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PREMISE: Significant paleobotanical discoveries in recent decades have considerably
improved our understanding of the early evolution of angiosperms and their flowers.
However, our ability to test the systematic placement of fossil flowers on the basis of
phylogenetic analyses has remained limited, mainly due to the lack of an adequate,
angiosperm-wide morphological data set for extant taxa. Earlier attempts to place fossil
flowers phylogenetically were, therefore, forced to make prior qualitative assessments of
the potential systematic position of fossils and to restrict phylogenetic analyses to selected
angiosperm subgroups.

METHODS: We conduct angiosperm-wide molecular backbone analyses of 10 fossil flower
taxa selected from the Cretaceous record. Our analyses make use of a floral trait data set
built within the framework of the eFLOWER initiative. We provide an updated version

of this data set containing data for 28 floral and two pollen traits for 792 extant species
representing 372 angiosperm families.

RESULTS: We find that some fossils are placed congruently with earlier hypotheses while
others are found in positions that had not been suggested previously. A few take up
equivocal positions, including the stem branches of large clades.

CONCLUSIONS: Our study provides an objective approach to test for the phylogenetic
position of fossil flowers across angiosperms. Such analyses may provide a complementary
tool for paleobotanical studies, allowing for a more comprehensive understanding of

fossil phylogenetic relationships in angiosperms. Ongoing work focused on extending the
sampling of extant taxa and the number of floral traits will further improve the applicability
and accuracy of our approach.

KEY WORDS angiosperms; eFLOWER; floral evolution; floral structure; fossil flowers;
mesofossils; molecular backbone; phylogenetic analysis.

The fossil record is critical to our understanding of the evolution-
ary history of angiosperms (Crane et al., 1995; Crepet et al., 2004;
Friis et al., 2006, 2011; Doyle and Endress, 2010; Sauquet and
Magallén, 2018; Coiro et al., 2019). During the past few decades,
paleobotanists have recovered and analyzed a rich fossil record dat-
ing back to the early stages of angiosperm evolution. In particular,
the recovery of countless fossil flowers and dispersed floral organs
from Cretaceous mesofossil localities in North America, Europe,
and Japan has provided novel and unexpected details about the
early structural and phylogenetic diversity of angiosperms (e.g.,
Crepet, 1996; Herendeen et al., 1999; Takahashi et al., 1999; Friis

et al,, 2011, 2019). Many of these localities typically yield small,
three-dimensionally preserved, charcoalified or lignitized fossils,
including various angiosperm reproductive structures (Friis et al.,
2005; Schonenberger, 2005). These exceptionally well-preserved
fossils, in combination with novel technical applications such as
high-resolution x-ray computed tomography (Friis et al., 2014),
have revolutionized the study of the early angiosperm fossil record.
However, our ability to test the systematic placement of Cretaceous
flowers on the basis of explicit phylogenetic analyses across angio-
sperms has not kept pace with these recent developments, mainly
because of a lack of adequate morphological data sets for extant
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taxa (Crepet and Nixon, 1998b; Friis et al., 2011; Sauquet and
Magallén, 2018).

The first and most crucial step in any attempt to systemati-
cally place a newly discovered fossil specimen entails a careful
and extensive morphological analysis (e.g., Schonenberger, 2005;
Smith et al., 2009; Friis et al., 2014). Subsequently, paleobotan-
ical studies usually follow one of the following two trajectories,
with the goal of establishing the systematic placement of a given
fossil: either they take the direct approach, without any phyloge-
netic analysis, and assign the fossil to the “most similar” lineage,
based on a list of characters shared with a number of extant taxa
(and potentially also with other fossil taxa; e.g., Friis et al., 2003;
Takahashi et al., 2008; Schonenberger et al., 2012); or they first
assign the fossil to a clade to which it is deemed to belong on
the basis of its general morphological characters, then conduct a
restricted, clade-specific phylogenetic analysis based on morpho-
logical characters to identify the placement of the fossil among
the extant branches of the clade, and finally assign the fossil to
the lineage that was identified as containing the “most parsimoni-
ous” positions in the analysis (e.g., Crepet and Nixon, 1998b; von
Balthazar et al., 2008; Doyle and Endress, 2010, 2018; Herendeen
et al.,, 2016). From a purely scientific point of view, neither of
these two approaches is entirely satisfactory, because both make
prior qualitative assessments as to which extant taxa the new fos-
sil is compared to.

Overall, earlier studies that included phylogenetic analyses fall
largely into three categories. (1) The first category comprises origi-
nal paleobotanical studies that describe a new fossil flower and then
conduct an unconstrained phylogenetic analysis, based solely on a
newly compiled morphological data set or relying on already exist-
ing morphological matrices (no molecular data involved, treating
fossils as terminals). Such analyses have been conducted at different
taxonomic levels, including, for instance, the monocots (Gandolfo
et al,, 2002) and different orders (e.g., Piperales: Smith and Stockey,
2007; Magnoliales and Laurales: Mohr et al, 2013; Cornales:
Atkinson, 2018). (2) A second category comprises original paleo-
botanical studies that have conducted phylogenetic analyses largely
relying on previously published molecular or combined molecular/
morphological data sets. These studies have usually focused on par-
ticular sets of angiosperm taxa, such as basal angiosperms (e.g., von
Balthazar et al., 2008; Friis et al., 2009; Friis and Pedersen, 2011), or
various smaller clades, such as Saxifragales (Hermsen et al., 2003),
Nymphaeales (Gandolfo et al., 2004), and Ericales (Martinez-Millan
etal., 2009), selected on the basis of a prior qualitative assessment of
the phylogenetic position of a given fossil. These studies most often
constrain the tree topology to the results from previous analyses
of the molecular or combined molecular/morphological data and
only subsequently add the fossil to let it find its place in the con-
strained tree based on a parsimony analysis (called “backbone anal-
ysis” or “DNA scaffold analysis”; Manos et al., 2007). Alternatively,
and more rarely, studies combine molecular/morphological data of
extant taxa and fossils from the start and conduct “total-evidence”
analyses (e.g., Manos et al., 2007; Larson-Johnson, 2016; Martinez
et al., 2016; Matsunaga et al., 2019; for discussion, see also Doyle
and Endress, 2010, and citations therein). (3) The third and final
category of studies does not describe any new fossils themselves but
rather conducts independent phylogenetic analyses with the aim of
testing earlier hypotheses on the systematic placement of selected
fossil flowers. Particularly important in this category are the studies
by Endress and Doyle (2010) and Doyle and Endress (2014, 2018),

who, on the basis of their earlier morphological phylogenetic anal-
yses in basal angiosperms (Doyle and Endress, 2000; Endress and
Doyle, 2009), tested the phylogenetic position of a series of fossil
flowers related to this group of taxa.

