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Cretaceous—Paleogene plant extinction and recovery in Patagonia
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Abstract—The Cretaceous—Paleogene (K/Pg) extinction appears to have been geographically heteroge-
neous for some organismal groups. Southern Hemisphere K/Pg palynological records have shown
lower extinction and faster recovery than in the Northern Hemisphere, but no comparable, well-con-
strained Southern Hemisphere macrofloras spanning this interval had been available. Here, macrofloral
turnover patterns are addressed for the first time in the Southern Hemisphere, using more than 3500
dicot leaves from the latest Cretaceous (Maastrichtian) and the earliest Paleocene (Danian) of Argentine
Patagonia. A maximum ca. 90% macrofloral extinction and ca. 45% drop in rarefied species richness is esti-
mated across the K/Pg, consistent with substantial species-level extinction and previously observed extir-
pation of host-specialized leaf mines. However, prior palynological and taxonomic studies indicate low
turnover of higher taxa and persistence of general floral composition in the same sections. High species
extinction, decreased species richness, and homogeneous Danian macrofloras across time and facies
resemble patterns often observed in North America, but there are several notable differences. When com-
pared with boundary-spanning macrofloras at similar absolute paleolatitudes (ca. 50°S or 50°N) from the
Williston Basin (WB) in the Dakotas, both Maastrichtian and Danian Patagonian species richnesses are
higher, extending a history of elevated South American diversity into the Maastrichtian. Despite high spe-
cies turnover, our analyses also reveal continuity and expansion of leaf morphospace, including an
increase in lobed and toothed species unlike the Danian WB. Thus, both Patagonian and WB K/Pg macro-
floras support a significant extinction event, but they may also reflect geographically heterogeneous
diversity, extinction, and recovery patterns warranting future study.
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Introduction et al. 2010). Although the K/Pg event affected

The devastating environmental conse- biotas globally, the severity of the extinction

quences of the end-Cretaceous bolide impact
affected both marine and terrestrial organisms
(e.g., Alvarez et al. 1980; Prinn and Fegley
1987; Robertson et al. 2013; Vellekoop et al.
2014; Tyrrell et al. 2015; Artemieva and Morgan
2017; Brugger et al. 2017). Over 60% of Cret-
aceous species became extinct, making the
Cretaceous—Paleogene (K/Pg) event the most
recent of the “big five” mass extinctions (Raup
and Sepkoski 1982; Jablonski 2005; Schulte

and the pacing of the recovery were geograph-
ically heterogeneous for some groups of organ-
isms (see next paragraph). Modern biodiversity
is shaped by the surviving lineages of the K/Pg
(e.g., Erwin 2002; Krug et al. 2017), establishing
today’s biogeographic patterns, in part, as the
legacy of a globally heterogeneous extinction
(e.g., Wolfe 1987).

Southern Hemisphere records of calcareous
nannoplankton, insect herbivory, and terrestrial
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palynomorphs indicate lower extinction and/
or faster recoveries than Northern Hemisphere
counterparts (Vajda et al. 2001; Vajda and
Raine 2003; Iglesias et al. 2007; Pole and Vajda
2009; Jiang et al. 2010; Barreda et al. 2012; Can-
trill and Poole 2012; Schueth et al. 2015; Dono-
van et al. 2016). Furthermore, several plant and
vertebrate groups that had been known only
from Mesozoic localities in the Northern Hemi-
sphere, have been reported in Cenozoic South-
ern Hemisphere deposits suggesting that they
survived the K/Pg in southern latitudes (Case
and Woodburne 1986; Pascual et al. 1992; Bona-
parte et al. 1993; Goin et al. 2006, 2012;
McLoughlin et al. 2008, 2011; Gelfo et al.
2009; Sterli and de la Fuente 2019). Proposed
explanations for this geographic heterogeneity
(Jiang et al. 2010; Donovan et al. 2016, 2018)
have referenced increased distance from the
Mexican impact site (Schulte et al. 2010),
oceanic buffering of impact winter tempera-
tures in the Southern Hemisphere (Bardeen
et al. 2017; Tabor et al. 2020), and a bolide
impact angle that would have directed most
ejecta and debris northward (Schultz and
D’Hondt 1996).

Because plants are the primary producers in
terrestrial ecosystems and one of the most bio-
diverse groups of organisms, the paleobotan-
ical record is critical for understanding
extinction events on land (e.g., Nichols and
Johnson 2008). However, the vast majority of
plant-bearing K/Pg continental sites is concen-
trated in the western interior of North America
(NAM), which bears numerous examples of
stratigraphically and temporally well con-
strained boundary-spanning  palynofloras
(e.g., Nichols et al. 1986; Nichols and Fleming
1990; Sweet et al. 1990, 1999; Sweet and Braman
2001; Nichols 2002; Bercovici et al. 2009) and
macrofloras (e.g., Wolfe and Upchurch 1986;
Johnson et al. 1989; Johnson and Hickey 1990;
Johnson 1992, 2002; Upchurch 1995; Barclay
et al. 2003; Nichols and Johnson 2008). South-
ern Hemisphere K/Pg-spanning paleofloras
are scarce and have been primarily limited to
palynological records (e.g., Vajda-Santivanez
1999; Vajda et al. 2001; Vajda and Raine 2003;
Pole and Vajda 2009; Barreda et al. 2012; Can-
trill and Poole 2012; Scasso et al. 2020). Cret-
aceous—Paleogene macrofloras from New
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Zealand revealed a dramatic floral turnover
(Pole and Vajda 2009) and a paleoclimatic cool-
ing trend consistent with global records (Ken-
nedy et al. 2002) across the K/Pg, but the
severity of the macrofloral extinction was not
estimated. Until now, no well-constrained and
well-sampled macrofloral Maastrichtian and
Danian sites from the same region have been
available in the Southern Hemisphere.

Recent studies of the latest Cretaceous (Maas-
trichtian) Lefipan and early Paleocene (Danian)
Salamanca and Pefias Coloradas Formations of
Chubut, Argentine Patagonia (Fig. 1; and see
“Materials” and “Analytical Methods”) showed
lower palynological extinction, faster recovery
of insect herbivory damage-type diversity, and
remarkably diverse Danian macrofloras com-
pared with most NAM sections of the same
ages. Specifically, spore and pollen records
showed <10% extinction across the K/Pg com-
pared with the 30%—40% extinction in NAM
palynofloras  (Nichols and Fleming 1990;
Sweet and Braman 2001; Hotton 2002; Nichols
2002; Barreda et al. 2012). Notably, in early
Danian Patagonian pollen records, an abun-
dance spike of the conifer Classopollis represents
the last record of a genus that is otherwise only
known until the Late Cretaceous worldwide
(Barreda et al. 2012). Insect feeding-damage
types on angiosperm leaves recovered to
pre-K/Pg diversity levels within about 4 Myr,
compared with the estimated ca. 9 Myr for
NAM (Donovan et al. 2016, 2018), and Danian
macrofloras of the Salamanca Formation are
much more diverse than most coeval NAM
counterparts, suggesting a faster-paced Patago-
nian recovery (Iglesias et al. 2007). However,
comparable Maastrichtian leaf floras from the
same Patagonian region have not yet been eval-
uated using similar methods.

Gymnosperm macrofossils of the Lefipan
and Salamanca Formations have been the sub-
ject of taxonomic studies (Zamuner et al
2000; Brea et al. 2005; Quiroga et al. 2015;
Ruiz et al. 2017; Wilf et al. 2017; Andruchow-
Colombo et al. 2018, 2019; Escapa et al. 2018),
indicating the survival of the Podocarpaceae
and Araucariaceae conifer families. The pres-
ence of several derived angiosperm groups
known from reproductive material in the Sala-
manca Formation suggests that they also
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represent K/Pg survivor families (Iglesias et al.
2007; Raigemborn et al. 2009; Jud et al. 2017,
2018a,b; Supplementary Tables 1, 2). Angio-
sperm leaf fossils have sourced the aforemen-
tioned work on K/Pg insect damage
(Donovan et al. 2016, 2018), yet the extensive
leaf collections on which the insect herbivory
was documented have not been rigorously
compared to quantify macrofloral species
extinction in Patagonia across the Cretaceous/
Paleogene transition.

