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Florivory (flower consumption) occurs worldwide in modern angiosperms,
associated with pollen and nectar consumption. However, florivory remains
unrecorded from fossil flowers since their Early Cretaceous appearance. We
test hypotheses that earliest angiosperms were pollinated by a diverse insect
fauna by evaluating 7858 plants from eight localities of the latest Albian
Dakota Formation from midcontinental North America, in which 645 speci-
mens (8.2%) were flowers or inflorescences. Well-preserved specimens were
categorized into 32 morphotypes, nine of which displayed 207 instances of
damage from 11 insect damage types (DTs) by four functional-feeding
groups of hole feeding, margin feeding, surface feeding and piercing-and-
sucking. We assessed the same DTs inflicted by known florivores on
modern flowers that also are their pollinators, and associated insect mouth-
part types causing such damage. The diverse, Dakota florivore—pollinator
community showed a local pattern at Braun’s Ranch of flower morphotypes
4 and 5 having piercing-and-sucking as dominant and margin feeding
as minor interactions, whereas Dakotanthus cordiformis at Rose Creek I
and I had an opposite pattern. We found no evidence for nectar robbing.
These data support the rapid emergence of early angiosperms of florivore
and associated pollinator guilds expressed at both the local and regional
community levels.

1. Introduction

Flowers are the most successful plant reproductive structures ever to evolve
on land [1] and angiosperms (flowering plants) presently are the most abun-
dant and diverse clade of vascular plants [2], currently consisting of over
369000 described species [1]. This lineage probably originated very early
during the Cretaceous, with robust molecular phylogenies placing the origins
of the clade at 139.35-136 Ma [3]. This timing is consistent with the earliest
documented appearance of angiosperm pollen around 136 Ma [4] and earliest
known intact flowers at 125 Ma, from the Early Cretaceous of northeastern
China [2,5]. The best documented and earliest known bisexual flower, the
‘Rose Creek Flower’, from the Early Cretaceous Dakota Formation of the
United States, examined in this report, is approximately 103 million years
(103 Ma) in age [6,7]. Despite the long and sporadic record of fossil flowers
and given the abundance and diversity of Dakota Formation flowers, the
time is propitious for examination of insect florivory (electronic supplementary
material, text S1), which is the consumption of flowers prior to seed coat for-
mation [8], and associated pollination in probably the earliest angiosperm
deposit conducive to such an assessment. Such an evaluation could provide a
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better understanding of the role that mutualisms and antag-
onisms of angiosperms, effected by their insect pollinators,
had on their joint diversification [9].

Here, three hypotheses are posed that we seek to test in
our study of Dakota Formation flowers and inflorescences.
The first hypothesis is ‘general features of insect florivory and
related pollination, as measured by damage patterns on Dakota
flowers, are very similar or the same as those made by modern
florivores’. The second hypothesis is ‘major taxonomic groups
of insect florivores and pollinators from the Dakota Formation are
very similar or the same as those of today’. The third, more
focused, hypothesis is ‘nectar robbing was present on Dakota
flowers’. By addressing these three hypotheses, we place this
study in a broader context of Cretaceous angiosperm pollina-
tion and provide a glimpse into early angiosperm florivory
and associated pollination about 30 million years after the
earliest appearance of angiosperms.

2. Material and methods

(a) The Dakota formation

All compression or impression specimens of flowers and other
reproductive material (heretofore termed flower specimens)
described in this report were collected from the Dakota Formation
of midcontinental United States at eight localities, each bearing a
flora of mid-Cretaceous (latest Albian to earliest Cenomanian)
age [7], equivalent to approximately 104-97 Ma [10], depending
on the locality (electronic supplementary material, figure S1 and
table S1). Flower specimens were collected during the 1970s and
1980s by D. Dilcher and colleagues and are stored at the Florida
Museum of Natural History, in Gainesville, Florida. The localities
are distributed along a younger to older north-northeast to
south-southwest transect [11] (electronic supplementary material,
figure S1). The localities were deposited along the eastern coast of
the North American Mid Cretaceous Seaway that extended from
the Gulf of Mexico to the Canadian Arctic [12,13].

Lithological facies within the Dakota Formation are domi-
nated by shales and sandstones of the upper Janssen Clay
Member and subjacent claystones of the lower Terra Cotta Clay
Member [11,13]. Dakota depositional environments are rep-
resented by brackish estuaries, freshwater swamps, low energy
channels, floodplain ponds and ox-bow lakes (electronic sup-
plementary material, table S1). These biotic environments
consisted of humid forests and woodland [11,13]. The Rose
Creek I locality, where most of the flowers were deposited, rep-
resented a mangal-like marsh similar to extant communities in
southeast Asia [14].

(b) Dakota formation floras

Dakota Formation floras occur in a northeastern to southeastern
trend at Courtland, Minnesota; Pleasant Dale, Nebraska (NE);
Rose Creek I and II, NE; Braun’s Ranch, Kansas (KS); Linnenberger
Brothers” Ranch, KS; Acme Brick Quarry, KS; and Hoisington, KS
[11] (electronic supplementary material, figure S1). Known vascu-
lar plant species diversity throughout the Dakota localities consists
of 134 species. An earlier conservative estimate is 150-200 angio-
sperm species/morphotypes present in the Dakota Formation, as
there is less than 25% species overlap between any two localities
[6,7,11,15-18] (electronic supplementary material, table S1).
Previous occasional descriptions of flowers, inflorescences, infruc-
tescences and fruits are known from several studies [7,19,20], yet
affiliations of vegetative taxa with reproductive taxa remain largely
unknown, although a few mostly wind-pollinated flowers, are
associated with vegetative material that have been described
[21]. Except for one locality, localities with higher abundance and

diversity of foliage also appear to have a higher diversity and
abundance of floral morphotypes (electronic supplementary
material, figure S2 and table S1). (In this report, we use the
term, floral, to refer to a flower, and not a bulk flora involving
principally foliage.)

The only described and best-known flower from the Dakota
Formation is Dakotanthus cordiformis [7]. This flower has five, cres-
cent-shaped, nectariferous pads that occur at the base of the
gynoecium, each of which is aligned with a sepal. Dakotanthus,
the most abundant morphotype in our dataset, is a member of
the Rosidae 1 clade [7] and apparently very similar to a modern
taxon with a lobed nectary disc. Other Dakota flower morphotypes
show poor development or apparent absence of nectaries or
nectary-like structures. However, leaf taxa occurring in the same
localities as the unaffiliated Dakota flowers and infructescences
have been assigned to extant families within Austrobaileyales,
Chloranthales, Canellales, Magnoliales, Laurales and Rosidae 1
[15], which share a common pattern of fluid rewards for polli-
nating insects [22]. This pattern consists of: (i) staminoidal
appendages (sterile stamens) that produce at their base glandular
secretions of nectar-like fluids, mucilage, or “viscous substances’;
(i) nectariferous glands at the base or tips of fertile stamens;
(iii) stigmas that secrete nectar-like substances, usually at their
tips; (iv) nectar secreting, parenchymatous tissue on the adaxial
surfaces of petals or sepals; and (v) large, substantive glands at
the base of stamens that would qualify as true nectaries [22].
From these observations, it is highly likely that Dakota flower mor-
photypes produced nectar or other secretory, nectar-like fluids that
attracted insect florivores and pollinators.