Here, we take an approach similar to that of Doyle and Endress
(2010) by conducting molecular backbone analyses using maxi-
mum parsimony with the goal of phylogenetically placing selected
fossil flowers. The important difference in comparison to these ear-
lier studies is that we attempt to test phylogenetic hypotheses for
these fossil flowers on the basis of angiosperm-wide phylogenetic
analyses. Our main motivation for conducting such broad-scale
analyses is that it allows testing for the phylogenetic position of
a given fossil flower without having to rely on qualitative assess-
ments of its potential phylogenetic position within angiosperms.
Clearly, many scientific studies, particularly in evolutionary bi-
ology, are forced to work with qualitative approaches—and there
is nothing wrong with that. In paleontology, for instance, careful
comparative morphological analyses with the goal of assessing the
systematic position of fossil taxa have certainly proven their validity
in many instances. Nevertheless, we consider it important to strive
toward explicit and reproducible types of analyses whenever pos-
sible, as they can help to avoid some of the potential biases that
qualitative assessments may entail.

Our analyses make use of the updated version of a recently pub-
lished angiosperm-wide floral data set for 792 extant species rep-
resenting all but one order and 372 families (86%) of angiosperms,
which we originally compiled to infer ancestral floral structure
across the angiosperm tree (Sauquet et al., 2017). For the present
study, we have supplemented the original data set with additional
floral and pollen traits, now adding up to a total of 30 characters.

To demonstrate the potential of our approach, we scored and
analyzed a selection of 10 published Cretaceous flowers, and we
discuss the resulting phylogenetic hypotheses with respect to those
presented in earlier studies. In addition, we discuss the advantages
and challenges of our approach and point out possible further de-
velopments and improvements.

MATERIALS AND METHODS

Morphological data set

For the phylogenetic analyses in this study, we use the largest data
set of floral traits currently available, compiled from the PROTEUS
database (Sauquet, 2019). The original data set was assembled
within the eFLOWER initiative, an international collaborative proj-
ect aimed at answering key questions on flower evolution (Sauquet
etal.,, 2017). The data set contains floral trait data for 792 species (ex-
emplar approach), which were sampled to match the taxa of a recent
dated phylogeny of angiosperms (Magallén et al., 2015), represent-
ing 63 orders (all but one of the orders recognized in APG IV, 2016)
and 372 families (86%). As in Sauquet et al. (2017), we transformed
all characters, as they are scored in PROTEUS (primary characters),
into secondary characters for analysis by converting continuous
characters into discrete characters and by reducing the number
of character states of discrete characters (see Appendix S1 for the
full data set analyzed in this study, and Appendix S2 for details on
scoring philosophy). The original data set of Sauquet et al. (2017)
comprised data for 21 primary floral characters (13,444 data points
in total). For the present study, we have updated and expanded this



October 2020, Volume 107

data set in three ways. First, we have corrected some data and filled
in a number of gaps for previously included characters by consulting
additional sources, as part of our continued efforts to improve the
quality and completeness of this data set (e.g., Reyes et al., 2018;
Sauquet et al., 2018). In total, we have updated 190 records, deleted
70, and added 417 new records for the traits and species included in
our original data set (Sauquet et al., 2017). Second, we have added
six androecial and gynoecial characters (previously unpublished)
and two pollen characters (most of the data originally compiled for
Prieu etal., 2017). In total, these eight traits add 3926 new records to
our data set. Third, we have scored the same 29 primary characters
in 10 selected fossil species (see below), adding another 256 data
records to our data set. Thus, our new data set (hereafter “Paleo-
eFLOWER data set”) comprises a total of 17,973 data records, each
linked to an explicit source (1148 sources in total), all of which are
provided along with the final matrix in Appendix S1.

Contrary to our study focused on ancestral state reconstruction
(Sauquet et al., 2017), where we analyzed a total of 27 secondary
characters (some of them multiple versions of the same primary
character), we here limited ourselves to a single secondary char-
acter for each primary character because phylogenetic reconstruc-
tion requires all characters to be presumed independent. However,
we maintained two secondary characters derived from the “Number
of perianth parts” primary character because they are essentially
capturing different information (absence/presence of a perianth,
and number of perianth parts when present). As a result, the mor-
phological matrix used in this paper has a total of 30 characters.

In addition to the updates and expansion of the data set outlined
above, we have modified two characters compared to our original
study (Sauquet et al., 2017). First, we have simplified (and accord-
ingly rescored) the “floral sex” primary character, but retained the
same secondary character (for details, see Appendix S2). Hence,
this change affects only the structure of our updated raw data set,
not the analyses. Second, we have here opted for a different “peri-
anth differentiation” secondary character, treating all forms of
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differentiation, including weak or continuous, as a differentiated
perianth (Appendix S2). Analyses of the same data set with the
original secondary character yielded results remarkably similar and
congruent to those presented here, but we believe the new second-
ary character is more suited for future analyses of this dataset.

Our philosophy for scoring morphological data remains the
same as in our earlier paper using the original version of the dataset
(Sauquet et al., 2017). In connection with this, detailed information
on how we dealt with issues such as polymorphic data, missing data,
and continuous (quantitative) vs. discrete (qualitative) characters is
given in Appendix S2, which also contains adapted/complemented
definitions and explanations for all characters used in this study.

Selection of fossil flowers

Here, we infer the phylogenetic positions of 10 published fossil
flowers (listed in Table 1). We selected these fossils to represent
(based on the hypotheses presented in original studies) different
parts of the angiosperm tree (including early-diverging angio-
sperms, magnoliids, early-diverging eudicots, rosids, and asterids)
and different levels of information (the number of characters scored
per fossil ranges from a minimum of 12 in Chloranthistemon en-
dressii to a maximum of 29 (all but one character in our data set)
in Dakotanthus cordiformis and Paradinandra suecica; see Table 2).
In a few cases (e.g., some characters of Microvictoria svitkoana;
Gandolfo et al., 2004), we have interpreted and scored characters
differently than in the original paper in which the fossil was de-
scribed. We did this because of alternative and better-supported
interpretations of floral morphology published in later studies (for
details, see Results and Discussion). We provide all fossil data, each
record linked to an explicit source, along with the final morpholog-
ical matrix for extant species, in Appendix S1.

The 10 selected fossils cover a range of Cretaceous stages, from the
Albian to the Campanian (Table 2). We focus on the Cretaceous be-
cause flowers are abundant in this period and are very important for

TABLE 1. Information on fossil species included in phylogenetic backbone analyses.

