef builders strongly suffered and lea

ding to a strong reduction in the total volume of m etazoan- 

based (e.g. corals) reefs. These results are conformable with 

the analysis of Scheibner and Speijer (2008) and provides sig

nificant new insight compared to a previous analysis of total 

reef volume through the Phanerozoic (Flügel and Kiessling, 

2002) in which the early Eocene reef crisis w ent unnoticed. 

The difference between the two Phanerozoic reef studies is 

caused by the d istinction between protozoan ree f volumes

(e.g., larger foram inifera-dominated platforms as in the early 

Eocene) and volum es represented by fram e-bu ild ing m eta

zoan reefs.

In another recent compilation study detailing the distribution, 

d iversity and paleoecology of reef- and non-reef building co

rals, Zamagni et al. (2012) confirm the Paleocene to early Eo

cene progressive decline of reef-builders. Yet, because overall 

coral d iversity only slightly decreased and non-reef building 

corals managed to colonize a wide variety of shallow marine 

env ironm ents  these authors propose tha t changing ocean 

chemistry, enhanced p C 0 2 levels and high nutrient levels are 

the critical parameters for the decline in coralgal reef d istribu

tion and not the global warming itself. This interpretation, how

ever, does not readily provide an explanation fo r the observed 

latitudinal contraction of coralgal reefs as indicated by Scheib

ner and Speijer (2008). Clearly, resolving the causes of coral

gal reef decline as well as providing better constraints on the 

timing of the PETM and other environmental changes in plat

form systems will require further focused m ulti-parameter case 

studies on individual platform sequences, rather than more lite

rature and database compilations and analyses.

3 .  D i s c u s s i o n

3 .1  M ig r a t io n  p a t t e r n s

The PETM is characterized by various m igration patterns. 

Most prom inent is the poleward expansion of some dinocyst 

groups, particularly the genus Apectodinium  and to a lesser 

extent species o f the planktic fo ram in ife ra  M orozovella  and 

Acarinina, as well as some radiolarian taxa (Fig. 1). This ap

pears to be directly linked to the warming of surface waters 

and possibly changing surface currents (e.g. Sluijs et al., 2007). 

However, an additional factor for the blooming of Apectodinium  

(e.g. A. augustum) is the enhanced input of nutrients from the 

land through runoff, a phenomenon observed or interpreted 

along many continental margins (Crouch et al., 2001; Sluijs 

and Brinkhuis, 2009) and the migration of this group appears to 

start shortly (5-100 ky) before the PETM (Sluijs and Brinkhuis, 

2009; Sluijs et al., 2011). M igration patterns amongst platform 

organisms show a gradual replacement of reef-building corals, 

predom inantly by larger foram inifera (Scheibner and Speijer,

2008). This occurred in low latitudes (up to 20°N) prior to the 

PETM and progressed to higher latitudes during and after the 

PETM. The loss of hermatypic corals possibly resulted from 

gradual warming of the tropics and destruction of the sensitive 

in teraction  between cora ls and the ir sym bionts by therm al 

stress (Scheibner and Speijer, 2008). It remains to be investi

gated whether reef-building corals found refuge at even higher 

latitudes or that they disappeared altogether, only to reappear 

at lower to middle latitudes in the late Eocene.

The above m igration patterns can be considered to be at 

least in part thermally driven. Migration patterns observed in 

Tethyan ostracode assemblages, characterized by increasing 

numbers o f invading W est-A frican (A tlantic) taxa, however, 

are probably only ind irectly linked to global warm ing during

ID



Robert P. SPEIJER, Christian SCHEIBNER, Peter STASSEN & Abdel-Mohsen M. MORSI

the PETM, as the thermal gradient between W est and North 

Africa was limited (Tindall et al., 2010). In addition, the west- 

northeast m igration process already started prior to the PETM 

and continued afterwards. Possibly the Trans-Saharan seaway 

played a key role in this process as shallow-water taxa could 

migrate across the African craton during times of high sea le

vel prior to and during the PETM (Barsotti, 1963; Morsi et al., 

2011). Sea-level rise during the PETM may have been instru

mental in the higher rate of overall faunal change observed in 

Egyptian records (Speijer and Morsi, 2002).

3 . 2  E x t i n c t i o n  a n d  r e c o v e r y  p a t t e r n s

The PETM is not classified as a mass extinction, since ex

tinction rates above background levels are restricted to jus t a 

few  taxonom ic groups, particularly the calcareous benthic fo

raminifera of the deep sea, including some calcareous agglu

tinated taxa (e.g. Tjalsma and Lohmann, 1983). Among the 

pelagic groups and deep-sea ostracodes, relatively few  taxa 

became extinct during the PETM, whereas extinctions of lar

ger foram inifera and continental margin ostracodes progres

sed through punctuated replacement during the PETM super

imposed on long-term trends towards Eocene fauna’s.