(c) Identification of insect-damaged flowers and
possible culprits

The collection of florivory data is analogous to data for foliage or
other vegetative organs and follows the same system of evaluating
plant—insect associations [23], extensively used in fossil herbivory
studies [24]. This system uses the functional-feeding group (FFG)-
damage type (DT) system in which the overarching unit of herbiv-
ory is the FFG, examples of which are hole feeding, margin
feeding, surface feeding and piercing-and-sucking for Dakota
flower damage. Each FFG encompasses several or more DTs,
which are the basic units of damage for fossil herbivory studies.
A DT may be used in three ways. First, a DT may be used in
terms of DT richness, referring to the kinds of DTs present; or as
DT occurrences, as in the individual instances of damage of on a
leaf; or as a formal name, such as DT405, which is a defined, specific
mode of margin feeding damage. Details of photodocumentation
and statistical methods are given in the electronic supplementary
material, text S2. For Dakota plants, previous assessments of
herbivory involved almost entirely mining damage on leaves
[25-27]. However, Dakota plants, similar to amber deposits
[28,29], provide considerable indirect evidence for flower—insect
associations in the fossil record.

(d) Distinguishing florivores and pollinators

Insect visitors to flowers are of two fundamental groups, florivores
and pollinators [30]. Not all florivores are pollinators and not all
pollinators are florivores, and the relationships between these
two ecological guilds are complex [8]. Florivores typically leave
damage on flowers, overwhelmingly on petals [31], often resulting
in negative interactions [32]. However, some florivore interactions
are neutral or even positive [31,33], as petals occasionally contain
nutritive or highly scented tissues designed for consumption by
florivores as pollinators [34,35]. Florivory can be a form of preda-
tion if plant embryonic tissues are destroyed before the opening
of the flower, or if there is the consumption of immature pollen, fea-
tures that do not appear present in bowl-shaped Dakota flowers, as
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the damage is overwhelmingly on inner petal surfaces. Conse-
quently, florivores such as Orthoptera (katydids), Hemiptera
(aphids, bugs), Thysanoptera (thrips), Coleoptera (beetles) and
Hymenoptera (sawflies, wasps, bees) with mandibulate, stylate
or similarly modified mouthparts [36], provide good proxy data
for the broad spectrum of pollinator interactions on flowers [37]
(table 1). However, a substantial component such as most adult
Diptera [51] and Lepidoptera are nondamagers, as they do not
leave damage on flowers.

3. Results

(a) Total and insect-damaged flower morphotype
abundance and diversity

The eight localities of the Dakota Formation consist of approxi-
mately 7858 total plant specimens, which yielded 645 (8.2%)
flower specimens that were assessed for insect damage, some
of which were photographically documented (electronic sup-
plementary material, text S2). Flower specimens previously
were identified to morphotype by Dilcher and Manchester
[10,36], and Xiao, but mostly by the latter. The plant specimens
were categorized into 32 flower morphotypes, one of which
was Dakotanthus cordiformis (figure 1; electronic supplemen-
tary material, figures S2, S3, S6 and appendix 1). The 32
morphotypes consisted of Dakotanthus cordiformis [6,7]1, 14
flower morphotypes, eight inflorescence-infructescence
morphotypes, five reproductive morphotypes, two flower—
seed—fruit morphotypes and two Braun Ranch flower
morphotypes. Unidentifiable specimens and poor preserved
morphotypes, not assigned to one of the 32 morphotypes,
were Acme unidentified inflorescence—infructescence, uniden-
tified flower and unidentified stamen, which amounted to one,
eight and nine specimens, respectively, attributable to a very
limited local sample size or poor preservation. Based on the
diversity and abundance of floral morphotypes (electronic sup-
plementary material, figures S2 and S3), our estimate of the log
normal fit is 182 species. We also obtained a Fisher’s o value of
7.94 (electronic supplementary material, appendix S2).

(b) General patterns

Insect damage was present on 109 of the 645 examined flower
and related specimens, for a specimen-based florivory rate of
17.2%. This damage was represented by four FFGs, 11 DTs
[23] and 207 individual DT occurrences (electronic supplemen-
tary material, table S2). Some DTs occurred multiple times on
the same specimen. One or more DTs on a specimen was present
on nine of the 32 flower morphotypes (28.1%) (electronic sup-
plementary material, table S2). The four FFGs present were
hole feeding, margin feeding, surface feeding and piercing-
and-sucking (see the electronic supplementary material, tables
S2, S3 and text S3 for additional DT occurrence details).

(c) Assessing florivore host specificity by flower

morphotype
The distribution of DTs on plant hosts revealed three levels
of host specificity [23]. Borrowing from studies of fossil herbivory
as an example [24], host specificity is categorized as specialized
damage if three or more occurrences of the same DT are present
on the same host morphotype or on a very closely related host;
damage is of intermediate specificity if the distribution of three

or more occurrences of the same DT are present on more distantly [ 3 |

related hosts; and generalized damage if three or more occur-
rences of the same DT are present on unrelated hosts [23]. For
Dakota folivory data, because the phylogenetic relationships
among flower morphotypes are unknown, terms expressing
host specificity are referenced to the distribution of DTs on the
flower species and morphotypes (electronic supplementary
material, table S2). The three examples of specialist damage are
small hole-feeding DT01 on flower morphotype 4 that hosts 12
of 13 (92.3%) of all occurrences; circular holes between 1 and
5 mm in diameter on Dakotanthus that hosts all eight (100%) of
occurrences; and notched margin feeding of DT405 along the
petal edges on Dakotanthus, which hosts 66 of 67 (98.5%) of all
occurrences. The single example of damage of intermediate speci-
ficity is DT12, evidenced by too few DT distributions across three
flower morphotypes. Seven examples of generalized damage are
present. They are single, random, piercing-and-sucking damage
assigned to DT46 on Dakotanthus and flower morphotypes 6, 9
and 10; clustered piercing-and-sucking assigned to DT402 on
Dakotanthus and flower morphotypes 1, 5 and 8; and DT13,
DT29, DT48, DT138 and DT383 that defaults to generalized speci-
ficity, each having only one or two occurrences on Dakotanthus
and flower morphotypes 4, 5 and 7. This pattern of host speci-
ficity indicates three examples of specialized damage, one of
intermediate specificity damage, and seven of generalized
damage (electronic supplementary material, table S2).