Fossil dicot leaves from the Maastrichtian
and Danian of Patagonia (Fig. 1) together
offer insight into macrofloral K/Pg diversity,
and potential extinction and recovery patterns
with well-sampled, stratigraphically and tem-
porally constrained collections for the first
time in the Southern Hemisphere (Iglesias
et al. 2007; Scasso et al. 2012; Clyde et al.
2014; Donovan et al. 2016, 2018). Through the
analysis of more than 3500 leaf fossils from
four localities, this study addresses terminal
Cretaceous and early Paleocene macrofloral
diversity in Patagonia, and the possible effects
of the K/Pg extinction event on the floras of
the region while considering the potential cli-
matic, sampling, and ecological biases impact-
ing the observations. Although the main goal
of this contribution is to document the first tem-
porally constrained K/Pg-spanning macro-
floral assemblages occurring within the same
region in the Southern Hemisphere, we com-
pare our results with the well-sampled,
boundary-spanning K/Pg NAM macrofloras
from similar absolute paleolatitudes (ca. 50°N
or 50°S) in the Williston Basin (WB) in North
Dakota (Johnson 2002; Wilf and Johnson 2004)
to further explore potential biases in our obser-
vations and to examine potential geographic
heterogeneity in macrofloral patterns among
two widely separated regions.

Materials

The collections studied here are primarily the
same as those from Chubut, Argentina, used in
earlier work on Danian floral diversity (e.g.,
Iglesias 2007; Iglesias et al. 2007) and K/Pg
insect damage (Donovan et al. 2016, 2018),
plus some additional material previously not
cataloged (Supplementary Table 3). Iglesias
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et al. (2007) documented Danian dicot-leaf
diversity by morphotyping and assigning sys-
tematic affinities when possible (Iglesias 2007;
Iglesias et al. 2007; more recent updates
shown in Supplementary Table 1). Donovan
et al. (2016, 2018) analyzed the insect feeding-
damage diversity on the leaves from Maastrich-
tian and Danian collections and proposed a
preliminary morphotype classification for the
Maastrichtian leaves. The leaf collections from
the Lefipdn (Maastrichtian) and Salamanca
and Pefias Coloradas (Danian) Formations
were compiled over a series of field trips
involving the four junior authors and others
since 2003, and they are curated in the Paleo-
botanical Collection of the Museo Paleontolé-
gico Egidio Feruglio (MEF; repository
acronym MPEF-Pb), Trelew, Argentina (Sup-
plementary Table 3). All collections studied
are unbiased, complete census collections of
all identifiable material found, taken to the
lab at MEF, and vetted and tallied. Although
they are separated by ca. 400 km (Fig. 1), and
the K/Pg boundary horizon itself is not pre-
served in the Lefipan or Salamanca Formations,
these Maastrichtian and Danian collections
represent broadly similar, marginal marine
depositional settings and the only large, strati-
graphically constrained leaf collections from
their time periods sourced from a single region
in the Southern Hemisphere. In addition to the
summary presentation and citations that fol-
low, further detailed accounts of collecting
methods and sites and full descriptions of the
leaf morphotypes are in separate preparation.
Lefipdn Formation.—The siliciclastic Lefipan
Formation conformably overlies the Campa-
nian-Maastrichtian fluvio-estuarine Paso del
Sapo Formation, and it is unconformably over-
lain by the Eocene Barda Colorada Ignimbrite
(Spalletti 1996; Aragén and Mazzoni 1997;
Scasso et al. 2012; Aragén et al. 2018) and
other Paleogene volcanic units (Aragén et al.
2018). Deposited in the shallow, paleo-Atlantic
Paso del Sapo embayment (Fig. 1A,B), the
Lefipdn Formation records the latest Cret-
aceous (?Campanian—-Maastrichtian) to early
Paleocene (Danian) infilling of the Jurassic—
early Paleocene Canadén Asfalto Basin
(Fig. 1A) (Spalletti 1996; Scasso et al. 2012;
Figari et al. 2015). Leaf cuticular pCO; estimates
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(Martinez et al. 2018), TEXgs proxy records (Scasso
et al. 2012; Vellekoop et al. 2017), and paleobotan-
ical evidence (Baldoni 1992; Baldoni et al. 1993;
Barreda et al. 2012; Wilf et al. 2017) indicate that
the upper Maastrichtian Lefipan Formation was
deposited in mesothermal (or warmer), frost-
free climates (Fig. 1A) along a coastline fringed
by patchy woodlands and mangroves; macro-
fossil evidence suggests areas of rain forest as
well (Wilf et al. 2017; Escapa et al. 2018).

The San Ramén Section (SRS; Fig. 1B,D)
studied here is the most complete of the Lefipan
Formation (Scasso et al. 2012), comprising mar-
ginal, tidal-flat deposits to fully marine sedi-
ments within a tidally dominated deltaic
setting that ranges from ?Campanian—
Maastrichtian to Danian in age (Legarreta and
Uliana 1994; Spalletti 1996; Barreda et al.
2012; Scasso et al. 2012; Vellekoop et al. 2017;
Butler et al. 2019). The K/Pg impact layer
recognized at other sites around the world
(e.g., Alvarez et al. 1980, 1990; Orth et al
1981; Brooks et al. 1986; Lerbekmo and
St. Louis 1986; Schulte et al. 2010) is not pre-
served in the SRS, probably due to bioturbation
or erosion at that particular level (Scasso et al.
2012). However, the K/Pg in the Lefipan For-
mation is constrained to about 4 m of section
based on biostratigraphic data, including the
marker Turritella malaspina lag bed as the first
Danian deposit (Fig. 1D) (Medina and Cama-
cho 1990; Scasso et al. 2012), dinoflagellate
index taxa (Barreda et al. 2012; Vellekoop
et al. 2017), age-diagnostic continental palyno-
morphs (Barreda et al. 2012), and a sudden
and significant turnover of invertebrate faunas
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(Aberhan and Kiessling 2014) and microfloras
with the extinction of ca. 10% of total and
50% of angiosperm palynotaxa (Fig. 1D) (Bar-
reda et al. 2012).

Lefipan Formation specimens analyzed here
were collected in the SRS (Fig. 1A,C,D) in sand-
stone-mudstone tidal-flat deposits (Scasso
et al. 2012). Localities LefW, LefE, and LefL,
as detailed in Donovan et al. (2016, 2018) and
Wilf et al. (2017), yielded a total of 1062
dicot-leaf specimens from unbiased collections
biostratigraphically constrained to the 67-66
Ma range and most likely in the 66.5-66.0
range based on dinoflagellate markers
(Fig. 1D) (Barreda et al. 2012; Scasso et al.
2012; Vellekoop et al. 2017). All identifiable
material was collected at these sites and taken
back to the MEF, where it was vetted and cen-
sused (no identifiable fossils were discarded
in the field). The LefW macrofloral site corre-
sponds to the same plant-bearing beds dis-
cussed in Scasso et al. (2012) and Vellekoop
et al. (2017). The LefW collection (Supplemen-
tary Table 3) includes 278 dicot-leaf specimens
spanning about 20m of stratigraphic section
from four collecting horizons, the youngest of
which is located 5m below the Danian Turri-
tella marker bed (Scasso et al. 2012; Donovan
et al. 2016; Vellekoop et al. 2017). Approxi-
mately 1000 m map distance east of LefW is
the single fossiliferous horizon yielding the
macrofloras of the LefE and LefL collections.
Locality LefE, 21.5m below the Turritella
marker bed, is closest to LefW. The LefE quarry
extends about 40 m along the horizon (Wilf
et al. 2017), from where 614 dicot-leaf fossils

FiGure 1.