References

Species

Type locality

Age

Type of preservation

Chloranthistemon endressii Crane,
Friis and Pedersen

Dakotanthus cordiformis (Lesq.)
Manchester, Dilcher, Judd and
Basinger

Kajanthus lusitanicus Mendes,
Grimm, Pais and Friis

Mauldinia mirabilis Drinnan, Crane,
Friis and Pedersen

Microvictoria svitkoana Nixon,
Gandolfo and Crepet

Paleoclusia chevalieri Crepet and
Nixon

Paradinandra suecica
Schénenberger and Friis

Spanomera mauldiniensis Drinnan,
Crane, Friis and Pedersen

Tylerianthus crossmanensis Gandolfo,
Nixon and Crepet

Virginianthus calycanthoides Friis,
Eklund, Pedersen and Crane

Crane et al. (1989); Eklund
etal. (1997)

Basinger and Dilcher (1984);
Manchester et al. (2018)

Mendes et al. (2014)

Drinnan et al. (1990)

Gandolfo et al. (2004)

Crepet and Nixon (1998a)

Schénenberger and Friis
(2001)

Drinnan et al. (1991)

Gandolfo et al. (1998)

Friis et al. (1994)

Asen, Hogands AB, Scania,
Sweden
Ottawa County, Kansas, USA

Chicalhdo (opencast clay
pit), Juncal, Portugal

West of Mauldin Mountain,
Elk Neck Peninsula,
Maryland, USA

Old Crossman Clay Pit,
Sayreville, New Jersey, USA

Old Crossman Clay Pit,
Sayreville, New Jersey, USA

Asen, Hoganas AB, Scania,
Sweden

West of Mauldin Mountain,
Elk Neck Peninsula,
Maryland, USA

Old Crossman Clay Pit,
Sayreville, New Jersey, USA

Puddledock, Hopewell,
Virginia, USA

Late Cretaceous (Late Santonian/
Early Campanian)

Mid-Cretaceous (Late Albian/Early
Cenomanian)

Early Cretaceous (Late Aptian/
Early Albian)

Mid-Cretaceous (Cenomanian)

Late Cretaceous (Turonian)

Late Cretaceous (Turonian)

Late Cretaceous (Late Santonian/
Early Campanian)

Late Cretaceous (Cenomanian)

Late Cretaceous (Turonian)

Early Cretaceous (Early or Middle
Albian)

Charcoalified/lignitized

Compression/
impression/casts and
molds

Charcoalified

Charcoalified/lignitized

Charcoalified
Charcoalified
Charcoalified

Charcoalified/lignitized

Charcoalified

Charcoalified
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TABLE 2. Overview of results from phylogenetic backbone analyses (MP = most parsimonious).

Number of Number of most
analyzed parsimonious positions Systematic (MP) placement Systematic placement according to

Species characters (of 30) (MP/MP+1) according to this study® earlier studies®

Chloranthistemon endressii 12 1/3 CG Chloranthaceae (Chloranthales) Chloranthaceae (Chloranthales); Eklund

etal. (2004, PA)

Dakotanthus cordiformis 29 23/118 CG Rosidae (including many MP “Basal lineage within Fabales” (Fabidae);
positions in Fabidae and Malvidae) Manchester et al. (2018)

Kajanthus lusitanicus 27 11/10 CG Ranunculales Lardizabalaceae (Ranunculales,
(Eudicotyledoneae), with several Eudicotyledoneae); Mendes et al. (2014)
MP positions in Lardizabalaceae
and Berberidaceae

Mauldinia mirabilis 24 9/13 CG Laurales (Magnoliidae), with Lauraceae (Laurales, Magnoliidae);

9 MP positions in the clade with Drinnan et al. (1990)

Lauraceae, Hernandiaceae, and Sister to a clade with Lauraceae and

Monimiaceae Hernandiaceae; Doyle and Endress
(2010, PA)

Microvictoria svitkoana 20 13/7 12 MP positions in CGs and Nymphaeaceae (Nymphaeales); Gandolfo
SGs of the ANA grade etal. (2004, PA)

(Amborellales, Nymphaeales, and
Austrobaileyales); 1 MP position
in CG Calycanthaceae (Laurales,
Magnoliidae)

Paleoclusia chevalieri 27 14/16 CG and SG of the clusioid clade Clusiaceae (Malpighiales, Fabidae); Crepet
(Malpighiales, Fabidae); 14 MP and Nixon (1998a, PA); Ruhfel et al.
positions, most in CG Clusiaceae (2013, PA)
and CG Hypericaceae

Paradinandra suecica 29 21/82 Numerous MP positions in CG Ericales (Asteridae); Schénenberger and
Ericales (Asteridae); additional MP Friis (2001)
positions in different clades of CG
Pentapetalae (e.g., Caryophyllales,

Malpighiales, and Dilleniales)

Spanomera mauldinensis 25 4/8 3 MP positions in CG and SG “Closely related to Buxaceae” (Buxales,
Buxales and 1 MP position in CG Eudicotyledoneae); Drinnan et al. (1991)
Gunnerales (Eudicotyledoneae) Sister to Buxaceae; Doyle and Endress

(2010, PA)

Tylerianthus crossmanensis 29 1/12 1 MP position in CG Saxifragaceae Hydrangeaceae (Cornales, Asteridae)

(Saxifragales, Superrosidae) or Saxifragaceae (Saxifragales,
Superrosidae) ; Gandolfo et al. (1998)
Virginianthus 23 3/18 3 MP positions in CG and SG “Stem group Calycanthaceae (Laurales,

calycanthoides

Calycanthaceae (Laurales,
Magnoliidae)

Magnoliidae)"; Friis et al. (1994)

“Stem relative of either Calycanthaceae
(including Idiospermum) or the
remaining Laurales”; Doyle and Endress
(2010, PA)

2 Only families mentioned in APG IV; CG = crown group, SG = stem group (i.e,, the stem node and all of its descendants exclusive of the crown group).

® PA = studies including a restricted phylogenetic analysis.

our understanding of the evolutionary history of angiosperms (Friis
et al,, 2011). At the same time, a systematic placement of such early
flowers is often particularly challenging because of their often mosa-
ic-like character combinations compared to extant taxa (Crepet et al.,
2004), and our angiosperm-wide approach promises to be particularly
useful for this type of fossil. It is clear, however, that the methods pro-
posed here can be applied to any angiosperm flower irrespective of
its age.