(d) Assessing the geographical distribution of florivory
by locality

Of the eight localities examined, flower morphotypes from three
localities—Rose Creek I, Rose Creek II and Braun’s Ranch—
showed evidence of florivory. The combined Rose Creek I and
IT localities exhibited three flower morphotypes with 117 DT
occurrences, whereas the Braun’s Ranch locality showed a
higher diversity of seven flower morphotypes and 90 DT occur-
rences (electronic supplementary material, table S2). The number
of florivorized to total flower morphotypes at each locality (elec-
tronic supplementary material, table S2)—three of 10 (30%) at
Rose Creek I and II, and seven of 13 (53.8%) at Braun’s
Ranch—are distinctly significant subsets of the number of
available hosts at each locality. At Rose Creek, Dakotanthus over-
whelmingly was the dominant flower morphotype present,
which displayed a rich spectrum of damage, with three of the
four FFGs and seven of the 11 DTs represented (electronic sup-
plementary material, table S2). By comparison, Braun’s Ranch
showed two florivorized flower morphotypes with a less rich
spectrum of FFGs and DTs. Flower morphotype 4 had three of
four FFGs and five of 11 DTs present. Similarly, flower morpho-
type 5 displayed three of four FFGs and six of 11 DTs. These latter
flower morphotypes from the Rose Creek and Braun’s Ranch
localities exhibited a similar distribution of FFGs and DTs.

(e) Assessing functional-feeding group and damage

type on flower morphotypes
(i) Hole feeding

Hole feeding on flowers of the Dakota Formation mostly is
single, small and circular perforations of the entire petal thick-
ness that are ovate or circular in shape (electronic
supplementary material, text S4). Reaction rims are variably
developed and occasionally associated with necroses of
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(Continued.)

Table 1.

adjacent petal tissue. Damage type DTO01 consists of holes 1 mm [ 5 |
_______ or less in diameter and is associated with flower morphotype 4
EXFRE! (electronic supplementary material, figure S5H-J). DT02 con-
sists of holes between 1 and 5 mm in diameter and occurs on
Dakotanthus (figure 1j—k). Dakota hole feeding consists of 21

SOI\II'CQSf

> ﬂ% é 3 2 E perforations of DT01 and DTO02 that represent 10.1% of all DT
£ = 3 Z ::’% % % occurrences among flower morphotypes. Of all hole-feeding
s :g_'- :5 ; g g g occurrences, 38.1% was present on Dakotanthus cordiformis
g g s3£52 from the Rose Creek I and II localities and 57.1% on flower mor-

photype 4 from the Braun’s Ranch locality. It was noted that
71.4% of hole feeding was present on the lower half, rather
than the upper half of the petals.

(i) Margin feeding

Margin feeding on Dakota Formation flowers is represented by
DTs DT12, DT13 and DT405. DT12 and DT13 consist of cuspate
to U-shaped excisions, typically several mm in chord length,
occurring along the edges of petals and sepals (electronic sup-
plementary material, text S4). The cut edge, in addition to a
bordering rim of dark reaction tissue, occasionally displays
micromorphological features such as protruding veinal strin-
gers, necrotic tissue flaps and cuspules within the overall cut
edge, analogous to damage on foliage. DT12 occurred along
the petal side edges on Dakotanthus (figure 1c,h,i), flower mor-
photype 4 (electronic supplementary material, figure S5E,F),
flower morphotype 5 (electronic supplementary material,
figure S4A) and flower morphotype 17 (electronic supplemen-
tary material, figure S6F). DT13 was present on the tips of
petals of Dakotanthus (figure 1a,b) and flower morphotype 5
(electronic supplementary material, figure S4A). Careful exam-
ination of DT13 was required to determine if the damage was
present, to eliminate confusion with a retuse or apically
embayed margin. DT405 is a newly described DT (electronic
supplementary material, text S5) and previously has not been
recorded in the fossil record.

major reward”
07£01207 88T § 20S Y 20id  qdsi/jeunol/bio-buiysijgndAiaposiesos

(iiii) Surface feeding

The only example of a surface feeding FFG on a Dakota
flower morphotype was DT DT29 (not illustrated) occurring
on flower morphotype 7. DT29 is highly variable in size
and shape, featuring polylobate to ovate patches of surface-
fed petal tissue with distinct development of a reaction rim
resulting from abrasion, scraping or delamination of a surface
tissue layer (electronic supplementary material, text S4).
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(iv) Piercing-and-sucking

Piercing-and-sucking damage of Dakota floral morphotypes is
represented by the five DTs of DT46, DT48, DT138, DT383 and
DT402. These DTs consist of various patterns of punctures that
penetrate or slice into shallow to deep floral tissues (electronic
supplementary material, text 54). DT46 and DT48 are single,
randomly dispersed punctures less than 1 mm in diameter,
present on petals or other flower elements. DT46 is a circular,
concave mark with a crater-like rim and occurs on Dakotanthus
(figure 1c,e,j,I), flower morphotype 1 (electronic supplemen-
tary material, figure S5A,B), and flower morphotype 5
(electronic supplementary material, figure S5C,D,M-O). By
contrast, rare DT48 (not illustrated) is an elliptical puncture,
with either a cratered rim or a convex central boss. DT138 are
linear rows of punctures that occur on flower morphotype 5
(electronic supplementary material, figure S4D,E). DT383 are
compact circular to polylobate clusters of punctures that

phylogeny

evidence®
florivory

Stratiomyiidae

Asiloidea
Rhagionidae

pollinator clade present by ~105 Ma
© Eremoneura

Nematocera

DIPTERA

PEffectiveness is assessed from the literature, based on the electronic supplementary material, text S8 and mostly the electronic supplementary material, table S6, ‘Florivory and pollination of modem basal angiosperms’. min, minimum; inter, intermediate; max, maximum.

FFG: HF, hole feeding, MF; margin feeding; SF, surface feeding; and P&S, piercing-and-sucking. ND indicates no damage, or nondamagers.

%Data for the relative contribution of pollen versus nectar rewards comes principally from [49] and [50].

*Evidence for florivory is documented in the electronic supplementary material, table S3. Myanmar amber is sufficiently close in time to the Dakota Formation as fossil evidence.
“For definitions and clade membership of mouthpart classes, see [36].

9Tenebrionoidea includes Meloidae, Mordellidae and Tenebrionidae, listed in the electronic supplementary material, table S3.
"The clade Eulepidoptera contains the vast majority of moths and butterflies that are not otherwise mentioned in this section.

fSee the electronic supplementary material for additional documentation.