S m alle r benth ic fo ram in ife ra  from  the sha llow  continenta l 

margin occupy an intermediate position on the scale of extinc

tion, with a distinct but limited number of extinctions, particu

larly towards greater depths along the Tethys (Speijer et al., 

1995), but very little change (only the extinction of G. beccarii- 

form is) along the W est A tlantic margin (Stassen et al., 2012c).

A  striking contrast is provided by the very limited taxonomic 

turnover in the pelagic groups compared to the major extinc

tion of the deep-sea foraminifera. Apparently, widespread ad

verse conditions prevailed throughout the global deep ocean 

(low oxygen, elevated temperature, acid ification...) and there 

was little or no refuge for numerous deep-sea taxa. At the same 

time, however, warm ing o f surface waters triggered strong 

ecologie responses but re lative ly m inor tu rnover to pelagic 

biota (e.g. only rare calcareous nannofossils became extinct). 

This suggests that the basic structure o f pelagic food webs 

was rather robust against thermal anomalies. This is in stark 

contrast to late Paleocene reef systems that strongly respon

ded to early Paleogene long- and short-term warming, giving 

way to larger foraminifera-dominated carbonate ramps (Scheib

ner and Speijer, 2008; Kiessling and Simpson, 2011) that per

sisted until the late Eocene.

A lthough detailed deep-sea ostracode records across the 

PETM are still limited to two sequences (Steineck and Thomas, 

1996: ODP690, Southern Ocean; Yamaguchii and Norris, 2012: 

DSDP 401, northeast Atlantic), it is c lear that there was no 

equivalent to the BEE, not even a mild one. Such disparate 

patterns between benthic protozoans and metazoans living in 

the same sea floor environment may seem unexpected, but it 

has been suggested that physiological d ifferences may well 

explain why, fo r instance, ocean acidification may have a strong 

effect on protozoans but much less so on metazoans (Melzner 

et al., 2009). In addition, the disparity in extinction may also

suggest that the larger provinciality and variability of deep-sea 

ostracode com m unities has safeguarded them  from  severe 

global extinction at a time of rapid global warming and ocea

nograph ic perturbations. Further h igh-reso lu tion  ostracode 

records are needed in order to explore the reasons fo r this 

disparity.

In the North African epicontinental basins, com m unities of 

benthic foram in ifera and ostracodes were equally perturbed 

and responded in ecologically s im ilar pathways as indicated 

by disappearances/extinctions, new appearances/m igrations 

and opportun is tic  b loom s. Both taxonom ic groups show  a 

long-term faunal transition from late Paleocene assemblages 

towards early Eocene assemblages, punctuated by the PETM 

(Speijer and Morsi, 2002; Speijer and Wagner, 2002; Morsi et 

al., 2011; Stassen et al., 2012c). Although this pattern is not 

well known for epicontinental ostracodes beyond the southern 

Tethyan realm, provincialism appears to persist into the early 

Eocene as ind icated by the d iss im ila rity  between northern 

Tethyan (Eurasian) faunas and those from the (Afroarabian) 

southern Tethys (Keen et al., 1994). In contrast, epicontinental 

benthic foram in ifera have a rather cosmopolitan distribution 

during the Paleocene (the cosmopolitan M idway type fauna of 

Berggren and Aubert, 1975) and this seems to continue into 

the Eocene. This is well exemplified by the simultaneous ap

pearance and/or dominance of various taxa in Egypt and the 

New Jersey Coastal Plain (Stassen et al., 2012c).

3 . 3  Ex t in c t io n  e v e n t  d r  m ig r a t io n  a n d  o r i 

g in a t i o n  EVENT?

As outlined above, the consequences of the PETM on biotic 

evolution strongly vary between the various ecosystems, as 

fa r as can be judged from microfossils. Altogether, the PETM 

might be considered as a m inor extinction event. This is sup

ported by extinctions that occurred at the onset or during the 

PETM of mostly deep-sea benthic foraminifera as well as some 

calcareous nannofossils and by the quasi-disappearance of 

reef-building corals. Yet, this is just one side of the evolutionary 

story of the PETM, which might be better described as a mi

gration and orig ination  event. This is m ost obvious in land 

mammals showing nearly sim ultaneous appearances of the 

precursors o f modern prim ates and hoofed anim als on the 

northern continents (Gingerich, 2006), but that is beyond the 

scope of this paper. The data on the marine record, however, 

show basically the same dom inant pattern of m igration and 

radiation. This applies to the pelagic ecosystems (planktic fo

ram inifera, ca lcareous nannofossils, radiolarians, d inocysts, 

diatoms), the platform systems (larger foram inifera), and the 

pelitic epicontinental systems (benthic foraminifera, ostracoda). 

