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The history of insects’ taxonomic diversity is poorly understood. The two
most common methods for estimating taxonomic diversity in deep time
yield conflicting results: the ‘range through’ method suggests a steady,
nearly monotonic increase in family-level diversity, whereas ‘shareholder
quorum subsampling’ suggests a highly volatile taxonomic history with
family-level mass extinctions occurring repeatedly, even at the midpoints of
geological periods. The only feature shared by these two diversity curves is
a steep increase in standing diversity during the Early Cretaceous. This appar-
ent diversification event occurs primarily during the Aptian, the pre-Cenozoic
interval with themost described insect occurrences, raising the possibility that
this feature of the diversity curves reflects preservation and sampling biases
rather than insect evolution and extinction. Here, the capture–mark–recapture
(CMR) approach is used to estimate insects’ family-level diversity. This
method accounts for the incompleteness of the insect fossil record as well as
uneven sampling among time intervals. The CMR diversity curve shows
extinctions at the Permian/Triassic and Cretaceous/Palaeogene boundaries
but does not contain any mass extinctions within geological periods. This
curve also includes a steep increase in diversity during the Aptian, which
appears not to be an artefact of sampling or preservation bias because this
increase still appears when time bins are standardized by the number of occur-
rences they contain rather than by the amount of time that they span. The Early
Cretaceous increase in family-level diversity predates the rise of angiosperms
by many millions of years and can be better attributed to the diversification of
parasitic and especially parasitoid insect lineages.
1. Introduction
Insects have the highest described species-level diversity of any group of animals
[1]. Their tremendous ecological and morphological diversity has been studied
intensely in their fossil record, which extends back hundreds of millions of years
before the present [2]. Despite the many insights gleaned from the fossil record,
one basic aspect of insects’ fossil history remains poorly understood and highly
contentious: family-level diversity through time [3]. The history of insect diversity
in deep time,which has the potential to demonstrate the impact ofmass extinction,
has taken on particular urgency in light of the escalating concern over a potential
mass extinction of insects during the twenty-first century [4,5].

Taxonomic diversity in deep time can be estimated from time-calibrated
phylogenies or directly from fossil occurrence data. Each approach has its draw-
backs: time-calibrated phylogenies typically omit extinct taxa—which, in the case
of insects, includes various orders that were previously very diverse [6]—whereas
fossil occurrence data are known to be incomplete, especially in the case of insects.
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Figure 1. Exemplars of the two established procedures for estimating insect
diversity in deep time: shareholder quorum subsampling (SQS) [16] and
range-through (RT) [11,12]. The three major amber deposits—from Myan-
mar, the Baltic and the Dominican Republic—are marked with dotted
grey lines.
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The two most common methods used to estimate taxonomic
diversity in deep time from fossil occurrence data [7–9] yield
contradictory results for insects. The first of these methods,
the ‘range-through’ (RT) method, is the older of the two
methods [10] and has been more commonly applied to the
insect fossil record [6,11–13]. With RT, each insect family is
assumed to have originated in the time bin in which it is first
documented, is assumed to have gone extinct within the time
bin in which it is last documented, and is assumed to have
existed in all intervening time bins even if not documented.
The second method, ‘shareholder quorum subsampling’
(SQS), has become commonly used in recent years [14,15].
With SQS, each taxon is characterized within each time bin
according to the ‘share’, or proportion, of occurrences that it
composes. Taxa are then subsampled from each time bin
until a predetermined threshold of all shares, typically between
0.4 and 0.8, has been reached [14]. SQS is comparable to classi-
cal rarefaction in that it is a subsampling method in which a
point estimate of diversity is not impacted by occurrences
from before or after the interval in question. The difference
between SQS and rarefaction is that rarefaction draws a uni-
form quota of occurrences, whereas SQS draws occurrences
to reach a uniform frequency.