Figure 1. The florivore assemblage on Dakotanthus cordiformis (a—/), displaying petal DTs from all four FFGs of hole feeding, margin feeding, surface feeding and
piercing-and-sucking. Specimen UF-12941 at (a) shows DT13 margin feeding cusps on the distal edge of the petal, enlarged in (b); smaller versions of DT12 margin
feeding and DT46 punctures enlarged in (c). From the same specimen are several, V-shaped, margin feeding, DT405 notches along the petal edge, enlarged in (d),
and further enlarged, including a DT46 ovate puncture, at (e). Specimen UF-3522 with several stamens at (f) shows a series of DT405 edge notches, enlarged in (g).
Specimen UF-5612 displays DT12 margin feeding at the bottom of the petal at (h), enlarged at (7). Dakotanthus cordiformis (UF-5773) at (j) are DT02 hole-feeding
damage, enlarged in (k), and, together with small dark, ovate punctures of DT46, enlarged in (/). Note well-developed reaction rim surrounding DTO1. Scale bars:

white, 5 mm; black, 1 mm; empty, 0.5 mm. (Online version in colour.)

probably accessed deeper tissues (electronic supplementary
material, table S5). DT402, a newly described DT (electronic
supplementary material, text S5), represents typically elongate,
compact clusters of punctures in shallow tissues that occur
especially along petal or sepal edges. DT402 occurs on
flower morphotype 4 (electronic supplementary material,
figure S5FEG and S5K-M,O,P) and flower morphotype 5
(electronic supplementary material, figure S4B,C,F-I). No pre-
ferential occurrences of piercing-and-sucking DTs were noted
for the five DTs occurring on the upper versus lower halves
of the petals.

(f) Matching insect mouthpart classes with feeding

damage
Associations were established between the pattern of Dakota
insect damage with the relevant insect mouthpart class borne
by an insect that would have produced that damage
[36,52,53]. Such relationships, based on modern data [36]
(electronic supplementary material, table S3), were made
to better constrain the identities of potential florivores
and pollinators (electronic supplementary material, text S6).
However, Dakota damage caused by adult ectognathate,

07£01207 88T § 20S Y 20id  qdsi/jeunol/bio-buiysijgndAiaposiesos H



Figure 2. A reconstruction of the insect pollinator community on Dakotanthus
cordiformis [7] based on patterns of florivory. This scene is from the Rose
Creek locality of the Early Cretaceous (late Albian) Dakota Formation of South-
western Nebraska, USA. Painted by Xiaoran Zuo. (Online version in colour.)

larval ectognathate and sericterate mouthpart classes typi-
cally could not be separated from each other. These three
mandibulate (chewing) mouthpart classes account for 37.7%
of all DT occurrences. Damage caused by the maxillolabiate
(a complex apparatus for nectar-extraction) and rhynchopho-
rate (perforating) mouthpart classes that result in hole-
feeding damage cannot be distinguished from each other,
but these two mouthpart classes that create holes on leaves
account for 10.1% of all DT occurrences. Damage caused by
the segmented beak mouthpart class, responsible for punc-
turing deeper tissues with stylate mouthparts, involve
piercing-and-sucking feeding and account for 31.4% of all
DT occurrences. Damage attributable to mouthcone mouth-
parts modified for punch and sucking of shallow,
epidermal tissues account for 20.8% of DT occurrences.
These seven mouthpart classes, responsible for four major
feeding styles, indicate that florivory was dominated by
edge feeders and tissue penetrating piercer and suckers,
and less so by hole feeders and shallowly penetrating piercer
and suckers, reconstructed in figure 2.

(g) Analyses of the damage

For the five most prevalent flower morphotypes, the two
metrics expressing the abundance (DT occurrences) and per-
centage of DTs present are a near-exact match of each other
(electronic supplementary material, table S4). This near dupli-
cation is shown in (i) the percentage contribution of each
morphotype to the total, (ii) the morphotype rank order, and
(iii) the cumulative totals. Much less similar is the third
metric of the percentage of specimens that are florivorized,
which departs from the two other metrics in exhibiting greater
differences in the contribution of each morphotype to the total,
a different morphotype rank order after the first two most flor-
ivorized morphotypes of Dakotanthus and flower morphotype
4, and a higher cumulative total of 97.7 versus the first two of
86.6 and 85.3.

A plot of the percentage of florivory of the three dominant
FFGs of hole feeding, margin feeding and piercing-and-suck-
ing was made for the major florivorized flower morphotypes
of Dakotanthus, flower morphotype 4 and flower morphotype
5 for the three Dakota localities of Rose Creek I, Rose Creek II
and Braun’ Ranch (figures 3 and 4). This analysis revealed
three patterns. First, the florivore—pollinator communities of
flower morphotypes 4 and 5 at Braun's Ranch locality are
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Figure 3. Percentage representation of folivory for the five most insect-
damaged flower morphotypes.

dominated by the piercing-and-sucking FFG, whereas the
hole feeding and margin feeding FFGs played a minor role at
both localities. By contrast, the Dakotanthus florivore faunas
are dominated by the margin feeding FFG at the Rose Creek
I and II localities, whereas the hole feeding and piercing-and-
sucking FFGs have minor roles at both localities, although pier-
cing-and-sucking appears to be subdominant at the Rose Creek
IT locality. Second, whereas margin feeding or piercing-and-
sucking may have played a dominant role, depending on
locality, hole feeding always had a minor role in the florivory
spectrum across all localities. Third, with the exception of
hole feeding, the florivore communities at Braun’s Ranch
versus the Rose Creek I and II localities, were largely feeding
inversions of each other, suggesting heterogeneity in the polli-
nator assemblages by locality.

4. Discussion

(a) How similar is Dakota florivory, folivores and

pollinators to modern counterparts?
The presence of four FFGs subsuming 11 DTs in Dakota
Formation plants (figures 1 and 2; electronic supplementary
material, figures 54-56) provides a very modern cast to the
documented florivory (electronic supplementary material,
table S3, text S4 and figure S7). In terms of the distinctiveness
of the insect-mediated damage, the mouthpart classes respon-
sible for the damage (electronic supplementary material,
text S6), the proportional distribution of the damage on the
flower morphotypes (electronic supplementary material,
table S4), and their near-identical comparison to damage pro-
duced by known modern taxa [8] affirms the hypothesis that
Dakota florivory is indistinguishable from its modern equival-
ent. This similarity suggests a similar pollinator community,
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although evidence for fluid feeding, nondamaging adult
taxa is circumstantial.