The distribution patterns of all these groups reveal m igration 

patterns, evo lu tionary innovations and dom inance changes 

that in many cases appear to be preceding the gradual extinc

tion of Paleocene taxa of calcareous nannofossils (e.g., Fas

ciculithus), larger foram inifera (e.g., M iscellanea, Ranikotha

lia), shelf ostracodes (e.g., Mauritsina) in the aftermath of the 

PETM. These patterns seem to differ from those of calcare
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ous benthic foram inifera. Particularly those of the deep sea 

witnessed rather sudden catastrophic extinction at the onset 

or during the early part o f the PETM. Vacated niches were re

filled by survivors and subsequently by newly evolved taxa 

after an extended period of low diversity low during the entire 

PETM (Thomas, 2007).

4 .  C o n c l u s i o n s

•  Patterns of biotic change among pelagic and deep-sea eco

systems during the PETM are supported by globally d istri

buted data. The record o f b io tic change among shallow  

benthic ecosystems remains largely confined to a few well 

studied regions (Tethys, North A tlan tic ) o f the Northern 

hemisphere.

•  Except fo r the deep-sea calcareous benthic foram inifera! 

record, the PETM is best qualified as a m igration and ori

gination event, rather than an extinction event. The PETM 

was instrumental in kick-starting various evolutionary inno

vations in marine lineages some of which persisted only 

briefly during o r shortly a fte r the PETM such as various 

A carin ina , D iscoaste r, R hom boaste r and A pectod in ium  

species. Other taxa such as the nummulitids and alveoli- 

nids show a long-term persistence through the Eocene.

•  The only major extinction is among bathyal to abyssal cal

careous benthic foram inifera (including calcareous agglu

tina ted  taxa). C o -ex is ting  non -ca lca reous  fo ra m in ife ra  

(DWAF), ostracoda and trace fossils may show prominent 

local or regional changes in population structure and bio

diversity, but very little or no evidence of global extinction. 

The response of most marine invertebrates (mollusks, echi- 

noderms, brachiopods) to paleoclimatic change during the 

PETM is virtually unknown. Data spanning the PETM are 

required in order to improve assessments of the value of 

biotic records to deep-time global warm ing in the context 

o f current climate change.

•  In contrast, the relatively well-established response of Te

thyan reef systems to late Paleocene-early Eocene global 

warming may provide a past analog to the problems facing 

modern tropical coral reefs in response to continued global 

warming.

A c k n o w l e d g e m e n t s

We thank Peter Bijl (Utrecht University) and Ellen Thomas 

(Yale University) fo r the ir constructive reviews that strongly 

contributed to clarifying the summarized data and sharpening 

the expression of our views. The Research Foundation - Flan

ders (FWO - G.0422.10) and the KU Leuven Research Fund 

are acknowledged fo r financial support to R.P. Speijer.

R e f e r e n c e s

Afzal, J., Williams, M., Leng, M.J. and Aldridge, R.J., 2011. Dy

namic response of the shallow marine benthic ecosystem to 

regional and pan-Tethyan environmental change at the Paleo

cene-Eocene boundary. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 309, 141-160.

Aubry, M .-P, 1998. Early Paleogene calcareous nannoplankton 

evolution: A  tale of climatic amelioration. In: M.-P. Aubry, S.G. 

Lucas and W.A. Berggren (eds.), Late Paleocene-early Eocene 

Clim atic and Biotic Events in the Marine and Terrestrial Re

cords, pp. 158-203.

Aubry, M .-P , Ouda, K., Dupuis, C., Berggren, W.A., Van Cou- 

vering, J.A., Ali, J., Brinkhuis, H., Gingerich, P.D., Fleilmann- 

Clausen, C., Flooker, J., Kent, D.V., King, C., Knox, R.W.O'B., 

Laga, P., Molina, E., Schmitz, B., Steurbaut, E. and Ward, D. 

R., 2007. The Global Standard Stratotype-section and Point 

(GSSP) fo r the base o f the Eocene Series in the Dababiya 

section (Egypt). Episodes, 30, 271-286.

Bak, K., 2004. Deep-water agglutinated foraminifera! changes 

across the Cretaceous/ Tertiary and Paleocene/ Eocene transi

tions in the deep flysch environment; eastern outer Carpathi

ans (Bieszczady Mts, Poland). In: M. Bubik and M.A. Kaminski 

(eds.), Proceedings of the Sixth International Workshop on Ag

glutinated Foraminifera. Grzybowski Foundation Special Pub

lication, 8, 1-56.

Bak, K., Geroch, S. and Manecki, M., 1997. B iostratigraphy 

and paleoenvironmental analysis of benthic foram inifera and 

radiolarians in Paleogene variegated shales in the Skole Unit, 

Polish Flysch C arpathians. Annales Societatis G eologorum  

Poloniae, 67, 135-154.

Barsotti, G., 1963. Paleocenic ostracods of Libya (Sirte basin) 

and their wide African distribution. Revue de l'Institut Français 

du Pétrole, 18, 1520-1528.