These methods, RT and SQS, yield dramatically different
estimates of family-level insect diversity. The RT method
shows a relatively steady increase in diversity from the
Pennsylvanian through to the Palaeogene, followed by a far
steeper increase at about 40Ma (figure 1). The RT curve does
not show any large and rapid declines in diversity as would
be expected for a mass extinction event [11]. In stark contrast,
the SQS curve—quite possibly because of this method’s sensi-
tivity to fluctuations in sampling—showsmajor fluctuations in
diversity (figure 1). Some of the large and rapid declines in
diversity estimated by SQS occur at widely noted extinction
events, such as at the Permian/Triassic and Cretaceous/
Palaeogene boundaries, but some occur during intervals that
had not previously been associated with any biotic crisis [16].
For example, during the middle of the Cretaceous and again
from the Middle to the Late Palaeogene, the SQS curve
shows a decrease in family-level diversity of approximately
50%. These repeated losses of family-level insect diversity
that SQS estimates are as drastic as the loss of marine animal
families at the Permian/Triassic boundary, the most severe
extinction event known from the entire fossil record [17].
When the history of family-level insect diversity is estimated
with classical rarefaction, a somewhat less volatile diversity
history is estimated but major losses in family-level diversity
appear during the same intervals [16].

One major advantage of RT is that this method accounts
for the fact that many lineages have long absences from the
fossil record between their first and last occurrences, even
though they must have existed, attributable to the incomplete
nature of the fossil record. This aspect of RT is particularly
helpful for the insect fossil record because published occur-
rences of fossil insects are strongly biased towards first and
last appearances (electronic supplementary material). One
major advantage of SQS is that this method attempts to
control for uneven sampling between time bins. This aspect
of SQS is particularly helpful for the insect fossil record
because fossil insects are known primarily from ‘konzentrat
Lagerstätten’—localities where the depositional conditions
permitted preservation of a vast number of insects—and
these konzentrat Lagerstätten are few and far between.

‘Capture–mark–recapture’ modelling [18,19], also called
‘mark–recapture’ or ‘capture–recapture’, or abbreviated as
CMR, has the advantages of both RT and SQS. Like RT,
CMR accounts for the fact that taxa must have existed
between their first and last occurrences even when they are
not seen in the fossil record, and like SQS, CMR accounts
for uneven sampling among time bins. CMR has an
additional advantage that neither RT nor SQS has: it incor-
porates uncertainty associated with the fact that taxa might
not have gone extinct immediately after their last appearance
in the fossil record.

CMR was originally developed for demographic studies
of extant animal populations [20] but subsequently adapted
for palaeontological studies [21–24]. A few methods have
increasingly been used to generate origination and extinction
rates for fossil taxa [25], with CMR being one of these [26–34].
Somewhat less frequently, CMR is also used to generate
diversity curves [9,30]. In the original implementation of
CMR, wild animals were captured, with traps or other
methods, at discrete time intervals. Three principal metrics
were tallied for each interval: the number of animals captured
for the first time, the number of recaptured animals that had
been captured during a previous sampling interval and the
number of animals captured in previous and future intervals
that were missed during the interval in question. This last
metric allows the incompleteness of the sample to be taken
into account while computing estimates of the total popu-
lation size. The aim of this contribution is to use CMR to
estimate the taxonomic diversity of insects in deep time and
to evaluate the robustness of this estimation.
2. Methods
Details about our dataset anddata-cleaning procedure are provided
in the electronic supplementary material. All diversity estimates
were generated from family-level data, as was done in previous
studies [6,11,16], because so few fossil insect genera occur in
multiple time bins. Diversity estimates were generated with two
datasets. The first dataset includes all 43 156 fossil insect occur-
rences in the cleaned dataset. The second excludes the 10 867
fossil insects preserved in amber, and therefore consists of the
32 289 fossil insects preserved in rocks as compression–impression,
or ‘adpression’, fossils [35].

The Cormack–Jolly–Seber implementation of CMR [36] was
used here because it generates a separate diversity estimate for
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each time bin, Nt in Krebs’ notation. Mean diversity estimates
and the bounds of a 95% confidence interval were calculated
with the equations published by Krebs [37]. This implementation
of CMR only produces diversity estimates for the second through
to the penultimate sampling interval. The youngest 10 Myr bin
spans the base of the Tortonian (11.6Ma) to the Recent; diversity
estimates computed without simulated data end at the previous
10Myr bin, which spans the first four ages of the Miocene
(Aquitanian–Serravallian) and lasted from 23 to 11.6Ma.
Our use of the terminology ‘Cormack–Jolly–Seber’ is explained
in the electronic supplementary material.