Phylogenetic analyses

We conducted molecular backbone analyses with parsimony us-
ing the phylogenetic tree of 792 taxa from Magallon et al. (2015)
and the expanded morphological data set of 802 taxa (792 ex-
tant + 10 fossils) described above. Specifically, we used the same
transformed version of the maximum clade credibility tree of

Magalldn et al. (2015) that we prepared for our previous study
(Sauquet et al., 2017; therein referred to as the “A tree series”),
whereby original chimeric tip names were converted into ex-
plicit exemplar species. In addition, we conducted sensitivity
analyses using four alternative backbones to test the impact of
phylogenetic uncertainty on our results. For this, we used the
corresponding maximum clade credibility trees from the B, C,
D, and E tree series reconstructed in our previous study (Sauquet
et al., 2017). These trees differ mainly in the relationships among
the main lineages of angiosperms, which remain in flux accord-
ing to data and analytical methods (e.g., One Thousand Plant
Transcriptomes Initiative, 2019), but also in some finer details
of relationships among families and orders that remain weakly
supported. Hence, they provide a reasonable initial assessment
of the sensitivity of our approach to future improvements in an-
giosperm phylogenetics. Although all of our backbone trees are
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dated and drawn as such (chronogram), branch lengths were not
used in the analyses presented here.

All analyses were performed in R (R Core Team, 2019) using a cus-
tom script relying on the package “phangorn” version 2.0.2 (Schliep,
2011) to compute unordered (Fitch) parsimony scores. Briefly, for each
fossil, we performed the following steps. The total number of possible
branching positions for any fossil on the extant phylogeny is 1582 (792
terminal branches + 790 internal branches). Each fossil taxon was suc-
cessively grafted onto each of the 1582 possible branches to obtain a
parsimony score for each of these locations (based on the 30 characters
in the dataset). To visualize the most parsimonious (MP) positions, the
entire tree was then colored according to a gradient based on the parsi-
mony score, with a high contrast for the lowest scores: black for MP posi-
tions, green for positions within one parsimony step of the MP position.
This approach is very similar to that of previous studies (e.g., Doyle et al,,
2008; Endress and Doyle, 2009; Sauquet et al., 2009), with the notable
exception that we exhaustively searched for all possible positions instead
of conducting a heuristic search in PAUP (Swofford, 2002), allowing
amore straightforward examination of the results (the outcome in terms
of MP positions and scores, however, is expected to be identical).

Our goal in this study was to evaluate the potential of the mo-
lecular backbone approach to perform a first “scan” of the possible
phylogenetic positions of a fossil across the entire phylogeny of an-
giosperms, and to test the behavior of our floral trait data set (with
its current sampling) for this purpose. For these reasons, we refer to
this approach informally as a “phyloscan.” Although this approach is
attractive in being simple and computationally very fast, we certainly
acknowledge that it has limitations. First, uncertainty in phyloge-
netic relationships among extant taxa is not taken into account, be-
cause we use a single fixed tree (but see sensitivity analyses outlined
above). Second, parsimony does not take branch lengths (or time)
into account; comparing parsimony inference with model-based ap-
proaches would be desirable. Lastly, by analyzing each fossil individ-
ually, we do not allow for the potential of reciprocal improvements
in phylogenetic placement accuracy through the combined interac-
tions of multiple fossil taxa with extant taxa (e.g., Manos et al., 2007;
Ronquist et al., 2012). However, none of these issues are simple, and
current total-evidence approaches entail other limitations, including
difficulty in extracting results and disentangling fossil placement
uncertainty from other sources of uncertainty, as well as the risk of
using overly simplistic models for morphological evolution (e.g.,
assuming that all characters are linked and evolve according to the
same symmetrical rate regime; Wright et al.,, 2016).

In addition to the data set and matrix (Appendix S1), we provide
the R script and electronic data files (including the backbone trees)
in an online public repository (https://github.com/eflowerproject/
paleoeflower). This will allow anyone to replicate the analyses we
did for this study or to test the phylogenetic position of any other
fossil flower by simply adding its floral characters to the data set and
running the backbone analysis.

RESULTS AND DISCUSSION

The fossil record plays an important role in reconstructing and un-
derstanding the evolutionary history of most organismal lineages—
including, of course, the angiosperms. However, the degree of utility
of any fossil in evolutionary research is directly related to the level of
accuracy and support for its hypothesized phylogenetic placement
among other taxa. The often highly fragmentary nature of the plant

Schonenberger et al.—Phylogenetic placement of fossil flowers « 1437

fossil record and the mosaic character combinations of many fossil
taxa compared to extant species (Crepet and Nixon, 1998b) make
the establishment of phylogenetic relationships a daunting task. In
the past, at least part of this process often relied solely on taxonomic
expertise and qualitative morphological comparisons. Our angio-
sperm-wide floral data set opens the way for direct, explicit, and
efficient phylogenetic analyses to test the phylogenetic position of
any crown group angiosperm flower. With this study, we show that
our approach is applicable to a variety of fossil flowers, with different
degrees of floral character preservation, and across different parts of
the angiosperm tree. Note that we originally built our data set for
extant taxa independently from the specific goals of this paper and it
is, therefore, free from any potential biases derived from the aim of
resolving the phylogenetic position of specific fossils.

Despite the limited number of characters used in our data set,
our angiosperm-wide phylogenetic analyses yielded mostly un-
equivocal results, with the total number of most parsimonious
positions per fossil ranging from 1 (C. endressii and Tylerianthus
crossmanensis) to 23 (D. cordiformis) (Table 2 and Figs. 1-4;
Appendix S3). However, the outcome in terms of comparison with
previously proposed placements differed markedly among fossils.
Seven of the 10 selected fossil flowers were found in positions that
have already been proposed in earlier studies (Chloranthistemon
endressii, Kajanthus lusitanicus, Mauldinia mirabilis, Paleoclusia
chevalieri, Spanomera mauldinensis, Tylerianthus crossmanensis,
and Virginianthus calycanthoides; Table 2). For one fossil, our
results clearly deviate from earlier hypotheses by suggesting al-
ternative positions (Microvictoria svitkoana). The remaining two
fossils (Dakotanthus cordiformis and Paradinandra suecica) were
found in various positions distant from each other, including the
stem branches of very large clades. In the following sections, we
detail our findings for four of the 10 fossil species that we have
included in our analyses. The remaining six species are dealt with
in the Supplemental Data (see Appendix S3).