Setting of paleobotanical localities. A, Paleogeographic reconstruction of Patagonia at K/Pg time, redrawn from

Scasso et al. (2012). Light blue diagonal pattern: shallow platform; yellow horizontal pattern: coastal lowlands; dashed line:
approximate boundary between paleoclimatic belts as inferred by Scasso et al. (2012). Locations of panels B and C marked.
B, Location of Scasso et al.’s (2012) San Ramon section (within star) of the Lefipan Fm., containing Maastrichtian macro-
floras and Maastrichtian and Danian palynofloras. Modified after Barreda et al. (2012). C, Locations of Danian paleobotan-
ical sites: Palacio de los Loros (PL), Salamanca Fm.; Las Flores (LF), Pefias Coloradas Fm.; and Bosque Petrificado José
Ormachea (OR, Salamanca Fm., used here for pollen data only). Modified after Clyde et al. (2014) and Comer et al.
(2015). D, Summary stratigraphy showing chronostratigraphic and absolute age constraints, placement of palynological
(tick marks) and macrofloral sampling sites (black stars; compiled from Iglesias 2007; Barreda et al. 2012; Clyde et al.
2014; Comer et al. 2015; Donovan et al. 2016, 2018). Summary of absolute ages of the fossil sites (see text for details): Lefipan
floras, 67-66 Ma, most likely 66.5-66.0 Ma; PL1 flora, 66.4-65.7 Ma (C29n); PL2 flora, 64.7-63.5 Ma (C28n); LF flora, 62.5—-
62.2 Ma (C27n). Range of stratigraphic section comprising approximate locations of LefW sampling horizons (as described
in Vellekoop et al. 2017) indicated by dashed line (see “Materials” for details). LefE, LefL, and LefW are shown on a single
column for simplicity but represent different locations (see text for details). LefE and LefL come from a single laterally
extensive horizon that varies in stratigraphic distance below the Turritella bed. The position shown is for LefL. BBF, Bajo
Barreal Fm. (Color online.)

https://doi.org/10.1017/pab.2020.45 Published online by Cambridge University Press


https://doi.org/10.1017/pab.2020.45

450 ELENA STILES ET AL.

were collected. LefL is located approximately
500 m (map distance) east of LefE, in the same
bed, at 24 m locally below the Turritella bed
(Donovan et al. 2016) and yielded 170 dicot-leaf
specimens. The single fossiliferous horizon
containing LefE and LefL cannot be correlated
precisely to those in LefW due to cover and ero-
sion in the intervening landscape, but their ages
are probably very similar based on strati-
graphic position.

Salamanca and Pefias Coloradas Formations.—
The Danian Salamanca and Pefias Coloradas
Formations are the oldest Cenozoic sediment-
ary units in the north-central San Jorge Basin
(Fig. 1A) (Sylwan 2001; Clyde et al. 2014;
Comer et al. 2015). In our study area (Fig. 1A,
C), tidally influenced, marginal to estuarine
deposits of the early Danian Salamanca Forma-
tion (Legarreta and Uliana 1994; Iglesias 2007;
Comer et al. 2015) unconformably overlie flu-
vial and pyroclastic deposits of the Late Cret-
aceous (Campanian) Bajo Barreal Formation
or (where preserved) the Maastrichtian La
Angostura Basalt (Fig. 1D) (Iglesias 2007;
Clyde et al. 2014; Comer et al. 2015), and they
are unconformably overlain by the fluvio-
volcanic deposits of the late Danian Pefias Col-
oradas Formation of the continental Rio Chico
Group (Fig. 1C,D) (Iglesias 2007; Raigenborn
et al. 2010; Clyde et al. 2014; Comer et al.
2015; Krause et al. 2017). At the Las Flores
(LF; Fig 1C) Pefas Coloradas Formation local-
ity, deposits overlie the Maastrichtian Colhué
Huapi Formation and La Angostura Basalt
(Casal et al. 2015; Comer et al. 2015).

Fossil occurrences from the Salamanca and
overlying Pefias Coloradas Formations are con-
sistent with humid, mesothermal, frost-free cli-
mates (Bonaparte et al. 1993; Brea et al. 2005;
Iglesias et al. 2007; Palazzesi and Barreda
2007; Raigemborn et al. 2009; Futey et al.
2012; Clyde et al. 2014; Ruiz et al. 2017, 2020).
Palynofloras of the Salamanca Formation and
related strata over larger areas reflect a range
of environments, from mangrove swamps to
lowland and upland forests (Petriella and Arch-
angelsky 1975; Zamaloa and Andreis 1995; Vol-
kheimer et al. 2007). In the study area (Fig. 1C,D),
local pollen records show diverse, angiosperm-
dominated lowland forests (Petriella and Arch-
angelsky 1975; Clyde et al. 2014).
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The unbiased, lab-vetted (the same collecting
and tallying methods used as for the Lefipan
floras) early Paleocene leaf collections analyzed
in this study came from two early Danian Sala-
manca Formation localities in the Palacio de los
Loros sampling area (PL1 and PL2) and one late
Danian locality in the Pefias Coloradas Forma-
tion, the LF plant-fossil site (Fig. 1B) (Iglesias
2007; Iglesias et al. 2007; Clyde et al. 2014). Bio-
stratigraphic data from foraminifera, dinofla-
gellates, and calcareous nannoplankton
indicate the early Danian age for the local Sala-
manca Formation, with a maximum absolute
age of 67.31 +0.55 Ma from *°Ar/*’Ar dating
of the La Angostura Basalt flow underlying
the formation in the easternmost exposures of
the study area (Fig. 1D) (Clyde et al. 2014).
The U-Pb age of a tuff layer in the Pefias Color-
adas Formation at Palacio de los Loros is 61.984
+0.041 Ma, placing it in the late Danian
(Fig. 1D) (Clyde et al. 2014). Combined analysis
of paleomagnetic stratigraphy, biostratigraphy,
and U-Pb and *’Ar-*Ar ages place the paleo-
botanical sites PL1, PL2, and LF within geo-
magnetic polarity chrons C29n (65.58-64.88
Ma), C28n (64.67-63.49 Ma), and C27n (62.52—
62.22 Ma), respectively (Fig. 1D) (Clyde et al.
2014; Comer et al. 2015), using the 2012 Geo-
logic Time Scale (Gradstein et al. 2012).

Between the early Danian Salamanca and
late Danian Penas Coloradas Formations,
there is a sharp change in the depositional
environment. The strata at PL1 and PL2 were
deposited in marginal estuarine settings,
whereas LF was deposited in a nearly fully ter-
restrial fluvio-volcanic environment (Comer
et al. 2015). Locality PL1 (Fig. 1A,C,D) pro-
duced 1089 dicot-leaf specimens, preserved in
sand-siltstone sediments interpreted as lateral
accretion beds of abandoned tidal channel fill
(facies Sy, in Comer et al. 2015). The younger
locality PL2 yielded 1132 dicot-leaf specimens,
collected from silty claystones interpreted as
the transitional facies of tidal flats prograding
over a coastal plain (facies SC; in Comer et al.
2015). Sediments in locality LF are the coarsest-
grained of the Danian macrofloral sites, from
where 564 dicot-leaf specimens were recovered
from poorly sorted litharenites interpreted as
channel fills (facies LF1 in Comer et al. 2015).
Based on sedimentology and preservational
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quality, the potential order of transport dis-
tances for fossil leaves is ranked highest to low-
est as LF, PL1, and PL2. Donovan et al. (2018)
noted that preservation quality in Salamanca
Formation locality PL1 is similar to that of the
Lefipan Formation, indicating minimal preser-
vation bias between the oldest Paleogene local-
ity and the Maastrichtian collections in this
study.

Analytical Methods

Macrofloral turnover across the K/Pg transi-
tion was addressed through analyses of (1)
change in species composition, (2) morpho-
space shifts among assemblages, and (3) the
potential biasing effect of the ca. 400 km separ-
ation between the Cretaceous and Paleogene
collection sites using crosschecks from local
pollen records in both formations (Fig. 1D). Pre-
liminary Lefipan Formation morphotypes
(Donovan et al. 2016) were significantly revised
and updated based on leaf architectural charac-
ters (Ellis et al. 2009). Danian morphotypes of
the Salamanca and Penas Coloradas Forma-
tions are based on the morphotype set of the
PL1, PL2, and LF macrofloral localities (Iglesias
2007; Iglesias et al. 2007) and an additional set
published in the supplementary information
of Donovan et al. (2016; Supplementary
Table 4). A total of 58 Maastrichtian and 43
Danian morphotypes were established and
used in the subsequent analyses (Supplemen-
tary Table 4). Each morphotype is here inter-
preted as likely to have been produced by a
single species with morphologically distinct
leaves and will be referred to as a species
throughout this study. An updated specimen-
level collections inventory of all leaf morpho-
types as used here is archived in Supplemen-
tary Table 3.

Extinction and Turnover—All Maastrichtian
and Danian collections were grouped into
two respective assemblages for macrofloral
extinction estimates and morphospace analyses
due to their self-similar floral compositions and
morphospace occupation, based on prelimin-
ary analyses. Each of the Maastrichtian mor-
photypes was compared with the Danian
morphotypes in search of K/Pg survivor pairs
based on a detailed comparison of their leaf
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architecture (per Johnson et al. 1989; Ash
et al. 1999; Ellis et al. 2009). Maastrichtian and
Danian morphotypes that shared all morpho-
logical characters or that fell within each
other’s ranges of variation were considered
survivor pairs.