Bassiouni, M.A.A. and Luger, P., 1990. Maastrichtian to early 

Eocene Ostracoda from  southern Egypt: Palaeontology, pa

laeoecology, paleobiogeography and biostratigraphy. In: E. 

Klitzsch and E. Schrank (eds.), Geoscientific Problems in Arid 

and Sem iarid A reas (Sonderfo rschungsbere ich  69); period 

1987-1990. B e rline r G eow issenscha ftliche  Abhand lungen, 

Reihe A: Geologie und Paläontologie, 120, 755-928.

Beckmann, J.-P , 1960. Distribution of benthonic foram inifera 

at the Cretaceous-Tertiary boundary of Trinidad (West-lndies). 

In: A. Rosenkrantz and F. Brotzen (eds.), International Geolo

gical Congress. Report o f the Twenty-First Session, Norden. 

Part V: The Cretaceous-Tertiary Boundary, pp. 57-69.

Benson, R .H ., 1990. Ostracoda and the d iscovery o f global 

Cainozoic palaeoceanographical events. In: R. W hatley and 

C. Maybury (eds.), Ostracoda and Global Events, pp. 41-58.

1 Z



Robert P. SPEIJER, Christian SCHEIBNER, Peter STASSEN & Abdel-Mohsen M. MORSI

Berggren, W.A. and Auberi, J., 1975. Paleocene benthonic fo

raminifera! biostratigraphy, paleobiogeography and paleoeco- 

logy of Atlantic-Tethyan regions; Midway-type fauna. Palaeo- 

geography, Palaeoclimatology, Palaeoecology, 18, 73-192.

Bhandari, A., 2008. Ostracode biostratigraphy and carbon and 

oxygen isotopic studies across the Paleocene/Eocene boun

dary in the subsurface of the Jaisalm er Basin, Rajasthan, In

dia. Senckenbergiana Lethaea, 88, 67-76.

Charles, A.J., Condon, D.J., Harding, I.C., Pälike, H., Marshall, 

J.E.A., Cui, Y., Kump, L. and Croudace, I .W., 2011. Constraints 

on the numerical age of the Paleocene-Eocene boundary. Geo

chemistry, Geophysics, Geosystems, 12, C0AA17, doi: 10.1029/ 

2010GC003426.

Coles, G., 1990. A  comparison of the evolution, d iversity and 

com position o f the C ainozoic O stracoda in the deep w ater 

North Atlantic and shallow water environments of North Am e

rica and Europe. In: R. W hatley and C. Maybury (eds.), Os

tracoda and Global Events, pp. 71-86.

Cope, E.D., 1882. Contributions to the history of the Vertebrata 

o f the lower Eocene of W yom ing and New Mexico. Procee

dings of the American Philosophical Society, 20, 139-197.

Crouch, E.M., Heilmann-Clausen, C., Brinkhuis, H., Morgans, 

H.E.G., Rogers, K.M., Egger, H. and Schmitz, B., 2001. Glo

bal d inoflage lla ta  event associated with the late Paleocene 

thermal maximum. Geology, 29, 315-318.

Dockery, D.T., III, 1998. Molluscan faunas across the Paleo

cene/ Eocene series boundary in the North Am erican G ulf 

Coastal Plain. In: M.P. Aubry, S.G. Lucas and W.A. Berggren 

(eds.), Late Paleocene-early Eocene Climatic and Biotic Events 

in the Marine and Terrestrial Records, pp. 296-322.

Flügel, E. and Kiessling, W., 2002. Patterns of Phanerozoic 

reef crises. In: W. Kiessling, E. Flügel and J. Golonka (eds.), 

Phanerozoic Reef Patterns. SEPM, Special Publication, 72, 

691-733.

Galeotti, S., Kaminski, M.A., Coccioni, R. and Speijer, R.P., 

2004. High-resolution deep-water agglutinated foraminifera! re

cord across the Paleocene/Eocene transition in the Contessa 

Road section (central Italy). In: M. Bubik and M.A. Kaminski 

(eds.), Proceedings of the Sixth In ternational W orkshop on 

A gg lu tina ted Foram inifera. G rzybowski Foundation Special 

Publication, 8, 83-103.

Gibbs, S.J., Bown, PR., Sessa, J.A., Bralower, T.J. and Wilson, 

P.A., 2006. Nannoplankton extinction and origination across the 

Paleocene-Eocene thermal maximum. Science, 314, 1770-1773.

Gibson, T.G. and Bybell, L.M., 1991. Paleocene-Eocene boun

dary sedimentation in the Potomac River valley, Virginia and 

Maryland. Excursion guide. IGCP Project No. 308, 124 pp.

Gingerich, P.D., 2006. Environment and evolution through the 

Paleocene-Eocene therm al m aximum. Trends in Ecology & 

Evolution, 21, 246-253.

Gingerich, P.D. and Clyde, W.C., 2001. Overview of mamma

lian biostratigraphy in the Paleocene-Eocene Fort Union and 

W illwood form ations of the Bighorn and Clark's Fork basins. 