Chloranthistemon endressii

Chloranthistemon endressii was originally established on the
basis of a few charcoalified or lignitized three-lobed androecia
and androecial fragments from Late Santonian/Early Campanian
sediments in southern Sweden (Crane et al., 1989). Later, more
complete specimens including gynoecial organs where recovered
from the same locality (Eklund et al., 1997). Because the flow-
ers of C. endressii have no perianth, our data set for this spe-
cies comprises only 12 characters scored for the androecium and
gynoecium characters (Appendix S1). In spite of the relatively
low number of characters, our analysis places C. endressii with
a single MP position unequivocally within Chloranthaceae (Fig.
1). Chloranthistemon endressii shares with Chloranthaceae a
unique combination of floral traits, including the absence of a
perianth, extensive connective tissue, and valvate anther dehis-
cence (Friis et al., 2011). The peculiar three-lobed androecium
attached to the upper part of the ovary (a feature not included
in our data set) of C. endressii closely resembles that of an ex-
tant representative of the genus Chloranthus, and a previous phy-
logenetic analysis focused on extant and fossil Chloranthaceae
(Eklund, 1999) placed C. endressii in a nested position among
extant Chloranthus species. Similarly, the phylogenetic analyses
by Doyle and Endress (2018), which are based on a taxon sam-
ple spanning early-diverging angiosperms and early-diverging
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FIGURE 1. Results for Chloranthistemon endressii from angiosperm-wide molecular backbone analyses using maximum parsimony, based on 12 floral
characters that could be scored for this fossil (of 30 secondary characters in the data set). The backbone tree (circular chronogram) is a transformed
version of the maximum clade credibility tree from Magallén et al. (2015), and the floral morphological data set for the 792 extant taxa is an updated
version of the data set from Sauquet et al. (2017). Black branches in trees (circular tree and scaled-up partial tree on the right) indicate most parsimo-
nious (MP) positions; green branches indicate positions that are one step less parsimonious (MP+1). A gradient from yellow to gray branches indicates
positions three or more steps less parsimonious. The same color coding applies to the legend in the lower left, indicating the number of most and
less parsimonious positions. The drawing in the lower right shows the three-lobed androecium of C. endressii (reproduced from Friis et al., 2011, with
permission of Cambridge University Press). The position of Chloranthaceae is indicated by an orange bar in the circular chronogram. The concentric
circles superimposed on the chronogram indicate a time scale with intervals of 20 million years, with the age of the most recent common ancestor of
all angiosperms in the center of the figure set to 139.4 million years according to Magallén et al. (2015). The pink circle indicates the approximate age

of C. endressii according to Crane et al. (1989).

eudicots, place Chloranthistemon most parsimoniously on the
stem of Chloranthus. In our analysis, the most parsimonious
position of C. endressii corresponds with the terminal branch of
Sarcandra chloranthoides rather than with the representative of
the genus Chloranthus, C. japonicus, in our data set. This may be
explained by the low sampling density of Chloranthaceae in our
data set (one species from each of the four extant genera) and the
absence of Chloranthaceae-specific traits such as “persistent cup-
shaped floral bract” or “androecium-lobation” (Eklund, 1999;
Eklund et al., 2004). In spite of the lack of any such traits, our an-
giosperm-wide approach largely agrees with earlier phylogenetic
analyses of C. endressii.

Dakotanthus cordiformis

Dakotanthus cordiformis was first described only informally
(Basinger and Dilcher, 1984) and was long referred to as the “Rose
Creek flower” (e.g., Schonenberger and von Balthazar, 2006),
based on the Mid-Cretaceous “Rose Creek” locality in Nebraska,
from which numerous specimens were collected over the years.
A formal description was published only recently (Manchester
etal., 2018), combining the original material with fruit specimens
that had been published much earlier under now synonymized
names such as Carpites cordiformis and Nordenskioldia borea-
lis (Lesquereux, 1892). The holotype of D. cordiformis is an iso-
lated fruit valve from a locality in Ottawa County, Kansas, USA
(Manchester et al., 2018). However, the species description is
based on numerous flowers, flower fragments, and fruits pre-
served as compressions, impressions, and sandstone casts recov-
ered at multiple localities from the mid-Cretaceous (late Albian to
early Cenomanian) Dakota Formation, which represents deposi-
tion along the eastern margin of the North American Cretaceous
Epicontinental Seaway (Manchester et al., 2018). Although the
quality of preservation of individual specimens is relatively low
(compared to charcoalified fossils), the high number of spec-
imens has allowed for a detailed reconstruction of floral mor-
phology, and we were able to run our analysis with all but one
of the 30 floral characters in our data set (i.e., all except number
of ovules; Appendix S1). Our analysis identifies relatively many
(23) MP positions for D. cordiformis (Fig. 2). However, MP po-
sitions are clearly restricted to the rosid clade. The flowers of D.
cordiformis display a combination of traits that we have inferred
as ancestral for Pentapetalae (Sauquet et al., 2017) and that have
remained common in Rosidae (pentamery, a differentiated peri-
anth, free petals, a diplostemonous androecium with tricolpo-
rate pollen grains, a syncarpous gynoecium with five carpels).
However, given that all of these characters are widespread across

the Rosidae and that most major rosid clades lack clear struc-
tural synapomorphies (Endress and Matthews, 2006; Soltis et al.,
2018), it is not surprising that earlier hypotheses have associated
D. cordiformis with different rosid lineages (Basinger and Dilcher,
1984; Richardson et al., 2000; Calvillo-Canadell and Cevallos-
Ferriz, 2007). The latest and most complete interpretation of the
floral morphology and phylogenetic position (without explicit
phylogenetic analysis) of D. cordiformis points out similarities
with flowers of the extant family Quillajaceae in the order Fabales
(Manchester et al., 2018). In particular, the authors suggested two
potential synapomorphies (crescent-shaped nectary lobes and
stamen positioning at nectary pads and sinuses) shared between
the single extant genus Quillaja and D. cordiformis. It is notewor-
thy that while our data set does not comprise these two charac-
ters, our analysis still identifies Quillajaceae and other fabalean
branches as possible MP positions of D. cordiformis (Fig. 2). Our
analysis, therefore, agrees with Manchester et al’s (2018) state-
ment that D. cordiformis may represent a “basal lineage within
the Fabales” However, our analysis identifies a few more MP po-
sitions in Rosales (also part of fabids) and in Sapindales (malvids)
and highlights the need for future comparative work on this fossil
taxon.