Once the survivor pairs were established,
they were each considered as a single species,
along with all the other leaf species, in a princi-
pal components analysis (PCA) applied to a
matrix of species abundances per sample,
with the objective of testing compositional het-
erogeneity among the considered Maastrich-
tian and Danian macrofloral collections. In
this analysis, Maastrichtian collections LefW
and LefE+LefL. were considered as two sam-
ples, because LefW was collected along several
horizons within the same small canyon (see
“Materials”), and LefE and LefL were collected
along the same fossiliferous horizon.

For rarefied (Tipper 1979) species richness
analysis across the K/Pg, the Maastrichtian
LefE and LefL sites were grouped into a single
sample, from which LefW was excluded
because it includes specimens from multiple
horizons with uncertain stratigraphic relation-
ships to horizon LefE+LefL. The Salamanca
(PL1 and PL2) and Penas Coloradas (LF) local-
ities (Fig. 1A,C,D) (Iglesias 2007; Iglesias et al.
2007) were considered for rarefaction individu-
ally because they span three Danian time inter-
vals (Fig. 1D) (see “Materials”; Clyde et al. 2014;
Comer et al. 2015). Each rarefaction curve was
plotted with a 95% confidence interval using
the R package iNext (Hsieh et al. 2016).

As a baseline for comparison of rarefied spe-
cies richness between Patagonian and North
American K/Pg assemblages, three representa-
tive dicot-leaf samples surpassing 350 speci-
mens each (per Burnham 1993) from
meter-binned collections of the Maastrichtian
Hell Creek and Danian Fort Union Formations
in the WB of southwestern North Dakota were
selected from the dataset of Wilf and Johnson
(2004; see also Johnson 2002). The Dean
Street level found 15 m below the K/Pg bound-
ary (Wilf and Johnson 2004) represents the
most diverse, latest Maastrichtian HCIII zone
(Johnson 2002). Two representative Fort
Union Formation collection horizons were
based on specimen counts >350 and
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magnetostratigraphic constraints. Horizon +7
m is the most specimen-rich representative of
early Danian Fort Union Formation fossil hori-
zons, corresponding to geomagnetic polarity
chron C29r (which is unrecorded in Patagonia).
The +38 m horizon is constrained to chron C29n
(Hicks et al. 2002; Johnson 2002), serving as a
temporal analog to the PL1 locality in Patago-
nia (Fig. 1D) (Clyde et al. 2014). While acknow-
ledging work on diverse Paleocene floras from
the more southerly Denver and San Juan basins
(Johnson and Ellis 2002; Flynn and Peppe 2019;
Lyson et al. 2019), we focus on the floras of the
WB for comparison, because they come from
similar absolute paleolatitudes to our samples
(i-e., ca. 51.3°S for the Danian Patagonian floras,
ca. 48.4°S for the Cretaceous Lefipan floras, and
ca. 49.4°N for the WB floras, versus ca. 42.5°N
for the Denver Basin, following Iglesias et al.
2007: fig. 3), contain both Cretaceous and Paleo-
cene floras that are well sampled in a single
area, and remain the best-sampled and
described boundary-spanning K/Pg macro-
floras of NAM.

Morphospace Analysis.—Species richness and
morphological diversity are not always
coupled, and this disconnection may be driven
by underlying selective pressures (Foote 1993;
Roy and Foote 1997). Morphospace analysis is
here used as a quantitative tool to measure
morphological diversity and phenotypic rela-
tionships among angiosperm leaf species and
their change through time, by summarizing
morphological characters in a mathematical
space where phenotypic dissimilarities are
observed as graphical distances (Mitteroecker
and Huttegger 2009). Leaf architecture is
related both to systematic affinities and envir-
onmental parameters (e.g., Wolfe 1995; Wilf
1997; Little et al. 2010; Givnish and Kriebel
2017), making leaves ideal candidates to simul-
taneously test species and morphological turn-
over across the K/Pg. Through morphospace
analysis, the multivariate relationships among
characters can shed light on selective morpho-
logical extinction patterns, if present, and the
relationships between morphological disparity
and species richness.

Based on the Manual of Leaf Architecture (Ellis
et al. 2009), forty-six discrete shape, size, mar-
gin, and venation characters (Supplementary
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Table 5) were scored for each of the Maastrich-
tian and Danian morphotypes (Supplementary
Table 7). Features that were not preserved (or
observable) in at least three-fourths of the speci-
mens, such as fourth- and higher-order ven-
ation, were excluded to reduce noise in the
dataset. After observation of all available
material, character states for each morphotype
were usually based on one or two (if a single
specimen did not preserve all morphological
characters) selected exemplar specimens. If a
morphotype showed significant variation in
one or more characters after observation of all
available samples, end members were sepa-
rated in the morphological matrix designated
by letters following the morphotype name
(e.g., SA9A, SAIB; Supplementary Table 7) to
ensure that all morphological diversity was
captured in the subsequent ordination. Max-
imum size was based on the largest specimen
of each species in the collection. Missing charac-
ters were coded as “NA.”

The morphological matrix (Supplementary
Table 7) was ordinated using principal coordi-
nates analysis (PCoA) with the R Package ape
(Paradis and Schliep 2018). Because it compares
each morphotype on a character-by-character
basis, PCoA is considered the best-performing
method for datasets with uneven preservation
and missing characters (Foote 1994; Roy and
Foote 1997). The percentages of missing data
for each character and each morphotype are
reported in Supplementary Table 8. To under-
stand how species are distributed in space
and to explore possible character-related pat-
terns, the same scores obtained in the PCoA
ordination were analyzed by graphically super-
imposing character states on plotted scores
including axes PCoA 1-PCoA 3. The process
was repeated for each character.

To obtain a quantitative measure of morpho-
space occupation for Maastrichtian and Danian
assemblages and to verify consistency in the
results, four disparity measures were calcu-
lated separately for each Maastrichtian (LefW,
LefE, and LefL) and Danian (PL1, PL2, and
LF) leaf assemblage and for grouped Maas-
trichtian (LefW+LefE+LefL)) and Danian (PL1
+PL2+LF) assemblages. Based on the first
four axes of the PCoA, (1) a hypercuboid vol-
ume and (2) a sum of ranges were estimated
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(Foote 1994; Wills et al. 1994). Based on the
Euclidean pairwise distance matrices, the (3)
average pairwise distance and (4) maximum
pairwise distance were extracted. The hypercu-
boid volume was estimated by multiplying the
ranges of the first four axes (Wills et al. 1994).
Following Gerber’s (2019) proposed measures
of disparity for discrete character spaces, the
(3) average and (4) maximum pairwise dis-
tances of the Euclidean distance matrix are
reported here (Supplementary Table 6) for
each local assemblage and the grouped Maas-
trichtian and Danian assemblages.

Pollen Analysis and Regional Floral Heterogen-
eity.—Palynological records from the same for-
mations and sections offer the closest possible
points of comparison to macrofloras, and they
provide, for the most part with taxonomic reso-
lution above the species level, information
about changes in regional floral composition
(Behrensmeyer et al. 2000; Nichols and Johnson
2008). To evaluate the effects of the approxi-
mately 400 km distance separating the Maas-
trichtian and Danian localities (Fig. 1A) as a
spatial bias affecting macrofloral composition,
published palynological records for the same
two sampling areas and stratigraphic frame-
work (Fig. 1D) (Barreda et al. 2012; Clyde
et al. 2014) were compared at taxon-by-taxon
and whole-assemblage levels. The Lefipan
Formation palynological records from the
SRS span the boundary (Fig. 1D) (unlike the
Lefipdn macrofloras; Barreda et al. 2012);
thus, both their Maastrichtian and Danian
components were compared with the exclu-
sively Danian records of the Salamanca For-
mation at Palacio de los Loros and adjacent
areas sampled at high stratigraphic resolution
(Clyde et al. 2014). We note that several other
palynological studies exist of both formations
based on other sections (e.g., Archangelsky
1973; Petriella and Archangelsky 1975;
Medina and Camacho 1990; Baldoni et al.
1993; Casal et al. 2015), but our goal is to com-
pare palynological data from the same well-
constrained sections as the macrofloras
addressed here. The fine temporal correlations
between the Lefipan and Salamanca Forma-
tions are not yet established.

V. Barreda (Museo Argentino de Ciencias
Naturales, Buenos Aires) kindly reviewed the
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illustrations and species lists in Clyde et al.
(2014) to establish equivalencies between paly-
notaxa (e.g., “Proteaceae sp. A” and “Protea-
ceae sp. B”) among the Lefipin and
Salamanca sections, and her vetted species
data were used in subsequent analyses (Supple-
mentary Table 2). Sample-level compositional
comparisons were based on a presence-
absence matrix of palynomorph species and
morphotypes (Supplementary Table 2) and
processed in the R vegan package (Oksanen
et al. 2017).