Origination and extinction rates were calculated from the
CMR output. Krebs’ equations generate a probability of survival
for each time bin: ϕt. The extinction rate for each time bin was
calculated as 1− ϕt. The origination rate for each time bin was cal-
culated as the number of new families originating in that bin, Bt

in Krebs’ notation, divided by the number of families present in
the previous bin, Nt−1 in Krebs’ notation: Bt/Nt−1.

When point estimates of diversity rely partially on infor-
mation from younger time bins, as is the case for RT and CMR,
an artefact called the ‘pull of the Recent’ can occur if the
ranges of extant taxa are pulled through to the Recent regardless
of whether or not they have younger fossil occurrences [14,38,39].
Pulling the fossil ranges of all extant taxa to the Recent will arti-
ficially inflate diversity estimates for the youngest intervals
relative to older intervals that do not benefit from this type of
taxonomic range information. However, it would be an overcor-
rection not to pull the ranges of any extant taxa to the Recent,
because a fraction of these taxa will be preserved as fossils. The
treatment of extant taxa is of particular importance for CMR in
the context of comparing past to present diversity because this
method does not yield diversity estimates for the two youngest
time bins.

To address biases related to the ‘pull of the Recent’, two
additional time bins were simulated to estimate insect diversity
in the most recent 10Myr bin and to estimate how modern insect
diversity will appear in the fossil record, i.e. to extend the range
of the CMR diversity curve to the present day. These simulations
address the potential impact of the future fossil record on estimates
of Neogene insect diversity. The first simulated time bin was
assigned a modern age and the second was assigned an age of
5Myr in the future. The Cormack–Jolly–Seber method uses the
order in which time bins occur—not their actual ages, or the
amount of time between adjacent bins. The exact ages chosen for
the two simulated bins therefore had no impact on any of the
results. Three simulations were conducted with these two
additional time bins. In the first simulation, 200 extant families
that appear in the fossil record from the Late Cretaceous onwards
were randomly simulated to occur in each of the two simulated
time bins. A threshold of 200 was chosen because all five of the
10Myr bins from the Cenozoic contain at least 200 specimens.
Families were chosen using an independent sampling regime for
each of the two simulated time bins. In the second simulation,
100 extant families that appear in the Cenozoic fossil record were
randomly simulated to occur in each of the two simulated time
bins. A threshold of 100 was chosen because all five of the
10Myr bins from the Cenozoic contain at least 100 specimens pre-
served as adpressions. As above, families were chosen using an
independent sampling regime for each of the two simulated time
bins. In the third simulation, all extant families that appear in the
fossil record from the Late Cretaceous onwards were simulated
to occur in both of the simulated time bins.

CMR curves were generated with various other simulated
datasets and with subsets of the real dataset—without the Crato
Formation, by hemisphere according to palaeogeographical and
modern locations—to evaluate the potential impacts of sampling
artefacts on the diversity curve. These evaluations of robustness
are explained in the electronic supplementary material.
All diversity curves were calculated with 10Myr bins; the dur-
ations of time bins are roughly constant, but within-bin sampling
varies greatly. To control for the possible impact of uneven
sampling on the results presented here, the occurrence data were
divided into time bins of varying durations that all contain the
same number of occurrences. (The age and duration of each bin
is not incorporated into CMR calculations.) This procedure was
carried out with bins that contain 500 occurrences and with bins
that contain 1000 occurrences, on the complete dataset and on
the dataset without amber. Because many deposits span multiple
bins—for example, the 1000th- and 1001st-oldest fossils can belong
to the same deposit—this procedure was repeated 1000 times for
each bin length and each dataset, randomizing the order of fossils
that share the same age. The age of each bin was calculated as the
mean age of all fossils it contains. Some deposits contain too many
described fossils to fit into a single bin—such as Baltic amber and
other amber deposits of a similar age, from which 6284 insect fos-
sils have already been described—resulting in multiple bins with
the same age. When multiple bins have the same age, they were
separated by 1000 years. A mean estimate and a 95% confidence
interval were calculated from the results of the 1000 iterations of
each procedure.