Microvictoria svitkoana

Microvictoria svitkoana is based on a few charcoalified flowers from
Turonian sediments in New Jersey, USA (Gandolfo et al., 2004).
The specimens are very well preserved and we were able to score 20
characters in our data set (several characters, including the number
of organ whorls and merism of perianth and androecium, are inap-
plicable because the flowers have spiral phyllotaxis). Microvictoria
svitkoana has numerous floral organs, and the organization and
construction of the flowers are highly complex. Because of this and
the lack of cross sections or tomographic analyses in the original
study describing the flowers (Gandolfo et al., 2004), some of M. svit-
koana’s floral traits are difficult to establish and the original inter-
pretation of its floral structure has partly been questioned (Endress,
2008; Friis et al., 2009, 2011; Doyle and Endress, 2014). On the basis
of Endress (2008), and after carefully reviewing additional images
of the fossil that are provided on the website of the Herbarium of
the L.H. Bailey Hortorium at Cornell University (http://tcf.bh.corne
ll.edu/), we have interpreted and scored (see Appendix S1) some of
the floral traits of M. svitkoana differently from the original descrip-
tion by Gandolfo et al. (2004). In particular, we have scored ovary
position as superior (interpreted as inferior by Gandolfo et al., 2004;
but see Doyle and Endress, 2014), anther attachment as basifixed
(not described in Gandolfo et al., 2004), anther connective with
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FIGURE 2. Results for Dakotanthus cordiformis from angiosperm-wide molecular backbone analyses using maximum parsimony, based on 29 floral
characters that could be scored for this fossil. The color coding, the time scale superimposed on the circular chronogram, and the sources of the back-
bone tree and morphological data set of extant taxa are as in Figure 1. The drawing in the lower right shows the pentamerous flower of D. cordiformis
(reproduced from Manchester et al., 2018, with permission of De Gruyter). The position of the order Fabales is indicated by an orange bar in the circular
chronogram. The pink circle indicates the approximate age of D. cordiformis according to Manchester et al. (2018).

long extension (not described in Gandolfo et al., 2004), and the gy-
noecium as apocarpous (no clear interpretation in Gandolfo et al.,

2004).

Gandolfo et al. (2004) included M. svitkoana in a phyloge-
netic analysis, in which it resulted in a clade with the extant
Nymphaeaceae genera Euryale, Nymphaea, and Victoria. However,
as pointed out by Yoo et al. (2005) and Doyle and Endress (2014),
the analysis of Gandolfo et al. (2004) could not test the hypothesis

that M. svitkoana belonged to any other angiosperm clade because
the taxon sampling of that analysis was restricted to Nymphaeales
(not including Hydatellaceae at that time). Our angiosperm-wide
phylogenetic analysis of M. svitkoana finds 12 MP positions
among members of the ANA grade (Amborellales, Nymphaeales,
Austrobaileyales). Importantly, none of these 12 MP positions be-
longs to the clade with Cabombaceae and Nymphaeaceae. An ad-
ditional MP position is present in Calycanthaceae in the magnoliid
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FIGURE 3. Results for Microvictoria svitkoana from angiosperm-wide molecular backbone analyses using maximum parsimony, based on 20 floral
characters that could be scored for this fossil. The color coding, the time scale superimposed on the circular chronogram, and the sources of the back-
bone tree and morphological data set of extant taxa are as in Figure 1. The drawing in the lower right shows a reconstruction of the complex flowers
of M. svitkoana (reproduced from Crepet et al., 2004, with permission of Wiley). The positions of the ANA grade (Amborellales, Nymphaeales, and
Austrobaileyales) and of Calycanthaceae (Laurales), respectively, are indicated by orange bars in the circular chronogram. The pink circle indicates the
approximate age of M. svitkoana according to Gandolfo et al. (2004).
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order Laurales (Fig. 3). Endress (2008) and Doyle and Endress
(2014) hypothesized that the phylogenetic position of M. svit-
koana is most likely not with Nymphaeaceae and not even with
Nymphaeales, albeit without suggesting any alternative position. A
phylogenetic placement among ANA-grade lineages, as suggested
here, seems plausible given the spiral floral organization and the
laminar stamens of M. svitkoana. Both of these characters are wide-
spread within the ANA grade. However, a closer relationship of M.
svitkoana with the Nymphaeceae, as suggested by Gandolfo et al.
(2004), seems unlikely, given clear differences in floral phyllotaxis
(Nymphaeaceae and Cambombaceae both have whorled flowers)
and other floral traits (see also Endress, 2008; Friis et al., 2011). To
place M. svitkoana in a position in Nymphaeaceae would require
several more steps than the MP positions suggested here. A close
relationship to Calycanthaceae has, to our knowledge, not been
suggested so far. Such a relationship is supported by various flo-
ral traits, including a floral cup with tepals and stamens placed on
its rim (not scored in this study), relatively high numbers of spi-
rally arranged perianth organs and stamens, inner staminodes (not
scored), and the presence of a sheltered floral chamber (e.g., in ex-
tant Idiospermum [Worboys and Jackes, 2005] and Sinocalycanthus
[Staedler et al., 2007], not scored).

It is not yet possible to draw a final conclusion on the phyloge-
netic relationships of M. svitkoana. Its flowers are highly complex
and its floral organization and construction, in particular with re-
spect to the gynoecium, are still not sufficiently well understood. We
hope that our analyses will inspire further morphological investiga-
tions of these fossil flowers. Modern tomographic analyses would
certainly help clarify many of the remaining issues and allow for
a more detailed comparison with Calycanthaceae and other extant
and fossil taxa.

Spanomera mauldinensis

Spanomera mauldinensis is based on series of charcoalified or lig-
nitized inflorescence fragments, flowers, and dispersed floral organs
extracted from mid-Cretaceous (early Cenomanian) sediments at
the Mauldin Mountain locality in North America (Drinnan et al.,
1991). Floral structure is well understood and we were able to an-
alyze 25 of the 30 floral characters in our data set (Appendix S1).
Our analysis identifies four MP positions, three MP positions in
Buxales and one in Gunnerales for S. mauldinensis (Fig. 4). The
unisexual and basically dimerous flowers (seemingly pentamerous
specimens such as the one shown in Figure 4 are also interpreted as
dimerous, but with two organs instead of one in the adaxial position
of one of the tepal whorls and one of the stamen whorls, respec-
tively; Drinnan et al., 1991) of S. mauldinensis are closely similar
to those of extant Buxaceae (von Balthazar and Endress, 2002)
and, accordingly, were suggested to be closely related to Buxaceae
when first described (Drinnan et al., 1991). Next to Buxaceae, the
latter study also pointed out similarities between Spanomera and
Myrothamnaceae, a family now included in Gunnerales. A phylo-
genetic analysis focused on basal angiosperms (also including basal
eudicots, but not Gunnerales) also supported a close relationship of
Spanomera with extant Buxaceae and, in addition, suggested possi-
ble relationships to Trochodendrales, another lineage among basal
eudicots (Doyle and Endress, 2010). Trochodendrales, Buxales, and
Gunnerales are successive sister groups to the remainder of the
eudicots (i.e., to the Pentapetalae; Soltis et al., 2011; Ruhfel et al.,
2014; APG 1V, 2016). Based on the results of our analysis, the age
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of S. mauldinensis (~100 million years; Drinnan et al., 1991), and
the estimated crown group ages of Buxales and Gunnerales (me-
dian ages 85.1 and 104.6 million years, respectively; Magallon et al.,
2015), there are three plausible hypotheses for the phylogenetic
position of S. mauldinensis. It may either belong to a separate but
now extinct lineage among early-diverging eudicots, it may belong
to the stem lineages of either Buxales or Gunnerales, or it may even
be part of either crown group. A data set with denser taxon sam-
pling among basal eudicots and additional traits that are particu-
larly informative in this part of the angiosperm tree (e.g., additional
pollen characters, stigma shape, fruit type, and inflorescence char-
acters; see Drinnan et al., 1990; Doyle and Endress, 2010) might
help to fine tune hypotheses on the exact phylogenetic placement
of S. mauldinensis.