The presence—absence matrix of palyno-
morph data was transformed using the Beals
smoothing method (McCune 1994; Miinzber-
gova and Herben 2004), which accounts for
unevenness in ecological sampling by replacing
species’ presence data with a probability of
occurrence based on co-occurrences in the
sample pool. This method was used to reduce
the underlying compositional heterogeneity
caused by the inherent sampling bias of the fos-
sil record. The samples were then clustered
based on their Bray-Curtis pairwise dissimilar-
ity matrix calculated from the Beals-smoothed
dataset and linked using Ward’s method algo-
rithm (Oksanen et al. 2017).

Results

Extinction and Turnover—We recognize only
five Maastrichtian leaf species as having a cor-
responding survivor in any Danian assemblage
(Figs. 2, 3), indicating a raw dicot macrofloral
extinction of 92.2%. Using only the oldest
Danian assemblage (PL1 locality) yields a
93.3% extinction. Excluding species repre-
sented by a single specimen (singletons)
reduces the extinction slightly, to 90.6%. The
K/Pg survivor pairs based on Maastrichtian
(prefix LEF) and Danian (prefix SA) morpho-
types (Supplementary Tables 1,2) are referred
to as Survivor Pair (SP) 1 (LEF57-SA20;
Fig. 2A-E), SP2 (LEF64-SA35; Fig. 2F-I), SP3
(LEF6-SA19; Fig. 3A-C), SP4 (LEF18-SA08;
Fig. 3D-G), and SP5 (LEF55-SA78; Fig. 3H-]).

We interpret SP1 (Fig. 2A-E) to have a botan-
ical affinity with the family Cunoniaceae based
on its architectural characters including com-
pound leaves (Fig. 2), supported by the well-
documented presence (and earliest global
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macrofossil occurrence) of this family from
abundant co-occurring Lacinipetalum spectabilis
flowers with in situ pollen (schizomerioid
Cunoniaceae; Jud et al. 2018) from PL2 and
other Salamanca Formation localities and fossil
wood in the Penas Coloradas Formation (Rai-
gemborn et al. 2009). The affinities of SP2
(Fig. 2F-1) and SP5 (Fig. 3H-J) remain
unknown. Following Iglesias et al. (2007), SP3
(Fig. 3A-C) is equivalent to some specimens
designated as “Sterculia” acuminataloba Berry
1937 of the family Malvaceae, and SP4
(Fig. 3D-G) belongs to the family Rosaceae
based on diagnostic characters including ser-
rated margins with compound teeth and cras-
pedodromous secondary venation. The
survivorship of the family Rosaceae is a new
contribution of this study, along with Cret-
aceous macrofloral evidence to support the
K/Pg survival of Malvaceae and Cunoniaceae,
previously known from pollen records in these
sections (Barreda et al. 2012; Jud et al. 2018a,b).

Laurophyll morphotypes observed in this
study provide evidence for the K/Pg survival
of the Lauraceae in Patagonia, although we
cannot assign any Maastrichtian laurophyll to
a definite Danian species-level equivalent
because they lack cuticular preservation for fur-
ther analysis (e.g., Carpenter et al. 2018). Based
on a conservative “lumping” approach, we
established four Maastrichtian laurophyll mor-
photypes based on their having typical laurac-
eous leaf architectural features (after Hickey
and Wolfe 1975). Lefipan Formation morpho-
types LEF08, LEF24, LEF26, and LEF32 (Sup-
plementary Table 3), coupled with Danian
Laurophyllum piatnitzkyi Berry and Laurophyl-
lum chubutensis Berry of the Salamanca and
Pefias Coloradas Formations (Iglesias et al.
2007), add Lauraceae to the list of Patagonian
K/Pg macrofloral survivor families. Laurophyl-
lum piatnitzkyi is notable as the most abundant
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species in the Danian assemblages, accounting
for ca. 17% of total leaf specimens (Iglesias et al.
2007).

The loss of common taxa followed by the
emergence of previously rare taxa is a com-
monly observed pattern across mass extinction
intervals (e.g., Erwin 2002; Johnson 2002;
Jablonski 2005). A comparable pattern occurs
in our survivor pairs (Fig. 4). SP1 of the Cuno-
niaceae (Fig. 2A-E) is a major component of
Maastrichtian floras, but its abundance is
greatly reduced at earliest Danian PL1 before
partially recovering in PL2 (Fig. 4). In contrast,
Malvaceae SP3 (Fig. 3A—C) and Rosaceae SP4
(Fig. 3D-G), both minor components in Maas-
trichtian assemblages, surpass 5% of assem-
blage composition at early Danian PL1 and
are reduced back to minor components at PL2
and LF (Fig. 4). Leaf morphotypes SP2 and
SP5, of unknown affinities, remain minor com-
ponents throughout.

Rarefied dicot-leaf richness dropped in Pata-
gonia by almost 40% across the K/Pg and
remained comparably low from the early to
late Danian (Fig. 5). Patagonian Danian floras
are remarkably homogeneous across time and
facies, from early to late Danian and from mar-
ginal marine to pyroclastic—fluvial environ-
ments, in comparison with the relatively more
heterogeneous Lefipan floras deposited in simi-
lar facies and spanning a narrower time inter-
val (Fig. 6). A sharp drop in rarefied species
richness was also observed in the North Ameri-
can K/Pg floras of the WB in North Dakota
(e.g., Johnson 2002; Wilf and Johnson 2004).
However, our rarefaction also shows that Pata-
gonian floras are significantly more diverse
than the North Dakota floras not only during
the early Danian (Iglesias et al. 2007) but also
the Maastrichtian (Fig. 5).

Morphospace Analysis.—Pre- and post-K/Pg
leaf assemblages significantly overlap in

Ficure 2.  K/Pg survivor pairs (SPs) from the Maastrichtian Lefipan (blue circles) and Danian (unmarked) Salamanca and
Peias Coloradas Formations (see also Fig. 3). A-E, SP1, Cunoniaceae, including articulated compound leaf. Note ovate and
asymmetrical blades of variable leaflets, curved primary vein, craspedodromous secondary venation, mixed percurrent ter-
tiaries perpendicular to secondaries, and small triangular teeth with long-rounded sinuses. A, MPEF-Pb-4416 from locality
LefE; B, MPEF-Pb-4349, LefE; C, MPEF-Pb-9154 from locality PL2; D, MPEF-Pb-3691, PL1; E, MPEF-Pb-3694, PL1. F-I, SP2.
Note well-developed palmate lobing, toothed margin, straight secondaries with opposite insertion, compound agrophic
veins, and alternate percurrent tertiaries. F, MPEF-Pb-3701a, LefL; G, MPEF-Pb-2031, PL1; H, MPEF-Pb-3701b detail of
alternate percurrent venation; I, MPEF-Pb-2031 (also H) detail of alternate percurrent venation. (Color online.)
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Ficure 3. K/Pg survivor pairs (SPs; continued from Fig. 2) from the Maastrichtian Lefipan (blue circles) and Danian
(unmarked) Salamanca and Pefias Coloradas Fms. A-C, SP3, “Sterculia” acuminataloba. Note the palmately lobed form
with entire margins, three strong primary veins, central primary deflected by strong basal secondaries, interior secondaries,
intersecondary veins, agrophic veins, irregularly branching brochidodromous secondaries with spacing decreasing api-
cally, and percurrent tertiaries nearly perpendicular to the primary vein. A, MPEF-Pb-4662a from locality LefW; B,
MPEF-Pb-3692, PL1; C, MPEF-Pb-3695, PL2. D-G, SP4, Rosaceae similar to Crataegus spp. Note ovate shape, craspedodro-
mous secondaries, pinnate lobing with toothed lobes, large triangular teeth, opposite to subopposite secondaries. D,
MPEF-Pb-4487, LefE; E, MPEF-Pb-4482, LefE; F, MPEF-Pb-3693, PL1; G, MPEF-Pb-4030, PL1. H-J, SP5. Note ovate-elliptic
leaf shape, opposite to subopposite concave-upward brochidodromous secondaries, intersecondary veins perpendicular to
primary, widely spaced irregularly angled tertiaries ranging from opposite to alternate percurrent, and fimbrial vein run-

ning along entire margin. H, MPEF-Pb-4870, LefL; I, MPEF-Pb-4835, LefE; ], MPEF-Pb-3019, LF. (Color online.)

morphospace, but there is an increase in mor-
phospace occupation between the terminal
Cretaceous and early Paleogene (Fig. 7). This
result shows no significant loss of characters
and higher morphological disparity in post-
compared with pre-K/Pg assemblages, despite
lower species richness in the Danian. Morpho-
space occupation across the K/Pg is character-
ized by three notable shifts. First,
morphospace volume expands, driven by
Danian lobed species displaying blade incision
characters absent in the Maastrichtian. Exam-
ples include lobed species with toothed mar-
gins such as SA35 (see circled groups in
Fig. 8A). Second, within the morphospace
area shared by Maastrichtian—Danian assem-
blages (Fig. 8), more Danian species have
lobed blades, toothed margins, and craspedo-
dromous venation.