All analyses were performed in R, version 3.4.2 [40]. Graphs
were produced with the R package ggplot2, version 2.2.1 [41].
Colourblind-friendly colour schemes for the electronic sup-
plementary material, figure S3 and figure 4 are based on Wong
[42]. The age of the Yanliao Biota from the Daohugou deposits
of the Jiulongshan Formation is discussed in the electronic
supplementary material.
3. Results
The insect diversity curves generated with CMR (figure 2)
show an increase in diversity during the Early Permian fol-
lowed by a plateau and then a steep decline at the Permian–
Triassic boundary. Family-level diversity recovers quickly at
the beginning of the Triassic and then increases somewhat
steadily until the Aptian Age of the Early Cretaceous
(approx. 125–113Ma). Both origination and extinction rates
reach local peaks during the Aptian, suggesting that the esti-
mated peak in diversity during this interval represents a true
burst of origination rather than a relative drop in extinction.
All of the curves, generated with and without amber fossils,
then show a precipitous drop in diversity during the Albian
Age of the Early Cretaceous (approx. 113–100Ma).

The diversity curves generated without amber show an
Early Cretaceous decline in diversity continuing throughout
the Late Cretaceous until the Cretaceous/Palaeogene bound-
ary. This decline is followed by a Cenozoic recovery that
occurs at a rate approximately equal to that of the Cretaceous
decline. All three of the curves generated without amber and
with simulated time bins show that modern diversity
approaches, but does not reach, the Early Cretaceous peak.

The curves generated with all insect fossils, including
amber, show an immediate recovery from the Early Cretaceous
decline in diversity, corresponding to the deposition of
Myanmar amber near the Early Cretaceous/Late Cretaceous
boundary. After this increase, diversity declines rather steadily
and quite precipitously towards the Cretaceous/Palaeogene
boundary. Diversity then increases steadily and reaches another
peak late in the Palaeogene, corresponding to the deposition of
Baltic amber and the Florissant fossil beds [43]. All three of the
curves generated with all insect fossils and with simulated time
bins show a Neogene peak in insect diversity roughly equal to
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the Late Cretaceous peak associated with the deposition of
Myanmar amber.

The Early Cretaceous interval that contains the peak in
insect diversity, the Aptian, includes fossils from the Crato For-
mation of Brazil, one of only nine konzentrat Lagerstätten from
the entire insect fossil record that was deposited less than 20°
from the palaeoequator—the region where modern insect
diversity is highest [44]. When CMR is run without the data
from Crato, the Early Cretaceous peak in diversity is less pro-
nounced but is still noticeably higher than the estimated
diversity for any previous interval (electronic supplementary
material, figure S1).