In: P.D. Gingerich (ed.), Paleocene-Eocene Stratigraphy and 

Biotic Change in the Bighorn and Clarks Fork Basins, W yo

ming. Papers on Paleontology, 33, 1-14.

Guasti, E. and Speijer, R.P., 2008. Acarin ina m ulticam erata  n. 

sp. (Foram inifera): a new m arker fo r the Paleocene-Eocene 

Thermal Maximum. Journal o f M icropalaeontology, 27, 5-12.

Guernet, C. and Molina, E., 1997. Les ostracodes et le pas

sage Paléocène-Éocène dans les Cordillères bétiques (Coupe 

de Caravaca, Espagne). Geobios, 30, 31-43.

Haq, B.U., Premoli-Silva, I. and Lohmann, G.P., 1977. Calca

reous plankton paleobiogeographic evidence fo r major clim a

tic fluctuations in the early Cenozoic Atlantic Ocean. Journal 

o f Geophysical Research, 82, 3861-3876.

Hilgen, F.J., Kuiper, K .F. and Lourens, L.J., 2010. Evaluation 

o f the astronomical time scale fo r the Paleocene and earliest 

Eocene. Earth and Planetary Science Letters, 300, 139-151.

Hollis, C.J., 2006. Radiolarian faunal change across the Paleo

cene-Eocene boundary at Mead Stream, New Zealand. Eclo- 

gae Geologicae Helvetiae, 99, Suppl. 1, S79-S99.

Honigstein, A. and Rosenfeld, A., 1995. Paleocene ostracods 

from southern Israel. Revue de Micropaléontologie, 38, 49-62.

Hottinger, L., 1960. Rechèrches sur les alveolines du Paléo

cène et de l'Éocène. Schweizerische Palaeontologische Ab

handlungen, 75-76, 243 pp.

Kahn, A. and Aubry, M.P., 2004. Provincialism associated with 

the Paleocene/ Eocene thermal maximum; temporal constraint. 

In: G. Villa, J.A. Lees and PR. Bown (eds.), Calcareous Nan- 

nofossil Palaeoecology and Palaeoceanographic Reconstruc

tions. Marine Micropaleontology, 52, 117-131.

Kaminski, M.A. and Gradstein, F.M., 2005. Atlas of Paleogene 

C osm opolitan Deep-w ater Agg lu tina ted Foram inifera. G rzy

bowski Foundation Special Publication, 10. The Grzybowski 

Foundation, Cracow, 548 pp.

Kaminski, M.A., Gradstein, F.M., Berggren, W.A., Geroch, S. 

and Beckmann, J.P., 1988. Flysch-type agglutinated foram ini

fera! assemblages from Trinidad: Taxonomy, stratigraphy and 

paleobathymetry. Abhandlungen der Geologischen Bundesan

stalt, 41, 155-227.

1 3



Response of marine ecosystems to deep-time global warming: a synthesis of biotic patterns across the Paleocene-Eocene thermal maximum (PETM)

Kaminski, M.A., Kuhnt, W. and Radley, J.D., 1996. Palaeocene- 

Eocene deep water agglutinated foram inifera from the Numi- 

dian Flysch (Rif, northern Morocco); the ir significance for the 

palaeoceanography of the G ibraltar gateway. Journal o f M icro

palaeontology, 15, 1-19.

Keen, M.C., Al-Sheikly, S.S.J., Elsogher, A. and Gammudi, A. 

M., 1994. Tertiary ostracods of North A frica and the Middle 

East. In: M.D. Simmons (ed.), M icropalaeontology and hydro

carbon exploration in the Middle East, pp. 371-401.

Kelly, D.C., Bralower, T.J., Zachos, J.C., Premoli Silva, I. and 

Thomas, E., 1996. Rapid diversification of planktonic foram i

nifera in the tropical Pacific (ODP Site 865) during the late 

Paleocene thermal maximum. Geology, 24, 423-426.

Kennett, J.P. and Stott, L.D., 1991. Abrupt deep-sea warming, 

pa laeoceanographic changes and benthic extinctions at the 

end of the Palaeocene. Nature, 353, 225-229.

Kiessling, W. and Simpson, C., 2011. On the potential fo r ocean 

acidification to be a general cause of ancient reef crises. Global 

Change Biology, 17, 56-67.

Koch, P.L., Zachos, J.C. and Gingerich, P.D., 1992. Correlation 

between isotope records in marine and continental carbon re

servoirs near the Palaeocene/Eocene boundary. Nature, 358, 

319-322.

Koch, P.L., Zachos, J.C. and Dettman, D.L., 1995. Stable iso

tope stratigraphy of the Paleogene Bighorn basin (Wyoming, 

USA). In: C. Badgley and A.K. Behrensm eyer (eds.), Long 

Records of Continental Ecosystems: Paleogene of Wyoming- 

Montana and Neogene of Pakistan. Palaeogeography, Palaeo- 

climatology, Palaeoecology, 115, 61-89.