The richness of Dakota florivory and suggested associated
pollinators provides, to our knowledge, the first extensive
evidence for a community of insect visitors on the earliest,
well-documented bowl-shaped flowers (electronic supplemen-
tary material, table S5, figure S7 and text S7). The florivore
component of Dakota insect pollinators is established based
on (i) distinctive DTs, (ii) extant lineages that were present
during Dakota time from fossil occurrences, and (iii) evidence
of relevant fossil occurrences or presence of closely related
clades (phylogenetic bracketing) (electronic supplementary
material, texts S6 and S7). The florivore assemblage consisted
of a variety of insects with mandibulate and piercing-and-suck-
ing mouthparts that produced recognizable damage patterns
on flowers (electronic supplementary material, text S6). This
pattern affirms the hypothesis that major taxonomic groups
of insect florivores were very similar to their extant counter-
parts (electronic supplementary material, table S6 and text
S8). Probably associated with this community of insect dama-
gers of floral tissue, the indirect evidence indicates presence
of lineages of fluid feeding, adult and nondamager taxa that
left no trace on Dakota flowers. Based on the Dakota florivory
data and modern studies, the core pollinators were heteropter-
ans (especially pentatomorphs), thrips, polyphagan beetles
(principally scarab and leaf beetles, and weevils), and bees.
A subordinate component of early-diverging moths, sawflies,
several major lineages of nematoceran and brachyceran
flies, and perhaps parasitoid wasps probably were present
(electronic supplementary material, table S6 and text 57).

(b) Is there evidence for nectar robbing?

The data on hole feeding across the flower morphotype hosts
is intriguing. Hole feeding consisting of 23 perforations of
DTs DT01 and DT02 represent 10.1% of all DT occurrences
among Dakota flower morphotypes. Of hole-feeding occur-
rences, 95.2% were present on Dakotanthus from the Rose
Creek I locality and on flower morphotype 4 from the
Braun’s Ranch locality. There is a distinct preference for the
lower half (71.4%) rather than the upper half of the petal.
All holes were circular or nearly so, and no evidence of slits
or tears was observed as holes on the petals. Although
these data suggest that nectar robbing was present, nectar

robbing would be ineffectual if flowers are open, bowl
shaped, and with rewards such as nectar readily available
to insect visitors [54]. All modern nectar robbing occurs
with tubular or similar flowers that that are highly enclosed
and have access through a narrowly throated corolla [54].
The floral morphology of Dakota flowers, exemplified by
Dakotanthus, is inconsistent with nectar robbing, and holes
are circular and rounded in contrast with modern nectar rob-
bers that construct slits or holes with jagged outlines [55,56].
Consequently, hypothesis 3, that nectar robbing was present
on Dakota flowers, is rejected. Given this outcome, a more
productive search for the earliest nectar robbing would be
among early occurrences of tubular or otherwise enclosed
flowers in the younger Late Cretaceous [2].

(c) A brief historical perspective on Cretaceous

angiosperm pollination
The early fossil history of angiosperm pollination [2] is illus-
trated by the bowl and similarly shaped floras in the 21
localities listed in geochronological order that provide data
on inferred insect pollinator lineages and their functional-
feeding group membership (electronic supplementary
material, table S5 and text S7). This list shows that the
Dakota insect pollinator fauna probably had taxonomic simi-
larities to that of extant basal angiosperms (electronic
supplementary material, table S6; texts S7 and S8). The next,
four-million year-younger assemblage of pollinating insects
originates from the very geographically, ecologically and
taphonomically different locality of Myanmar amber, which
shows a distinct pollinator fauna (electronic supplementary
material, table S5 and figure S8). Subsequent, Late Cretaceous
floras originate from a variety of localities that reveal the expan-
sion of dicot angiosperms and an associated pollinator fauna.

5. Conclusion

This study provides a new approach for the study of pollina-
tion in the fossil record. By examining exquisitely preserved
insect damage on Dakota flowers, the three hypotheses have
been tested that were initially proposed in this study. The
first hypothesis—florivore damage patterns on Dakota flowers are
similar to those of today—is supported. One proviso to this
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conclusion is that evidence for pollinating insects on Dakota
flowers result from insect immatures and adults capable of
leaving detectable damage, principally those with mandibu-
late and stylate mouthparts or their modifications, but
excludes adult fluid feeding insects whose mouthparts are
incapable of damaging tissues. Nevertheless, the indirect evi-
dence of phylogenetic bracketing indicates the existence of
these nondamaging, fluid feeding and pollinating clades.
The second hypothesis—major taxonomic groups Dakota insect
florivores are similar to those of today—is supported. Again, a
caveat is that major insect taxa lacking the ability to inflict
damage on flowers remain undetected. Circumstantial evi-
dence based on fossil occurrences and phylogenetic
bracketing indicates that typical nectar-feeding taxa were pre-
sent. Last, the third hypothesis—nectar robbing was present—is
rejected. The reason for rejection is not that a great preponder-
ance of hole feeding was located at petal bases, but rather the
open, bowl shape of Dakota flowers would obviate the need
for nectar robbing. While addressing these three hypotheses
extends understanding of florivory and pollination to the
Dakota Formation, important gaps in knowledge of early
angiosperm pollination remain. Highly relevant deposits
from this time interval (electronic supplementary material,
table 5, text S7 and figure S7) should be further explored.

Data accessibility. The data supporting the analyses of this article consist of
(i) table 1 in this article; (i) more extensive, linked electronic
supplementary material that includes raw and related data among
the three fossil localities as well as modern data; (iii) appendix 1 that
provides detailed descriptions of flower morphotypes/species; and
(iv) appendix 2 that provides R code files and Excel data files in a zip
file. The data are provided in the electronic supplementary material.

Authors” contributions. L.X.: conceptualization, data curation, formal
analysis, investigation, methodology, supervision, validation, visual-
ization, writing—original draft, writing—review and editing; C.L.:
conceptualization, funding acquisition, methodology, project admin-
istration, supervision, validation, visualization, writing—original
draft, writing—review and editing; D.D.: conceptualization, data
curation, investigation, resources, supervision, validation, visualiza-
tion, writing—original draft, writing—review and editing; D.R.:
conceptualization, data curation, funding acquisition, project admin-
istration, resources, supervision, validation, visualization, writing—
original draft, writing—review and editing. All authors gave final
approval for publication and agreed to be held accountable for the
work performed therein.

Competing interests. We declare that we have no competing interests.

Funding. This research was supported by the National Natural Science
Foundation of China (grant nos. 31730087, 32020103006 and
41688103). Fieldwork was supported in part by National Science
Foundation of United States grant nos. DEB 75-02268, DEB 75-19849,
DEB 77-04846, DEB 10720 and EAR 79-00898 to D.D.