The Aptian has the highest number of described fossil
insects of any 10Myr bin before the Cenozoic. However, the
number of families that occur only during the Aptian (62) is
not much higher than the number of families that occur only
during the mid-Bashkirian–Moscovian (Pennsylvanian;
49), Artinskian–Kungurian (Early Permian; 48), Oxfordian–
Kimmeridgian (Late Jurassic; 47), or Cenomanian (Late Cretac-
eous; 57). The Aptian has the highest number of last
occurrences (83) of any 10Myr bin before the Cenozoic
(figure 3). The three 10Myr bins with the highest numbers of
first occurrences (figure 3) are the Oxfordian–Kimmeridgian
(Late Jurassic; 93), the mid-Valanginian–Barremian (Early
Cretaceous; 72) and the Aptian (81).
When time bins are standardized by the number of fossil
occurrences instead of by temporal duration, CMR still esti-
mates a steep Early Cretaceous peak in diversity (figure 4).
When amber fossils are excluded, the increase in diversity
is by far steepest within the Albian. When amber fossils are
included, diversity increases most sharply from the Tithonian
(152–145Ma) to the Hauterivian–Barremian (134–126Ma),
the interval that includes Lebanese amber. Diversity then
declines sharply going into the early Aptian (124Ma), rises
sharply within the Aptian (119Ma) and throughout the
Albian (113–100.5Ma), and continues to rise going into the
Cenomanian (100–93.9Ma), the age that includes Myanmar
amber. With the most notable exception of the Priabonian
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(37.8–33.9Ma)—the age that includes Baltic amber and the
Florissant fossil beds (electronic supplementary material,
figure S2)—diversity then declines towards the Recent. Sensi-
tivity analyses conducted by hemisphere are discussed in the
electronic supplementary material.
publishing.org/journal/rspb
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4. Discussion
The most prominent feature of the insect diversity curve
generated with CMR is the Aptian peak. A sharp Early
Cretaceous increase in diversity is also the only feature shared
by the recent diversity curves generated with the RT and SQS
methods [11,16]. There is reason to suspect that the Aptian
peak is an artefact of the preservation and sampling of fossil
insects. Insect diversity estimated by CMR generally follows
the peaks and troughs in the number of described insect occur-
rences per time bin, and the Aptian is the pre-Cenozoic time bin
with by far the highest number of described insect occurrences
(figure 2). The Aptian peak follows one of the two best-
described konzentrat Lagerstätten from China [45] and coincides
with the other [46], it immediately follows the oldest major
amber deposit [47], and it coincides with one of only nine
insect konzentrat Lagerstätten from the entire Phanerozoic that
was deposited at a tropical latitude [48].

(a) An Aptian peak in diversity
With the dataset currently available, it is not possible to
determine whether the Aptian peak in diversity would be
reconstructed as having occurred earlier in the Cretaceous if
an earlier time bin contained a higher number of, or a more
geographically diverse suite of, described occurrences. How-
ever, because this peak is reconstructed from all seven of the
eight hemispheric datasets that contain more than 14 fossil
insect occurrences from the Jurassic and Early Cretaceous
(201–100Ma; electronic supplementary material, figure S3),
and because this peak is robust to standardization of time
bins by the number of occurrences they contain (figure 4),
it appears that family-level insect diversity really did reach
a peak at some point during the Early Cretaceous.

The most obvious way in which published fossil insect
occurrence data violate the assumptions of CMR is that all
taxa that occur within a bin do not have an equal chance of
being sampled: occurrences are preferentially published
when they represent the first or last occurrence of a higher-
level taxon, such as a family. However, when the gaps between
a family’s first and last occurrences are filled into the occur-
rence matrix before running CMR, total diversity estimates
are slightly lower but all general features of the diversity
curve remain (electronic supplementary material, figure S4).
This finding suggests that the primary features of the diversity
curve generatedwith CMR, such as the increase in insect diver-
sity leading up to the Aptian, are not artefacts of the dataset’s
violations of CMR’s assumptions.

Family-level diversity within major amber deposits, and the
prevalence of first occurrences, are also consistent with an Early
Cretaceous peak in insect diversity. Lebanese amber, which
dates to the Barremian (131–126Ma) has only one-fourth as
many described insect occurrences as Myanmar amber and
only 5% as many described insect occurrences as Baltic amber
and other contemporaneous European amber deposits. How-
ever, Lebanese amber contains 61 family-level first occurrences:
approximately half as many as those described from Myanmar
amber (105) and as described from Baltic amber and other
contemporaneous European amber deposits (121).
(b) Ecological causes and implications
While it is difficult to directly interrogate the fossil record on this
matter [16], genus- and species-level phylogenies of insects
suggest ongoing net diversification throughout the Cenozoic,
often attributed to the codiversification of angiosperms with
their insect herbivores and pollinators [49–54]. However, the
putative relationship between angiosperm and insect diversifi-
cation is less apparent at the levels of subfamily, family and
order [6,55,56]. The results presented here suggest that, at the
family level, diversity increased most sharply—and reached
levels similar to the modern—during the Early Cretaceous,
when angiospermswere still exceedingly rare [57,58]. This find-
ing corroborates previous studies which found that the initial
diversification of angiosperms did not cause an increase in the
taxonomic diversity of herbivorous insects [55,59]. Although
specialized interactions between angiosperms and their insect
pollinators are widely accepted to have driven the diversifica-
tion of various insect lineages at lower taxonomic levels
[49,53], such specialized interactions have also been documen-
ted from the Early Cretaceous, before the radiation of
angiosperms [60]. Some insects that pollinated EarlyCretaceous
gymnospermspersisted for tens ofmillionsofyears into theLate
Cretaceous, coexisting with insect lineages that pollinated early
angiosperms[60].Thisoverlap,between insects thathadspecial-
ized relationships with gymnosperms and insects that had
specialized relationships with angiosperms, may have also
contributed to the Early Cretaceous peak in insect diversity.