Mclnerney, F.A. and Wing, S.L., 2011. The Paleocene-Eocene 

therm al m aximum: A  perturbation o f carbon cycle, clim ate, 

and biosphere with implications fo r the future. Annual Review 

of Earth and Planetary Sciences, 39, 489-516.

Melzner, F., Gutowska, M.A., Langenbuch, M., Dupont, S., Lu- 

cassen, M., Thorndyke, M.C., Bleich, M. and Pörtner, FI.-O., 

2009. Physiological basis fo r high C 0 2 tolerance in marine ec- 

totherm ic animals: pre-adaptation through lifestyle and onto

geny? Biogeosciences, 6, 2313-2331.

Morsi, A .M .M., Speijer, R.P., Stassen, P. and Steurbaut, E., 

2011. Shallow marine ostracode turnover in response to envi

ronmental change during the Paleocene-Eocene thermal ma

ximum in northwest Tunisia. Journal o f African Earth Scien

ces, 59, 243-268.

Murphy, B.FI., Farley, K.A. and Zachos, J.C., 2010. An extra

terrestrial 3Fle-based timescale fo r the Paleocene-Eocene ther

mal maximum (PETM) from  W alvis Ridge, IODP Site 1266. 

Geochimica et Cosmochim ica Acta, 74, 5098-5108.

Mutterlose, J., Linnert, C. and Norris, R.D., 2007. Calcareous 

nannofossils from  the Paleocene-Eocene therm al maximum 

of the Equatorial Atlantic (ODP Site 1260B); evidence fo r tro

pical warming. Marine M icropaleontology, 65, 13-31.

Nagy, J., Kam inski, M.A., Johnson, K. and M itlehner, A .G., 

1997. Foraminifera!, palynomorph, and diatom biostratigraphy 

and paleoenvironm ents of the Torsk Formation: A  reference 

section fo r the Paleocene-Eocene transition in the W estern 

Barents Sea. In: FI.C. Flass and M.A. Kaminski (eds.), Contri

butions to the M icropaleontology and Paleoceanography of 

the Northern North Atlantic. G rzybowski Foundation Special 

Publication, 5, 15-38.

Nicolo, M.J., Dickens, G.R. and FHollis, C.J., 2010. South Pa

cific intermediate water oxygen depletion at the onset of the 

Paleocene-Eocene thermal maximum as depicted in New Zea

land margin sections. Paleoceanography, 25, PA4210.

Olsson, R.K. and Flemleben, C., 2006. Taxonomy, b iostra ti

graphy and phylogeny of Eocene Pseudohastigerina. In: P.N. 

Pearson, R.K. O lsson, B.T. Fluber, C. Flemleben and W.A. 

Berggren (eds.), A tlas o f Eocene P lankton ic  Foram inife ra . 

Cushman Foundation Special Publication, 41, pp. 413-432.

Oreshkina, T.V. and Aleksandrova, G.N., 2007. Terminal Pa

leocene o f the Volga M iddle Reaches: b ios tra tig raphy and 

paleosettings. S tra tig raphy and G eological Corre lation, 15, 

206-230.

Orue-Etxebarria, X., Pujalte, V., Bernaola, G., Apellaniz, E., 

Baceta, J.I., Payros, A., Nunez-Betelu, K., Serra-Kiel, J. and 

Tosquella, J., 2001. Did the late Paleocene thermal maximum 

affect the evolution of larger foram inifers? Evidence from cal

careous plankton o f the Campo section (Pyrenees, Spain). 

Marine M icropaleontology, 41, 45-71.

Pardo, A., Keller, G. and Oberhänsli, FI., 1999. Paleoecologic 

and paleoceanographic evolution of the Tethyan realm during 

the Paleocene-Eocene transition. Journal o f Foraminifera! Re

search, 29, 37-57.

Pujalte, V., Orue-Etxebarria, X., Schmitz, B., Tosquella, J., Ba

ceta, J.I., Payros, A., Bernaola, G., Caballero, F. and Apella

niz, E., 2003. Basal llerdian (earliest Eocene) turnover of lar

ger Foraminifera; age constraints based on calcareous plank

ton and 513C isotopic profiles from  new southern Pyrenean 

sections (Spain). In: S.L. W ing, P.D. G ingerich, B. Schm itz 

and E. Thomas (eds.), Causes and Consequences of Globally 

Warm Climates in the Early Paleogene. Special Paper, Geolo

gical Society of America, 369, 205-221.

Raffi, I., Backman, J. and Pälike, FI., 2005. Changes in calca

reous nannofossil assemblages across the Paleocene/Eocene 

transition from the paleo-equatorial Pacific Ocean. Palaeogeo

graphy, Palaeoclimatology, Palaeoecology, 226, 93-126.