LefE+LefL PL1
[Maastrichtian Early Danian

Late Danian|

---SP4  --.

w

— SP1 P5

— SP2

SP3

&

FiGure4. Relative abundance of each survivor pair (SP; see
Figs. 2, 3) in total leaf counts from Maastrichtian and
Danian floral assemblages.
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Third, extremes in morphological variation,
seen as end members along the PCoA axes,
are all represented by Danian species, signaling
higher morphological disparity in post-K/Pg
assemblages (Fig. 8). For example, with the
lowest score along axis PCoA 1, Danian species
SA35 (Fig. 8A, lower left) is lobed with craspe-
dodromous secondary veins and toothed mar-
gins, whereas SA50 (Fig. 8B, upper right),
with the highest score for axis PCoA 1, is

unlobed  with  entire  margins and
Patagonia s Pg
North Dakota s i
o |
<]
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FiGure 5. Rarefied leaf species richness with 95% confi-
dence intervals for Patagonian sites (solid lines, this
study) and Williston Basin, North Dakota (dashed lines,
denoted with meters below or above K/Pg impact layer;
data from Wilf and Johnson 2004). Data include all Maas-
trichtian (black) and Danian (gray) dicot-leaf samples,
including singleton species (see “Methods” for details).
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Ficure 6. Compositional differences between Maastrich-
tian (K) and Danian (Pg) assemblages based on a species
by abundances principal components analysis (PCA),
showing increased similarity of floral composition from
the Maastrichtian (Lef) to the Danian (PL, LF) macrofloras,
even though the Danian assemblages represent a longer
time interval and a much greater array of facies types.
PCA 1 variance explained=72.7%, PCA 2 variance
explained = 11.5%.

brochidodromous venation. Intermediate mor-
photypes along PCoA 1 display combinations
of entire and toothed-margined characters
and additional, less common venation types.
Maastrichtian morphotypes cluster toward

% Occupation increase
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the higher scores of PCoA 1 and most share
morphological characteristics with SA50, such
as entire margins, no lobes, and brochidodro-
mous secondaries (Fig. 8).

When we analyzed morphospace occupation
by character states (Supplementary Table 5),
the most significant observable variation was
found in characters of maximum blade size,
lobation, and margin types. Maximum leaf
size ranges from nanophyll to megaphyll,
with representatives of both Maastrichtian
and Danian species in each size class. The
representation of both Maastrichtian and
Danian leaves within the same size class
range could indicate isotaphonomic leaf assem-
blages. However, for purposes of morphospace
analysis, leaves in the smallest (nanophyll) and
largest (macrophyll and megaphyll) size
classes were excluded, because they included
too few specimens to produce an interpretable
morphospace occupation pattern. Individually
plotting the ordination scores by maximum leaf
size classes of each species (Fig. 9), we found
that shifts in morphospace occupation across
the K/Pg become more significant as max-
imum leaf size increases (Figs. 7, 9).

Within each size class, there appear to be dis-
tinct morphological trends (Fig. 9). In the
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FIGURE 7. Percentage increase in leaf morphospace occupation from Maastrichtian to Danian in Patagonia based on four
measures of disparity (see “Methods” for details). A, Morphospace volume increase based on all Maastrichtian and Danian
species. B, Morphospace area change partitioned by most common leaf size classes.
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FiGure 8. Morphospace occupation of Maastrichtian and Danian assemblages from principal coordinates analysis
(PCoA). The expanded Danian morphospace (see Fig. 7) indicates higher morphological diversity in post-K/Pg floras des-
pite lower species richness. A, Axis 2 vs. axis 1. Characteristically lobed outliers driving Danian morphospace expansion
are recognized as two groups as circled; labeled exemplar species are: 1, SA35; 2, SA39; 3, SA55; 4, SA19A; 5, SA19B. B, Axis
3 vs. axis 1. Morphological end members along PCoA 1, both Danian, labeled: 1, SA35; 2, SA50.

smallest size classes, microphylls and noto-
phylls, Maastrichtian leaves occupy a larger
morphospace than Danian species, as shown
by the four end members along axes 1 and 2
(Fig. 9A, labeled 14; Fig. 9B, labeled 1, 2, and
4). This result is supported by a reduction in
morphospace volume (Fig. 7B), indicating that
leaves in these size classes are more morpho-
logically diverse in Maastrichtian assemblages.
In contrast, the larger mesophyll-sized leaves
(Fig. 9C) expand in morphospace occupation
after the K/Pg (Fig. 7B). Danian mesophylls
span a wide range of morphologically diverse
lobed, unlobed, entire-margined, and toothed
morphotypes. Mesophyll Maastrichtian mor-
photypes are generally entire-margined and
share self-similar secondary venation patterns
(e.g., labels 5 and 6, Fig. 9C).

We found distinct morphospaces occupied by
lobed versus unlobed species, whether we
included all species (Fig. 10A), Maastrichtian-
only (Fig. 10B), or Danian-only (Fig. 10C) assem-
blages. Lobed leaves are consistently more mor-
phologically disparate than unlobed types
(Fig. 10B,C), a notable result considering that
presence of lobes is only one of the more than
40 characters weighted equally in the ordin-
ation. Lobation in Danian species is generally
associated with non-entire margins and
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craspedodromous venation, a relatively uncom-
mon combination in Maastrichtian assemblages.

Regarding margin characters, in both Maas-
trichtian and Danian assemblages, toothed
and entire-margined morphotypes occupy dis-
tinct morphospaces (Fig. 10D), presumably in
large part a result of the numerous characters
in the matrix that pertain to toothed margins
that are coded as zeroes for entire-margined
morphotypes. However, there is some overlap
among toothed and entire-margined types in
Maastrichtian assemblages, characterized by
species with margins scored as crenate and a
few entire-margined examples (Fig. 10E). Inter-
estingly, there is no such overlap in Danian
assemblages (Fig. 10F), graphically showing
the loss of crenate margins from pre- to
post-K/Pg assemblages and indicating one of
the few morphological losses.

Pollen Analysis and Floral Heterogeneity among
Sections.—Comparison of published pollen
records from the same sections as the macro-
floral localities (Fig. 1D) shows that the Maas-
trichtian-Danian Lefipan and Danian-only
Salamanca Formation samples (Fig. 1A) share
most of the same pollen species and thus the
same higher taxa (families and possibly
genera), whether or not the Maastrichtian
pollen data are included. First, in the closest
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® Maastrichtian species A Danian species
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FIGURE9. Morphospace occupation (axis 2 vs. axis 1) parti-
tioned by maximum leaf size per species using the same
PCoA scores for each species shown in Fig. 8. Microphyll
is the smallest size class present; mesophyll is the largest.
A, Microphylls, selected end-member morphotypes with
icons are 1, LEF16; 2, LEF20; 3, LEF46; 4, LEF34. B, Noto-
phylls, examples are 1, LEF64; 2, LEFO1; 3, SA50; 4,
LEF05. C, Mesophylls, examples are 1, SA35; 2, SA74; 3,
LEF12; 4, SA73; 5, LEF07; 6, LEF26; 7, SA55.

stratigraphic comparison with the leaf data,
approximately 60% of palynospecies in the
Danian Salamanca Formation are shared with
the Maastrichtian part of the Lefipdn Formation
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(Supplementary Table 2). Second, the Sala-
manca Formation also shares about 75% of
palynospecies with the Danian strata of the
Lefipan (Barreda et al. 2012; Supplementary
Table 2). Thus, the same higher plant taxa are
inferred to be present in the Danian microfloras
of both formations (Fig. 1), despite the high
species-level turnover indicated by leaves.
Third, the percentage of shared palynotaxa
among the Maastrichtian Lefipan and the
Danian Salamanca (i.e., the pollen analog to
the macrofloras studied here; Fig. 1) is similar
to that among Maastrichtian and Danian Lefi-
péan Formation samples within the SRS.