Regardless of the drivers of this apparent discrepancy
between patterns of insect diversity at the level of family
versus the levels of genus and species, this discrepancy is not
necessarily unexpected. Genus- and species-level diversity is
not evenly distributed among insect families, but is instead dis-
proportionately concentrated in certain younger families such
as ants (Hymenoptera: Formicidae), true weevils (Coleoptera:
Curculionidae), and erebid moths (Lepidoptera: Erebidae)
that diverged relatively late within their respective taxonomic
orders [3]. For example, a diverse ant fauna in the extinct sub-
family Sphecomyrminae has been described from Myanmar
amber [61–67] and from a French amber deposit that is
nearly contemporaneous [68,69], but no ants have been
described from older deposits [70]. The oldest putative true
weevils in the family Curculionidae date to the Aptian
[71,72] despite belonging to an order that is widely known
from Palaeozoic deposits [3]. More generally, an increase in
the ratio of species-to-family diversity through time is a trend
observed across many animal lineages [73].

The Early Cretaceous increase in family-level insect
diversity can also be attributed, in part, to the rise of parasitic
and parasitoid life histories among various insect lineages
during the Late Jurassic and Early Cretaceous [2,74].
Of the families that had their first occurrences between the
Oxfordian–Kimmeridgian and the Aptian, many have para-
sitic or parasitoid life histories (figure 5). Hymenoptera, the
order that disproportionately contains the most parasitoid
taxa [75], had the highest ratio of first occurrences to last
occurrences during this interval, and most of these first occur-
rences are parasitoid families. Parasitoids, which typically
target other insects [43], are estimated to represent up to 20%
of the total diversity of extant insects [76]. Parasites and
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Figure 5. Ecologies. The white bars, on the left, represent the number of
families within each order that had their last occurrences during the
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parasitoids together are estimated to represent up to 25% of the
total diversity of extant insects [77], suggesting that the rapid
diversification of parasitic and especially parasitoid families
during the Late Jurassic–Early Cretaceous could have been a
major driver of the Early Cretaceous peak in family-level
insect diversity. Not only would the origination of parasitic
and parasitoid families contribute to the total number of
insect families, but parasitoids of insects may have increased
diversification rates in the lineages that they targeted
[75,78–80], contributing to a trophically downstream increase
in total insect diversity.
5. Conclusion
CMRmodels are increasinglyused inpalaeontological studies to
calculate rates of origination and extinction and to evaluate cov-
ariates suchas bodysize andmodeof reproduction.Hereweuse
this approach fora relatedpurpose, to estimate a diversity curve.
Our results show a peak in family-level insect diversity during
the Early Cretaceous—the only feature that is also shared by
diversity curves constructed with SQS and RT methods. The
exact timing of this peak, in the Aptian, may be an artefact of
thepreservation andsamplingof fossil insects, but theEarlyCre-
taceous peak in insect diversity is robust to all reasonable
approaches and appears to be real. This peak predates the diver-
sificationandecologicaldominationof angiosperms; genus- and
species-level diversification of many insect groups has been
attributed to the coevolution of insects and the plants that they
herbivorize and pollinate, but it appears that the family-level
diversification of insects is largely decoupled from diversifica-
tion at the levels of genus and species. The Early Cretaceous
peak in diversity is most likely attributable to the origination
of parasitic and especially parasitoid insect lineages. Groups
that radiated as parasitoids of other insects probably increased
total insect diversity in two ways: by occupying new niches,
and by initiating an evolutionary arms-race that would have
increased the diversification rates of the lineages they targeted.
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