14



Robert P. SPEIJER, Christian SCHEIBNER, Peter STASSEN & Abdel-Mohsen M. MORSI

Raffi, I., Backman, J., Zachos, J.C. and Sluijs, A., 2009. The 

response of calcareous nannofossil assemblages to the Pa

leocene Eocene Thermal Maximum at the Walvis Ridge in the 

South Atlantic. Marine M icropaleontology, 70, 201-212.

Rodriguez-Tovar, F.J., Uchman, A., Alegret, L. and Molina, E., 

2011. Impact o f the Paleocene-Eocene Thermal maximum on 

the macrobenthic community: ichnological record from the Zu- 

maia section, northern Spain. Marine Geology, 282, 178-187.

Scheibner, C. and Speijer, R.P., 2008. Late Paleocene - early 

Eocene Tethyan carbonate platform evolution - A  response to 

long- and short-term paleoclimatic change. Earth-Science Re

views, 90, 71-102.

Scheibner, C. and Speijer, R.P., 2009. Recalibration of the 

shallow-benthic zonation across the Paleocene-Eocene boun

dary: the Egyptian record. Geológica Acta, 7, 195-214.

Scheibner, C., Speijer, R.P. and Marzouk, A.M., 2005. Turnover 

o f larger Foraminifera during the Paleocene-Eocene thermal 

maximum and paleoclimatic control on the evolution of platform 

ecosystems. Geology, 33, 493-496.

Sessa, J.A., Ivany, L.C., Handley, J.C., Lockwood, R. and A li

món, W.D., 2011. Climatic controls on late Cretaceous through 

Paleogene ecosystems. In: H. Egger (ed.), Climate and Biota 

o f the Early Paleogene. Berichte der Geologischen Bundes

anstalt, 85, 147.

Sluijs, A. and Brinkhuis, A., 2009. A  dynamic climate and eco

system state during the Paleocene-Eocene Thermal Maximum: 

internees from  d inoflagella te cyst assem blages on the New 

Jersey Shelf. Biogeosciences, 6, 1755-1781.

Sluijs, A., Schouten, S., Pagani, M., Woltering, M., Brinkhuis, H., 

Sinninghe Damsté, J.S., Dickens, G.R., Huber, M., Reichart, G.- 

J., Stein, R., Matthiessen, J., Lourens, L.J., Pedentchouk, N., 

Backman, J., Moran, K. and the Expedition 302 Scientists, 

2006. Subtropical Arctic Ocean temperatures during the Pa- 

laeocene-Eocene thermal maximum. Nature, 441, 610-613.

Sluijs, A., Bowen, G.J., Brinkhuis, H., Lourens, L. and Thomas,

E., 2007. The Palaeocene-Eocene Thermal maximum super 

greenhouse: biotic and geochem ical signatures, age models 

and mechanisms of global change. In: M. W illiams, A.M. Hay

wood, F.J. Gregory and D.N. Schmidt (eds.), Deep-Time Pers

pectives on Climate Change: Marrying the Signal from Com

puter Models and Biological Proxies, pp. 323-349.

Sluijs, A., Bijl, PK., Schouten, S., Röhl, Ü., Reichart, G.-J. and 

Brinkhuis, H., 2011. Southern Ocean warming, sea level and 

hydro logica l change during the Pa leocene-E ocene therm al 

maximum. Climate of the Past, 7, 47-61.

Speijer, R.P. and Morsi, A .M .M., 2002. Ostracode turnover and 

sea-level changes associated with the Paleocene-Eocene ther

mal maximum. Geology, 30, 23-26.

Speijer, R.P. and Samir, A.M., 1997. Globanomalina luxorensis, 

a Tethyan biostratigraphic marker o f latest Paleocene global 

events. Micropaleontology, 43, 51-62.

Speijer, R.P. and Wagner, T., 2002. Sea-level changes and 

black shales associated with the late Paleocene thermal maxi

mum; organic-geochem ical and m icropaleontologic evidence 

from the southern Tethyan margin (Egypt-lsrael). In: C. Koe- 

berl and K.G. MacLeod (eds.), Catastrophic Events and Mass 

Extinctions: Impacts and Beyond. Special Paper, Geological 

Society of America, 356, 533-549.

Speijer, R.P., Schmitz, B., Aubry, M.-P. and Charisi, S.D., 1995. 

The latest Paleocene benthic extinction event: Punctuated turn

over in outer neritic foram inifera! faunas from Gebel Aweina, 

Egypt. In: M.-P. Aubry and C. Benjam ini (eds.), Paleocene- 

Eocene Boundary Events in Space and Time. Israel Journal 

of Earth Sciences, 44, 207-222.

Stassen, P., Dupuis, C., Steurbaut, E., Yans, J. and Speijer, R. 

P., 2012a. Perturbation of a Tethyan coastal environment du

ring the Paleocene-Eocene thermal maximum in Tunisia (Sidi 

Nasseur and Wadi Mezaz). Palaeogeography, Palaeoclimato- 

logy, Palaeoecology, 317-318, 66-92.