These palynological results all suggest that
geographic separation does not significantly
influence the composition of higher taxa
between the two localities, supporting the com-
parability of the Maastrichtian and Danian
macrofloras undertaken here. Considering all
the Danian palynotaxa (Lefipdn and Sala-
manca), 80% are Cretaceous—Paleogene survi-
vors based on the Cretaceous Lefipan as the
source of survivors for both formations, dem-
onstrating the persistence of taxa including
the gymnosperm families Podocarpaceae and
Classopollis sp. (Cheirolepidiaceae) and the
angiosperm families Arecaceae, Liliaceae, Pro-
teaceae, Symplocaceae, and Gunneraceae, as
well as various bryophytes and ferns (Supple-
mentary Tables 1, 2). Cluster analysis of the
Beals smoothed compositional matrix (Fig. 11)
shows that despite the high percentage of paly-
nomorph species shared between the two for-
mations, compositional differences associated
with age and formation can be recognized.

Discussion

A high angiosperm macrofloral extinction
percentage, drop in rarefied species richness,
depauperate and homogeneous early Paleo-
cene floras (Fig. 6) despite spanning a range
of continental to marginal facies (e.g., Comer
et al. 2015), and significant extinction of specia-
lized plant-insect associations in Patagonia
(Donovan et al. 2016) all provide evidence of
a significant K/Pg floral extinction event as
seen in NAM (Fig. 5) (Wolfe and Upchurch
1986; Johnson and Hickey 1990; Johnson 2002;
Wilf and Johnson 2004). Our results support a
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Ficure 10.  Principal coordinates analysis (PCoA axis 2 vs. axis 1) coded by time period, lobed vs. unlobed species (A-C),
and toothed vs. entire-margined species (D-F). Species ordination scores are the same as and extracted from the analysis
shown in Fig. 8. A-C, Lobed species lead the morphospace increase from Maastrichtian to Danian assemblages. D-F,
Toothed and entire-margined species occupy distinct areas of morphospace in all assemblages and increase in separation
in Danian assemblages, indicating a loss of intermediate morphospace across the extinction interval. First column shows
morphospace occupation by all species, colored by respective character. Second column shows morphospace distribution
of Maastrichtian species only. Exemplars in B, 1, LEF64; 2, LEF66; 3, LEF46; 4, LEF05; and E, 1, LEF64; 2, LEF53; 3, LEF7; 4,

LEF46. Third column shows morphospace distribution of Danian species only. Exemplars in C, 1, SA35; 2, SA48; 3, SA50; 4,

SA39; and F, 1, SA35; 2, SA50.

disruption in plant communities of global
extent across the K/Pg (Vajda et al. 2001;
Nichols and Johnson 2008; Barreda et al. 2012;
Cantrill and Poole 2012; Vajda and Bercovici
2014; Donovan et al. 2016).

Lauraceae have recently been proposed as
the principal component of K/Pg recovery
macrofloras alongside the classic fern spike in
the North American Ratén Basin (Berry 2019),
although Lauraceae are not reported from the
well-sampled early Danian localities in North
Dakota (Johnson 2002). The dominance of
L. piatnitzkyi in early Paleocene Patagonian
macrofloras, and of several other leaf morpho-
types assigned to the family (Iglesias 2007; Igle-
sias et al. 2007) would be consistent with the
presence of Lauraceae-dominated K/Pg recov-
ery floras in regions of both North and South
America.

Despite the similarities between Patagonian
and North American records, the subtle differ-
ences between them suggest that extinction
could have been heterogeneous between the
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two regions. Morphological turnover shows
interesting differences between the WB and
Patagonia, even though the WB floras have not
been analyzed in morphospace. Maastrichtian
assemblages of North Dakota are characterized
by the abundance of leaves with a “Cretaceous
look” or wunusual lobation (Johnson 2002:
p- 371), a feature that is drastically reduced in
the early Paleocene (Johnson and Hickey 1990;
Johnson 2002). In contrast, the increase in pro-
portion of lobed and toothed species in the
early Paleocene of Patagonia (Fig. 8) (Iglesias
et al. 2007) leads to an expansion in morpho-
space occupation by post-K/Pg assemblages.
Despite our estimate of almost complete
species-level macrofloral turnover in Patagonia,
the continuity and expansion of leaf morpholo-
gies (Fig. 8) and, presumably, their underlying
ecological and phylogenetic diversity across
the K/Pg could, in part, reflect low turnover at
higher taxonomic levels observed in both the
microfloral and macrofloral records of Patago-
nia (Barreda et al. 2012; Supplementary Table 1).


https://doi.org/10.1017/pab.2020.45

462
A All species
£
o ©J I I
e e L o]
s § g
17 M
5 Y £ £
=t o) &
=l - s
= 0
Q oy
O
i
8 -
Jm =1

TN NOS OO
=S==0000000

OR1023
OR1015
OR1016

PL1011

B Gymnosperms and angiosperms

® € 3
[S 8] = E
< =
G ] W o
T Q
2 c <
T Y g g
0 o e
E=a @ o
= | ©
3o 3
o
") e e T
o
cNO-NOTWONROo-OoNLCT LR
EEEDDDDODDDDEEOOOOO
e
L0000
C Angiosperms
o © :
| g
2 ] w 8
S < | c S
2° Pl £
t | = [
> [ ©
3 o] 3 3
w7 o
om B
©- N —M©
CNOTNOYTREOONO=NL 0O
S==000000TnNn=835S8sS
a Occee v
JrJdxo
aoaoo
Fiure 11.  Cluster analyses of palynospecies occurrences

with Beals smoothing (see “Methods” and Fig. 1) from the
Maastrichtian (samples M1-3) and Danian (D1-11) Lefipan
Fm. (Barreda et al. 2012) and Danian-only Salamanca Fm.
(remaining samples; Fig. 1) (Clyde et al. 2014). A, All species.
B, Gymnosperms and angiosperms only. C, Angiosperms only.

Both WB and Patagonian species richness
suffer a sharp drop between Maastrichtian
and Danian assemblages (Fig. 5). The K/Pg
drop in rarefied species richness, though severe
in both areas, is much sharper in the WB
(ca. 75%) than in Patagonia (ca. 45%; Fig. 5).
Rarefaction highlights another important
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contrast between the WB and Patagonian
records; not only Danian (Iglesias et al. 2007)
but also Maastrichtian assemblages in Patago-
nia are significantly more diverse than coeval
macrofloras in the WB. The Lefipan floras are
approximately 40% richer than the most
diverse Maastrichtian Hell Creek (HCIII)
NAM zone assemblage (Fig. 5). Thus, whereas
previous studies of the Danian Salamanca For-
mation (Iglesias 2007; Iglesias et al. 2007) and
Eocene macrofloras of Patagonia (Wilf et al.
2003a, 2005) provided evidence for an ancient
history of high South American Cenozoic floral
diversity, our results (Fig. 5) extend that history
into the Late Cretaceous.

The high species richness of Patagonian
Paleocene and Eocene assemblages compared
with NAM equivalents has been hypothesized
in part to be the legacy of low K/Pg floral
extinction as observed in the palynological
record (Barreda et al. 2012). Our results suggest
that the rich Cenozoic macrofloras of Patagonia
also carry a legacy of rich Cretaceous floras, as
well as significantly earlier recovery of Paleo-
cene species richness resulting from the persist-
ence of most higher taxonomic levels
(Supplementary Tables 1, 2). Nonetheless, an
emerging body of research shows that floral
diversity in the early Paleocene of the Denver
and San Juan Basins can be higher relative to
the more northerly WB (Johnson and Ellis
2002; Flynn and Peppe 2019; Lyson et al.
2019). These studies show heterogeneity in
NAM floral richness during the early Paleo-
cene, a pattern warranting further intensive
study.

Insect damage-type data on the same leaf
collections studied here showed a similar pat-
tern of high extinction and robust early recov-
ery compared with NAM (Donovan et al.
2016, 2018). Donovan et al. (2016, 2018) posed
the disappearance of plant hosts across the K/
Pg as a potential driving mechanism for the
severe insect herbivore extinction observed in
Patagonia; host-specialized insects such as leaf
miners would have been severely affected by
an elevated species-level floral extinction (as
in NAM: Labandeira et al. 2002; Donovan
et al. 2014). Our results confirm this interpret-
ation and suggest that despite the low K/Pg
turnover of major clades observed in floras of
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Patagonia and elsewhere (see Sauquet and
Magallén 2018), high plant-species turnover
resulted in devastating consequences for terres-
trial faunas.