Acknowledgements. We especially thank two reviewers who give us
important comments. We thank Gussie Maccracken, Terry Lott, Fin-
negan Marsh, Steven Manchester, Hongshan Wang, Nareerat
Boonchai and Xiaodan Lin who individually provided support in
the Labandeira and Manchester laboratories. Sandra Schachat is
thanked for producing figures 3 and 4. Gussie Maccracken provided
a critique of a preliminary draft of the manuscript and offered needed
overall advice. We are especially grateful to Steven Manchester for
sponsoring the senior author at the Florida Museum of Natural His-
tory, in Gainesville for two months and their dedicated staff for
general assistance. We thank Huayan Chen who provided photos
of modern florivores and Torsten Dikow who identified the fly in
electronic supplementary material, figure S6. We thank Liang Chen
who helped us in figure construction. The Fossilworks database
is acknowledged. This is contribution 378 to the Evolution of
Terrestrial Ecosystems consortium at the National Museum of
Natural History, in Washington, D.C.

science.224.4648.511)
Manchester SR, Dilcher DL, Judd WS, Corder B,
Basinger JF. 2018 Early Eudicot flower and

Nebraska—lowa from a decade of sponsored
research activity. Curr. Res. Earth Sci. Bull. 258,
1-36.

References
Sauquet H, von Balthazar M, Magalldn S. 2017 The fruit: Dakotanthus gen. nov. from the Cretaceous 13. Retallack GJ, Dilcher DL. 2012 Qutcrop versus core
ancestral flower of angiosperms and its early Dakota Formation of Kansas and Nebraska, and geophysical log interpretation of mid-
diversification. Nat. Comm. 8, 16047. (doi:10.1038/ USA. Acta Palaeobot. 58, 27—40. (doi:10.2478/acpa- (retaceous paleosols from the Dakota Formation
ncomms16047) 2018-0006) of Kansas. Palaeogeogr. Palaeoclim. Palaeoecol.
Friis EM, Pedersen KR, Crane PR. 2006 Cretaceous 8. McGall AG, Irwin RE. 2006 Florivory: the intersection 329-330, 47-63. (doi:10.1016/j.palaeo.2012.
angiosperm flowers: innovation and evolution in of pollination and herbivory. Ecol. Lett. 9, 02.017)
plant reproduction. Palaeogeogr. Palaeoclim. 1351-1365. (doi:10.1111/j.1461-0248.2006. 14. Richards PW. 1952 The tropical rain forest: an
Palaeoecol. 232, 251-293. (doi:10.1016/j.palaeo. 00975.x) ecological study. Cambridge, UK: Cambridge
2005.07.006) 9. Pellmyr 0. 1992 Evolution of insect pollination and University Press.
Magallén S, Gémez-Acevedo S, Sanchez-Reyes LL, angiosperm diversification. Trends Ecol. Evol. 7, 15.  Upchurch GR, Dilcher DL. 1990 Cenomanian
Herndndez-Herndndez T. 2015 A metacalibrated 46-49. (doi:10.1016/0169-5347(92)90105-K) angiosperm leaf megafossils, Dakota Formation,
time-tree documents the early rise of 10.  Walker JD, Geissman JW, Bowring SA, Babcock LE. Rose Creek locality, Jefferson County, southeastern
flowering plant phylogenetic diversity. 2013 The Geological Society of America geologic Nebraska. U.S. Geol. Surv. Bull. 1915, 1-55,
New Phytol. 207, 437—-453. (doi:10.1111/ time scale. Geol. Soc. Am. Bull. 125, 259-272. pls 1-31
nph.13264) (doi:10.1130/B30712.1) 16. Wang HS, Dilcher DL. 2006 Early Cretaceous
Crane PR, Friis EM, Pedersen KR. 1995 The origin 11. Wang HS. 2002 Diversity of angiosperm leaf angiosperm leaves from the Dakota Formation,
and early diversification of angiosperms. Nature megafossils from the Dakota Formation Braun Ranch locality, Kansas, USA.
374, 27-33. (doi:10.1038/374027a0) (Cenomanian, Cretaceous), north Western Interior, Palaeontographica Abt. B 273, 101-137. (doi:10.
Sun G, Zheng S, Sun C, Sun Y, Dilcher DL, Miao Y. USA. Dissertation, Department of Geological 1127/palb/273/2006/101)
2002 Androecium of Archaefructus, the Late Jurassic Sciences, University of Florida, Gainesville, FL, USA. ~ 17. Wang HS, Dilcher DL. 2009 Late Cretaceous
angiosperms from western Liaoning, China. J. Geosci. ~ 12. Ludvigson GA, Witzke BJ, Joeckel RM, Ravn RL, angiosperm leaves from the Courtland clay pit,
Res. Northeast Asia 5, 1-6. (in Chinese and English). Phillips PL, Gonzalez LA, Brenner RL. 2010 Minnesota, USA. Palaeontographica Abt. B 281,
Basinger J, Dilcher DL. 1984 Ancient bisexual New insights on the sequence stratigraphic 143-177. (doi:10.1127/palb/281/2009/143)
flowers. Science 224, 511-513. (doi:10.1126/ architecture of the Dakota Formation in Kansas— 18. Wang HS, Dilcher DL. 2018 Early Cretaceous

angiosperm leaves from the Dakota Formation,
Hoisington III locality, Kansas, USA. Palaeontol.
Elect. 21.3.34A, 1-49. (doi.org/10.26879/841)

07£0L707 88T § 0S5 °Y 20id  qdsi/jeunol/bio buiysigndAranosiefos H


http://dx.doi.org/10.1038/ncomms16047
http://dx.doi.org/10.1038/ncomms16047
http://dx.doi.org/10.1016/j.palaeo.2005.07.006
http://dx.doi.org/10.1016/j.palaeo.2005.07.006
http://dx.doi.org/10.1111/nph.13264
http://dx.doi.org/10.1111/nph.13264
http://dx.doi.org/10.1038/374027a0
http://dx.doi.org/10.1126/science.224.4648.511
http://dx.doi.org/10.1126/science.224.4648.511
http://dx.doi.org/10.2478/acpa-2018-0006
http://dx.doi.org/10.2478/acpa-2018-0006
http://dx.doi.org/10.1111/j.1461-0248.2006.00975.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00975.x
http://dx.doi.org/10.1016/0169-5347(92)90105-K
http://dx.doi.org/10.1130/B30712.1
http://dx.doi.org/10.1016/j.palaeo.2012.02.017
http://dx.doi.org/10.1016/j.palaeo.2012.02.017
http://dx.doi.org/10.1127/palb/273/2006/101
http://dx.doi.org/10.1127/palb/273/2006/101
http://dx.doi.org/10.1127/palb/281/2009/143
http://dx.doi.org/doi.org/10.26879/841

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Lesquereux L. 1892 The flora of the Dakota Group.
U.S. Geol. Surv. Monogr. 17, 1-400.