GENERAL DISCUSSION

Benefits of the Paleo-eFLOWER approach

In addition to introducing a useful and easy-to-handle tool that can
be incorporated into the process of placing fossil flowers within
the phylogenetic framework of the angiosperms, our phyloscan ap-
proach offers several other advantages. First, it allows for the pos-
sibility of highlighting potential assignments to deep branches in
the phylogeny, which are in accordance with the Cretaceous age of
the fossils tested here, rather than crown group families and orders.
Hence, the capability of a method to relate fossils to internal, deeper
branches (and their character combinations) in a phylogeny may
allow for a more comprehensive discussion of relationships and
characters going beyond a comparison with only extant (terminal)
taxa. However, we caution against a direct comparison of fossil age
with estimated ages of the nodes defining branches with most par-
simonious positions as an acceptable measure of plausibility. This is
because of (1) the risk of circularity (many of the early fossil records
considered here have been used as calibration points to produce
time trees), (2) the large uncertainties remaining in divergence times
across the phylogeny of angiosperms, and (3) the related unsolved
question of the crown-group age of angiosperms (Magallon et al.,
2015; Foster et al., 2017; Barba-Montoya et al., 2018; Coiro et al,,
2019). Only integrated approaches estimating fossil relationships
simultaneously with divergence times based on combined morpho-
logical and molecular data sets (i.e., “tip-dating” or “total-evidence
dating” analyses; e.g., Ronquist et al., 2012; Gavryushkina et al.,
2017) provide a satistying avenue to allow fossil age to contribute to
the reconstruction of fossil relationships.

Second, angiosperm-wide analyses such as ours allow not
only for an explicit test of phylogenetic relationships, but also for
the simultaneous identification of alternative, equally or perhaps
somewhat less parsimonious positions for any given fossil (e.g.,
Dakotanthus cordiformis, Fig. 2; Microvictoria svitkoana, Fig. 3;
and Paradinandra suecica, Appendix S3; see also Appendix $4 for a
compilation of all phyloscan trees). Such potential alternative posi-
tions may easily be missed without such a broad-scale phylogenetic
approach, but may be helpful for identifying additional taxa that
could be considered in comparative morphological investigations
of a given fossil and potential extant relatives.

Third, due to incomplete preservation and taphonomic trans-
formation of fossils, the interpretation of some characters is likely
to be difficult and equivocal in many cases, which suggests the
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desirability of testing the influence of alternative character scorings
(e.g., Doyle et al., 2008) or of alternative subsets of characters (e.g.,
von Balthazar et al., 2008) on phylogenetic analyses. Likewise, the
discovery of additional specimens of a fossil taxon or alternative
interpretations based on new investigations (e.g., D. cordiformis;
Manchester et al., 2018) might make it desirable to adapt earlier
scorings and to rerun phylogenetic analyses at a later stage. Our
approach, with a flexible data set and database (PROTEUS), in
which each data record is unequivocally referenced (Sauquet et al.,
2017; Sauquet, 2019), makes it easy to replicate and verify any part
of the analyses. This open and transparent approach to which the
eFLOWER initiative is committed has already proven fruitful in
allowing constructive discussion and further improvement of the
data set (Sauquet et al., 2017, 2018; Sokoloff et al., 2018).

Impact of phylogenetic uncertainty

Broad-scale phylogenomic analyses (e.g., One Thousand Plant
Transcriptomes Initiative, 2019) and other molecular phylogenetic
studies focusing on particular subclades of angiosperms with much
denser taxon sampling (e.g., Ericales; Rose et al., 2018) have shown
that some higher-level relationships are still not well supported
and might change in future studies. To assess the potential impact of
how such future improvements in angiosperm phylogenetics might
affect the outcome of this study, we repeated all analyses using
four alternative molecular backbones derived from our previous
study (Sauquet et al., 2017). Our results summarized in Appendix
S5 indicate remarkable robustness across the five backbones. For
instance, the number and location of MP positions remained un-
changed in five fossils (albeit with slight variations in the number of
MP+1 positions in three of these fossils). For the remaining fossils,
we observed variations in the number of MP positions, but their
location in the phylogeny of angiosperms remained entirely con-
sistent across backbones. These results are consistent with previous
work using a similar approach (e.g., Doyle & Endress, 2010) and of
comparable robustness as ancestral state reconstructions of floral
traits using a similar data set and the same five trees in our previ-
ous study (Sauquet et al., 2017). They suggest that the information
content in the floral traits used here, and their phylogenetic pattern
of variation among angiosperms, is sufficient for a reliable initial
assessment of potential relationships using the phyloscan approach.
While we consider these results very encouraging, we caution that
these tests do not capture the full breadth of phylogenetic uncer-
tainty that remains across angiosperms. Hence, additional work will
be required, including total-evidence analyses (e.g., Manos et al.,
2007), which are well suited for this purpose.

Clade-specific analyses based on the Paleo-eFLOWER data set

Once an initial angiosperm-wide phyloscan analysis has been con-
ducted and has helped identify a particular angiosperm subclade (an
order or a clade with several orders) as the most likely phylogenetic
“home” for a given fossil, it might be advisable to build a clade-spe-
cific data set (or use an existing one) with denser taxon sampling
and additional, clade-specific characters, with the goal of placing the
fossil more accurately within that clade. Furthermore, while such
clade-focused data sets may be built entirely independently from
the angiosperm-wide data set presented here, we propose that us-
ing the PROTEUS and eFLOWER framework to develop such data
sets would not only allow one to build on existing data (where taxa

and characters overlap), but, in turn, would also contribute toward
a much more densely sampled angiosperm-wide data set that will
allow improved future phyloscan analyses. Although the PROTEUS
database is not yet directly accessible, it is our aim to make it open
to all in the future.