The empirical species-extinction percentage
of >90% in Patagonia in all likelihood is posi-
tively biased by several factors, including
coarser stratigraphic sampling than in WB
macrofloras, geographic variation, and climatic
effects, and that is why we present it as a max-
imum estimate. Regarding sampling, the
uncertain temporal placement of the Lefipan
Formation macrofloras within the last ca. mil-
lion years before the K/Pg boundary (Barreda
et al. 2012; Vellekoop et al. 2017) and the lack
of earliest Danian (chron 29r) sediments pre-
served in the Salamanca Formation probably
bias against finding a higher number of sur-
vivor pairs (Fig. 1). The limited stratigraphic
coverage of macrofloras in the upper Lefipan
Formation is analogous to considering only a
small interval of the Hell Creek Formation
(Johnson et al. 1989; Johnson 2002; Wilf and
Johnson 2004), where there is a general trend
of lower percentages of observed survivor
dicot-leaf species in a simple experiment
where the distance of sample windows below
the boundary layer increases (Fig. 12). Further-
more, observed extinction may exceed 90%
even for some intervals relatively close to the
boundary, as can be seen in the 20-30 m and
40-50m bins of the Hell Creek Formation
(Fig. 12). Although there are macrofloral collec-
tions from lower Lefipdn Formation strata
(Andruchow-Colombo et al. 2018; Martinez
et al. 2018), their precise age is not known,
and the preserved diversity of dicot leaves is
not nearly so extensive as in the upper Lefipan
studied here. Therefore, observations across a
wide stratigraphic range in the Lefipan Forma-
tion are not possible at this time.

Addressing the geographic separation
between the Maastrichtian and Danian macro-
floras (Fig. 1), the cluster results showing differ-
ences between the Lefipin and Salamanca
sections’ microfloral assemblages (Fig. 11) pro-
vide evidence for some geographical heterogen-
eity of higher-taxa associations, which would
accentuate species-level contrasts observed in
the respective macrofloras (Behrensmeyer et al.
2000; Nichols and Johnson 2008). Different
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FiGUuRe 12.  Simulated percentage of K/Pg-surviving Cret-
aceous dicot-leaf species in the Williston Basin of North
Dakota by 10 m bin window below the K/Pg impact hori-
zon (data from Wilf and Johnson [2004], including single-
tons; see “Discussion” for details). The Lefipan leaf floras
studied here, with a 91% observed extinction, could correl-
ate temporally to any one of these stratigraphic bins.

underlying palynospecies associations suggest
that the 400 km spatial separation of Maastrich-
tian and Danian assemblages plays some role
in the likely overestimation of Patagonian macro-
floral extinction by imparting a geographical bias
(Fig. 11). On the other hand, geographic effects
could not have been severe, because the number
of shared palynospecies in the same strata as the
leaf floras was very high (see “Results”).

With regard to climate, marine and continen-
tal proxy records show a global relatively short-
lived climatic warming within the last ca. 500
kyr of the Maastrichtian, followed by cooling
during the final ca. 100 kyr of the Maastrichtian
persisting into the early Paleocene (Stott et al.
1990; Huber and Watkins 1992; Wilf et al.
2003b; Bowman et al. 2014; Vellekoop et al.
2017; Woelders et al. 2017; Huber et al. 2018;
Hull et al. 2020). The increase in toothed and
lobed leaf morphotypes across the K/Pg in
Patagonia (39.7% to 60.5% and 12% to 27.9%,
respectively), both of which are observed dri-
vers of morphospace expansion in Paleogene
floras, would correlate to a ca. 5°C drop in
mean annual temperature, with standard
caveats for paleoclimatic inference on this
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basis (Wolfe 1971; Greenwood et al. 2004; Little
et al. 2010). The uncertain age within the last
million years of the Maastrichtian of the Lefipan
Formation macrofloras studied here, however,
introduces an important potential climatic bias
on observed extinction that would compound
the sampling bias mentioned earlier.

In the Hell Creek Formation, peak richness of
floral diversity (HCIII zone flora) correlates
with the highest temperature estimates of the
late Maastrichtian, followed by a decline in spe-
cies richness during rapid cooling in the ter-
minal Maastrichtian (Wilf et al. 2003b). If a
comparison were to be made solely between a
collection of Maastrichtian HCIII floras from
the peak of diversity of warmth and those of
the Fort Union, an overestimation of extinction
percentages would result. For example, if we
only compare the —15m (HCIII) and +38m
(in C29N like the PL1 flora) horizons in North
Dakota (Wilf et al. 2003b; Wilf and Johnson
2004), the observed dicot-leaf extinction is
99%. Although it is not possible to state the
age of the Maastrichtian Lefipdn Formation
floras at this precision, their high species rich-
ness, dinoflagellate markers indicative of the
last 0.5 Myr of the Cretaceous, and associated
warm proxy temperatures (Barreda et al. 2012;
Scasso et al. 2012; Vellekoop et al. 2017) suggest
that they could correlate to the terminal Cret-
aceous warming event and thus HCIII, possibly
translating into an overestimation of macro-
floral extinction in this study on the assumption
that temperature correlates with plant
diversity.

Conclusions

We report the first K/Pg macrofloral investi-
gation in the Southern Hemisphere that is
based on large, stratigraphically constrained
collections. Our 92% observed macrofloral
extinction is best viewed as a maximum
because of likely geographic, stratigraphic,
and paleoclimatic biases. Nonetheless, our esti-
mate clearly reflects underlying high
species-level turnover in Patagonia. High
macrofloral turnover and associated insect
herbivore extinction, compositionally homoge-
neous Danian floras, and a sharp drop in rar-
efied floral species richness in Patagonia
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reveal extinction and recovery patterns broadly
resembling those observed in NAM and sup-
port a geographically widespread extinction
event. However, Patagonian and North Ameri-
can turnover show contrasts.

Compared with NAM floras of the WB in
North Dakota, Patagonian floras are much
more diverse in both Maastrichtian (Fig. 5)
and Danian (Iglesias et al. 2007) assemblages.
Richer Maastrichtian floras in Patagonia may
have contributed to the less severe drop in over-
all species richness and significantly faster
Danian recovery than observed in the WB or
other northern Great Plains floras. Insect her-
bivory observations on the same collections
(Donovan et al. 2016, 2018) follow patterns
similar to North American records, indicating
that the macrofloral species extinction in Pata-
gonia had catastrophic effects on herbivorous
insect communities. However, like their host
macrofloras, specialized insect damage types
in Patagonia recover much faster than those in
NAM, despite high turnover in both regions.

This study reports speciose Maastrichtian
macrofloras in Patagonia for the first time,
extending the history of elevated floral diver-
sity in South America into the terminal Cret-
aceous. The limited palynological extinction
and continuity of most higher taxa (families
and genera) across time and space indicate per-
sistence of major plant clades even as signifi-
cant extinction took place at the species level.
Leaves with lauraceous affinity are characteris-
tically dominant in the Patagonian macrofloral
assemblages, as in the NAM Ratén Basin,
drawing an interesting parallel between the
two regions. In addition to Lauraceae, we pro-
vide macrofloral evidence to support the sur-
vival of the families Cunoniaceae, Malvaceae,
and Rosaceae in Patagonia.

Morphospace analysis of Maastrichtian—
Danian Patagonian macrofloras shows minimal
character loss from the K/Pg extinction and
that Danian macrofloras are morphologically
more diverse than Maastrichtian assemblages.
Danian floras rich in lobed and toothed species
appear to be a notable Patagonian characteristic
that contrasts with North American macro-
floras of the WB, where lobed forms largely dis-
appear across the K/Pg. Increased diversity of
toothed species in Danian Patagonian
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assemblages is probably related to a general cli-
matic cooling, potentially aligning with global
temperature records.

Extinction and recovery in Patagonian macro-
floras parallel North American WB assemblages
in the K/Pg drop of rarefied species richness,
low-diversity homogeneous Paleocene floras,
and dramatic loss of specialized insect herbi-
vores, indicating that terrestrial ecosystems in
both areas were severely disrupted. Contrasts
between Patagonian and North American
macrofloras emerge in a faster Patagonian recov-
ery, comparably much higher floral diversity
throughout the Cretaceous—Paleogene time inter-
val, and differences in morphological turnover.
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