Dilcher DL, Crepet W, Becker (D, Reynolds HC. 1976
Reproductive and vegetative morphology of a
Cretaceous angiosperm. Science 191, 854-856.
(doi:10.1126/science.191.4229.854)

Dilcher DL, Crane PR. 1984 Archaeanthus: an early
angiosperm from the Cenomanian of the western
interior of North America. Ann. Missouri Bot. Gard.
71, 351-383. (doi:10.2307/2399030)

Erber C. 2014 Nectar secretion and nectaries in
basal angiosperms, magnoliids and non-core
eudicots and a comparison with core eudicots. PI.
Div. Evol. 131, 63-143. (d0i:10.1127/1869-6155/
2014/0131-0075)

Labandeira CC, Wilf P, Johnson KR, Marsh F. 2007
Guide to insect (and other) damage types on
compressed plant fossils (version 3.0 — spring
2007). Washington, DC: Smithsonian Institution. see
http://paleobiology.si.edu/pdfs/
insectDamageGuide3.01.pdf.

Xu Q, Jin H, Labandeira CC. 2018 Williamson Drive:
herbivory on a north-central Texas flora of latest
Pennsylvanian age shows discrete component
community structure, early expansion of piercing
and sucking, and plant counterdefenses. Rev.
Palaeobot. Palynol. 251, 28-72. (doi:10.1016/j.
revpalbo.2018.01.002)

Labandeira CC, Dilcher DL, Davis DR, Wagner DL.
1994 Ninety-seven million years of angiosperm—
insect association: paleobiological insights into

the meaning of coevolution. Proc. Nat/ Acad.

Sci. USA 91, 12 278-12 282. (d0i:10.1073/pnas.91.
25.12278)

Labandeira CC. 1998 The role of insects in Late
Jurassic to middle Cretaceous ecosystems. In
Lower and middle Cretaceous terrestrial ecosystems,
vol. 14 (eds SG Lucas, JI Kirkland, JW Estep),

pp. 105-124. Albuquerque, NM: New Mexico
Museum of Nature and Science.

Labandeira CC. 2007 Assessing the fossil record

of plant—insect associations: ichnodata versus
body-fossil data. In Sediment—organism interactions:
a multifaceted ichnology, vol. 88 (eds RG Bromley,
LA Buatois G Mangano, JF Genise, RN Melchor),
pp. 9-26. Tulsa, OK: Society for Sedimentary
Geology.

Penalver E, Labandeira CC, Barron E, Delclos X, Nel
P, Nel A, Tafforeau P, Soriano C. 2012 Thrips
pollination of Mesozoic gymnosperms. Proc. Nat!
Acad. Sci. USA 109, 8623—8628. (doi:10.1073/pnas.
1120499109)

Peris D, Labandeira CC, Barrén E, Delclos X, Rust J,
Wang B. 2020 Generalist pollen-feeding beetles
during the mid-Cretaceous. /science 23, 100913.
(doi.org/10.1016/j.is¢i.2020.100913)

de Jaeger ML, Ellis AG. 2014 Floral polymorphism
and the fitness implications of attracting pollinating

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

4.

43.

and florivorous insects. Ann. Bot. 113, 213-222.
(doi:10.1093/a0b/mct189)

Nunes CEP, Pefiaflor MFGV, Bento JMS, Salvador MJ,
Sazima M. 2016 The dilemma of being a fragrant
flower: the major floral volatile attracts pollinators
and florivores in the euglossine-pollinated orchid
Dichaea pendula. Oecologia 182, 933-946. (doi:10.
1007/500442-016-3703-5)

Cardel YJ, Koptur S. 2010 Effects of florivory on the
pollination of flowers: an experimental field study
with a perennial plant. Int. J. Plant Sci. 171,
283-292. (doi:10.1086/650154)

Althoff DM, Seagraves KA, Pellmyr 0. 2005
Community context of an obligate mutualism:
pollinator and florivore effects on Yucca filamentosa.
Ecology 86, 905-913. (doi:10.1890/04-1454)

Theis N. 2006 Fragrance of Canada thistle (Cirsium
arvense) attracts both floral herbivores and
pollinators. J. Chem. Ecol. 32, 917-927. (doi:10.
1007/510886-006-9051-X)

Kessler D, Diezel C, Clark DG, Colquhoun TA,
Baldwin IT. 2013 Petunia flowers solve the defence/
apparency dilemma of pollinator attraction by
deploying complex floral blends. Ecol. Lett. 16,
299-306. (doi:10.1111/ele.12038)

Labandeira CC. 2019 The fossil record of insect
mouthparts: innovation, functional convergence,
and associations with other organisms. In Insect
mouthparts — form, function, development and
performance, vol. 5. Zool. Monogr. pp. 567-671.
Cham, Switzerland: Springer.

Maldonado M, Sakuragui CM, Trigo JR, Rodrigues D.
2015 The selective florivory of Erioscelis emarginata
matches its role as a pollinator of Philodendron.
Entomol. Exp. Appl. 156, 290-300. (doi:10.1111/
eea.12332)

Song H, Amédegnato C, Cigliano MM, Desutter-
Grandcolas L, Heads SW, Huang DY, Otte D, Whiting
MEF. 2015 300 million years of diversification:
elucidating the patterns of orthopteran evolution
based on comprehensive taxon and gene sampling.
(ladistics 31, 621-6571. (d0i:10.1111/cla.12116)
Zhang SM, Mound L, Feng JN. 2019 Morphological
phylogeny of Thripidae (Thysanoptera: Terebrantia).
Invertebr. Syst. 33, 671-696.

Szwedo J, Nel A. 2011 The oldest aphid insect from
the Middle Triassic of the Vosges, France. Acta
Palaeobot. Pol. 56, 757-766. (doi:10.4202/app.
2010.0034)

Burdfield-Steel ER, Shuker DM 2014 The
evolutionary ecology of the Lygaeidae. Evol. Ecol. 4,
2278-2301.

Jung SH, Lee SW. 2012 Molecular phylogeny of the
plant bugs (Heteroptera: Miridae) and the evolution
of feeding habits. Cladistics 28, 50-79. (doi:10.
1111/j.1096-0031.2011.00365.x)

Yao YZ, Ren D, Rider DA, Cai WZ. 2012 Phylogeny of
the Infraorder Pentatomorpha based on fossil and

4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

extant morphology, with description of a new fossil
family from China. PLoS ONE 7, €37289. (doi:10.
1371/journal.pone.0037289)

McKenna DD, Farrell BD. 2009 Beetles (Coleoptera). In
The timetree of life (eds SB Hedges, S Kumar), pp.
278-289. New York: NY: Oxford University Press.
Wang M, Li LF, Shih CK, Gao TP, Ren D. 2019
Hymenoptera — sawflies and wasps. In Rhythms of
insect evolution: evidence from the Jurassic and
Cretaceous in northern China (eds D Ren, (K Shih,
TP Gao, YJ Wang, YZ Yao), pp. 429-496. Chichester,
UK: Wiley-Blackwell.