Stassen, P., Thomas, E. and Speijer, R.P., 2012b. The progres

sion of environmental changes during the onset of the Paleo

cene-Eocene thermal maximum (New Jersey Coastal Plain. 

Austrian Journal o f Earth Sciences, this volume, 169-178.

Stassen, P., Thomas, E. and Speijer, R.P., 2012c. Restructu

ring outer neritic foram inifera! assemblages in the aftermath 

o f the Paleocene-Eocene thermal maximum. Journal o f M icro

palaeontology, 31, 89-93.

Steineck, PL. and Thomas, E., 1996. The latest Paleocene 

crisis in the deep sea: Ostracode succession at Maud Rise, 

Southern Ocean. Geology, 24, 583-586.

Thomas, E., 1998. B iogeography of the late Paleocene ben

thic foram inifera! extinction. In: M.-P. Aubry, S.G. Lucas and 

W.A. Berggren (eds.), Late Paleocene-Early Eocene Climatic 

and Biotic Events in the Marine and Terrestrial Records, pp. 

214-243.

Thomas, E., 2007. Cenozoic mass extinctions in the deep sea; 

what perturbs the largest habitat on Earth? In: S. Monechi, R. 

Coccioni and M.R. Rampino (eds.), Large Ecosystem Pertur

bations: Causes and Consequences. Special Paper - Geolo

gical Society of America, 424, 1-23.

Thomas, E. and Shackleton, N.J., 1996. The Paleocene-Eocene 

benthic foraminifera! extinction and stable isotope anomalies. 

In: R.W.O.B. Knox, R.M. Corfield and R.E. Dunay (eds.), Cor

relation of the Early Paleogene in Northwest Europe. Geologi

cal Society, London, Special Publications, 101, 401-441.

1 5



Response of marine ecosystems to deep-time global warming: a synthesis of biotic patterns across the Paleocene-Eocene thermal maximum (PETM)

Tindall, J., Flecker, R., Valdes, P., Schmidt, D.N., Markwick, P. 

and Harris, J., 2010. Modelling the oxygen isotope distribution 

of ancient seawater using a coupled ocean-atmosphere GCM: 

Im plications fo r reconstructing early Eocene clim ate. Earth 

and Planetary Science Letters, 292, 265-273.

Tjalsma, R.C. and Lohmann, G.P., 1983. Paleocene-Eocene 

bathyal and abyssal ben th ic  fo ram in ife ra  from  the A tlan tic  

Ocean. Micropaleontology, Special Publication, 4, 90 pp.

von Hillebrandt, A., 1962. Das Paläozän und seine Foramini

ferenfauna im Becken von Reichenhall und Salzburg. Bayeri

sche Akademie der W issenschaften, Mathematisch-Naturw is

senschaftliche Klasse, Abhandlungen, 108, 182 pp.

Ward, L.W., 1985. Stratigraphy and characteristic mollusks of 

the Pamunkey Group (Lower Tertiary) and the Old Church For

mation of the Chesapeake Group - Virginia Coastal Plain. U.S. 

Geological Survey Professional Paper, 1346, 76 pp.

Webb, A., Leighton, L.R., Schellenberg, S.A., Landau, E.A. 

and Thomas, E., 2009. Impact of the Paleocene-Eocene ther

mal maximum on deep-ocean m icrobenthic community struc

ture: Using rank-abundance curves to quantify paleoecological 

response. Geology, 37, 783-786.

Wortman, J.L., 1896. Species of Hyracotherium  and allied Pe- 

rissodactyla from the Wasatch and Wind R iver beds of North 

America. Bulletin of the American Museum of Natural History, 

8, 81-110.

Yamaguchii, T. and Norris, R.D., 2012. Deep-sea ostracode 

turnovers through the Paleocene-Eocene thermal maximum in 

DSDP Site 401, Bay of Biscay, North Atlantic. Marine M icro

paleontology, 86-87, 32-44.

Zamagni, J., Mutti, M. and Kosir, A., 2012. The evolution of 

mid Paleocene-early Eocene coral communities: How to sur

vive during rapid global warming. Palaeogeography, Palaeo- 

climatology, Palaeoecology, 317-318, 48-65.

Received: 24 October 2011 

Accepted: 19 March 2012

Robert P. SPEIJER11*’, Christian SCHEIBNER2’, Peter STAS

SEN1’ & Abdel-Mohsen M. MORSI3’

”  Department of Earth and Environmental Sciences, KU Leuven, 3001

Leuven, Belgium;

2) Department o f Geosciences, Bremen University, P.O. Box 330440, 

28334 Bremen, Germany;

3) Geology Department, Faculty o f Science, Ain Shams University, 

11566 Cairo, Egypt;

1 Corresponding author, robert.speijer@ees.kuleuven.be

1 6

mailto:robert.speijer@ees.kuleuven.be