Current limitations and future challenges for Paleo-eFLOWER

The need for more focused, clade-specific data sets and analy-
ses mentioned above also reflects some of the limitations of our
current data set. In accordance with our original goal to recon-
struct character evolution across angiosperms as a whole (Sauquet
et al., 2017), we have restricted character selection to characters
that are broadly applicable and meaningful across angiosperms.
Accordingly, most of the characters correspond to basic parame-
ters of floral organization (sensu Endress, 1996), such as the basic
structure, the number, and the arrangement of floral organs. We
have not included characters at the level of floral construction and
floral mode (e.g., size and shape of flowers and flower organs, indu-
mentum). These characters tend to be highly variable even among
closely related taxa and therefore provide very limited phylogenetic
signal for sparsely sampled angiosperm-wide analyses. This means
that our phyloscan analyses do not make use of the full breadth
of morphological information available for some of the fossils.
For instance, for various Cretaceous taxa referred to the asterid
order Ericales, peculiar peltate or likely glandular, multicellular
trichomes have been described—for example, in Glandulocalyx
(Schonenberger et al., 2012), Parasaurauia (Keller et al., 1996),
Rariglanda (Martinez et al., 2016), Raritaniflora (Crepet et al.,
2013), and Teuschestanthes (Crepet et al., 2018). Because there are
currently no indumentum characters in our data set, our analyses
cannot make use of these potentially phylogenetically informa-
tive characters. Likewise, among the many fossil flowers from the
Cretaceous presumably related to magnoliid order Laurales—for
example, Cohongarootonia (von Balthazar et al., 2011), Lauranthus
(Takahashi et al., 2001), Mauldinia (Drinnan et al., 1990; Viehofen
etal., 2008), and Neusenia (Eklund, 1999)—the presence or absence
of nectariferous glandular appendages on the stamen filaments is
a key character that has been shown to be parsimony informative
within the clade Lauraceae (von Balthazar et al., 2011) and should
be part of any phylogenetic analysis focused on Lauraceae and the
order Laurales as a whole. Further room for improvement in our
data set pertains also to entire character complexes, such as features
of the pollen wall, the fruit, and the seed coat, which are readily
observable in many fossil taxa (Friis et al., 2011) and are also poten-
tially informative across broader taxonomic groups.

Another, perhaps less obvious limitation of our data set per-
tains to the fact that it only includes characters states of extant
taxa and, therefore, cannot consider any extinct character states—
that is, states found only in a now extinct lineage, such as the
unique, cladode-like inflorescence units of Mauldinia (Drinnan
et al., 1990), which are not present in any extant representative
of the Lauraceae (Friis et al., 2011). Accordingly, fossils that are
part of completely or largely extinct lineages (and therefore also
with many potentially extinct features) may be problematic to
place with our approach, which could produce incorrect, poten-
tially misleading results in these circumstances. At the same time,
there is thus far no widely accepted, formally named extinct fam-
ily or order of angiosperms that is clearly distinct from all extant
families and that includes more than one or two fossils. This is
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in stark contrast with the fossil record of non-angiospermous
seed plants, where many extinct higher taxa (e.g., Bennettitales,
Caytoniales, Glossopteridales) that are clearly distinct from any
extant seed plant lineage have been described (Doyle, 2006, 2018;
Rothwell et al., 2009; Friis et al., 2011). The apparent lack of simi-
larly distinct cases within the crown group of angiosperms might
be a descriptive bias (see Sauquet and Magallén, 2018) but also
suggests that there is not yet any strong evidence that such a large,
entirely extinct, morphologically distinct clade of angiosperms
ever existed. Among the 10 fossils that we have included in this
study, there is no clear-cut case of a fossil that might be part of
such an extinct lineage. Even if this type of limitation in our ap-
proach is currently rather speculative, we believe that this needs
to be kept in mind during future analyses.

A final limitation of our current analyses has to do with our
sampling of extant taxa and is linked with the issue of missing
characters or character states raised just above. Our data set cur-
rently comprises data for 792 extant species representing all but
one of the 64 currently recognized angiosperm orders (according
to APG 1V, 2016), but only 372 (~86%) of the 435 families (ac-
cording to Stevens, 2001, onward; see also Sauquet et al., 2017).
Even if our data set is focused on characters of floral organiza-
tion, which tend to be relatively stable across larger lineages, it
is still possible that our data set misses crucial aspects of floral
diversity in parts of the angiosperm tree that are currently under-
represented (but see below).

CONCLUSIONS AND PERSPECTIVES

In summary, the present study, which makes use of a carefully com-
piled and curated angiosperm-wide data set of floral characters,
allows testing hypotheses on the relationships of fossils through
comprehensive phylogenetic analyses. In our view, this is a crucial
step forward in our attempts to integrate knowledge of extant and
extinct angiosperms and their flowers (see also Friis et al., 2011;
Sauquet and Magall6n, 2018). This approach not only allows for re-
producible tests on the phylogenetic position of fossil flowers, but
will also ultimately contribute to a better understanding of extant
floral morphology and the evolutionary history of angiosperms in
general. The next step in the development of Paleo-eFLOWER, on
which we are now working, is to alleviate the current potential lim-
itation of our taxon sampling.

We are well aware of the possibility that our proposed phylos-
canning approach may seduce people to draw premature system-
atic conclusions. Therefore, we would like to stress here that any
phylogenetic analysis intended to place a fossil taxon needs to be
preceded by a careful morphological investigation and descrip-
tion of the fossil specimens at hand and be followed by an equally
careful comparison of the fossils with their hypothesized closest
extant and extinct relatives, taking into account all the characters
that are available. If such a course of action is followed, we are
convinced that our phyloscan approach will provide a most use-
ful, objective tool that allows the formulation of novel hypotheses
on the phylogenetic position of fossil flowers. A particularly fruit-
ful use of our approach may be to apply it to fossils that have no
obvious position on first sight. This seems to be especially the case
for fossils with likely affinities to the eudicots (e.g., Dakotanthus
cordiformis and Paradinandra suecica). The sheer size and the
overwhelming morphological diversity of the eudicot clade (e.g.,
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Endress, 2010) make it very difficult to systematically place fossils
solely on the basis of qualitative character comparisons among a
few selected taxa or even the use of restricted phylogenetic analy-
ses. Broad-scale analyses such as the ones we propose here might
help to develop sound and well-supported hypotheses even for
difficult fossils.
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