Cardinal S, Danforth BN. 2013 Bees diversified in
the age of eudicots. Proc. R. Soc. B 280, 20122686.
(doi:10.1098/rspb.2012.2686)

Mitter C, Davis DR, Cummings MP. 2017 Phylogeny
and evolution of Lepidoptera. Annu. Rev. Entomol.
62, 265-283. (doi:10.1146/annurev-ento-031616-
035125)

Han Y, Ye XU, Feng CP, Zhang KY, Shih CK, Ren D.
2019 Diptera — true flies with two wings. In
Rhythms of insect evolution: evidence from the
Jurassic and Cretaceous in northern China (eds D
Ren, CK Shih, TP Gao, YJ Wang, YZ Yao), pp.
496-553. Chichester, UK: Wiley-Blackwell.

Proctor M, Yeo P, Lack A. 1996 The natural history of
pollination. London, UK: HarperCollins.

Faegri K, Van der Pijl L. 1980 Principles of
pollination ecology, 3rd Revised edn. Oxford, UK:
Pergamon.

Wolda H, Sabrosky CW. 1986 Insect visitors to two
forms of Aristolochia pilosa in Las Cumbres,
Panama. Biotropica 18, 295-299. (doi:10.2307/
2388572)

Kirk WDJ. 1984 Ecological studies on Thrips imaginis
Bagnall (Thysanoptera) in flowers of Echium
plantagineum L. in Australia. Austral. J. Ecol. 9,
9-18.

lannuzzi R, Labandeira CC. 2008 The oldest record
of external foliage feeding and the expansion of
insect folivory on land. Ann. Entomol. Soc. Am. 101,
79-94. (doi:10.1603/0013-8746(2008)101[79:
TOROEF12.0.C0;2)

Irwin RE, Bronstein JL, Manson JS, Richardson L.
2010 Nectar robbing: ecological and evolutionary
perspectives. Annu. Rev. Ecol. Evol. Syst. 41,
271-292. (doi:10.1146/annurev.ecolsys.110308.
120330)

Clement SL. 1992 On the function of pea

flower feeding by Bruchus pisorum. Entomol. Exp.
Appl. 63, 115-121. (doi:10.1111/j.1570-7458.1992.
th01566.x)

Eliyahu D, McCall AC. 2015 Florivory and nectar-
robbing perforations in flowers of pointleaf
manzanita Arctostaphylos pungens (Ericaceae) and
their effects on plant reproductive success. Arthro.
Pl Interact. 9, 613—622. (doi:10.1007/s11829-015-
9399-3)


http://dx.doi.org/10.1126/science.191.4229.854
http://dx.doi.org/10.2307/2399030
http://dx.doi.org/10.1127/1869-6155/2014/0131-0075
http://dx.doi.org/10.1127/1869-6155/2014/0131-0075
http://paleobiology.si.edu/pdfs/insectDamageGuide3.01.pdf
http://paleobiology.si.edu/pdfs/insectDamageGuide3.01.pdf
http://paleobiology.si.edu/pdfs/insectDamageGuide3.01.pdf
http://dx.doi.org/10.1016/j.revpalbo.2018.01.002
http://dx.doi.org/10.1016/j.revpalbo.2018.01.002
http://dx.doi.org/10.1073/pnas.91.25.12278
http://dx.doi.org/10.1073/pnas.91.25.12278
http://dx.doi.org/10.1073/pnas.1120499109
http://dx.doi.org/10.1073/pnas.1120499109
http://dx.doi.org/doi.org/10.1016/j.isci.2020.100913
http://dx.doi.org/10.1093/aob/mct189
http://dx.doi.org/10.1007/s00442-016-3703-5
http://dx.doi.org/10.1007/s00442-016-3703-5
http://dx.doi.org/10.1086/650154
http://dx.doi.org/10.1890/04-1454
http://dx.doi.org/10.1007/s10886-006-9051-x
http://dx.doi.org/10.1007/s10886-006-9051-x
http://dx.doi.org/10.1111/ele.12038
http://dx.doi.org/10.1111/eea.12332
http://dx.doi.org/10.1111/eea.12332
http://dx.doi.org/10.1111/cla.12116
http://dx.doi.org/10.4202/app.2010.0034
http://dx.doi.org/10.4202/app.2010.0034
http://dx.doi.org/10.1111/j.1096-0031.2011.00365.x
http://dx.doi.org/10.1111/j.1096-0031.2011.00365.x
http://dx.doi.org/10.1371/journal.pone.0037289
http://dx.doi.org/10.1371/journal.pone.0037289
http://dx.doi.org/10.1098/rspb.2012.2686
http://dx.doi.org/10.1146/annurev-ento-031616-035125
http://dx.doi.org/10.1146/annurev-ento-031616-035125
http://dx.doi.org/10.2307/2388572
http://dx.doi.org/10.2307/2388572
http://dx.doi.org/10.1603/0013-8746(2008)101[79:TOROEF]2.0.CO;2
http://dx.doi.org/10.1603/0013-8746(2008)101[79:TOROEF]2.0.CO;2
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120330
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120330
http://dx.doi.org/10.1111/j.1570-7458.1992.tb01566.x
http://dx.doi.org/10.1111/j.1570-7458.1992.tb01566.x
http://dx.doi.org/10.1007/s11829-015-9399-3
http://dx.doi.org/10.1007/s11829-015-9399-3

	Florivory of Early Cretaceous flowers by functionally diverse insects: implications for early angiosperm pollination
	Introduction
	Material and methods
	The Dakota formation
	Dakota formation floras
	Identification of insect-damaged flowers and possible culprits
	Distinguishing florivores and pollinators

	Results
	Total and insect-damaged flower morphotype abundance and diversity
	General patterns
	Assessing florivore host specificity by flower morphotype
	Assessing the geographical distribution of florivory by locality
	Assessing functional-feeding group and damage type on flower morphotypes
	Hole feeding
	Margin feeding
	Surface feeding
	Piercing-and-sucking

	Matching insect mouthpart classes with feeding damage
	Analyses of the damage

	Discussion
	How similar is Dakota florivory, folivores and pollinators to modern counterparts?
	Is there evidence for nectar robbing?
	A brief historical perspective on Cretaceous angiosperm pollination

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


