
1Scientific Reports |         (2020) 10:4169  | https://doi.org/10.1038/s41598-020-61089-w

www.nature.com/scientificreports

Two-step extinction of Late 
Cretaceous marine vertebrates in 
northern Gulf of Mexico prolonged 
biodiversity loss prior to the 
Chicxulub impact
Takehito Ikejiri1,2*, YueHan Lu2 & Bo Zhang2

Recent studies on mass extinctions are often based on the global fossil record, but data from selected 
paleogeographic regions under a relatively constant paleoenvironmental setting can also provide 
important information. Eighty-nine marine vertebrate species, including cartilaginous and bony fish 
and marine reptiles, from northern Gulf of Mexico – located about 500 km from the Chicxulub crater 
– offer a unique opportunity to determine an extinction process during the last 20 million years of the 
Late Cretaceous. Our diversity data show two separate extinction events: (i) the ‘Middle Campanian 
Crisis’ (about 77 Mya) and (ii) the end-Maastrichtian (66 Mya) events. Whether this stepwise pattern 
of extinctions occurred locally or globally cannot be determined at present due to the lack of a dataset 
of the marine vertebrate record for reliable comparison. However, this stepwise pattern including the 
Middle Campanian and end-Maastrichtian events for, at least, a 13 million-year interval indicates long-
term global marine environmental changes (e.g., regression, ocean water chemistry change). Because 
most Cretaceous marine vertebrates already disappeared in the Gulf of Mexico prior to the latest 
Maastrichtian, the Chicxulub Impact may not be considered as the most devastating extinction event 
for the community.

The end-Cretaceous mass extinction event has been intriguing many researchers for decades as one of the most 
fascinating topics in Earth’s history1,2, but the main cause of this devastating incident is still under hot debate. 
Several competing hypothetical scenarios have been regularly studied, including large bolide impacts (e.g., the 
Chicxulub), extensive volcanisms (the Decan Trap), global sea-level changes, and so on. This ambiguity often 
comes from types of data used to quantify and determine extinction patterns, besides a complex nature of the 
process. Also, types of data, such as global (strictly based on a broad geologic time scale) or local (a selected geo-
graphic region in ecologic time), may provide a different view of mass extinctions3. The latter type, the bottom-up 
approach, can be specifically important for filling missing pieces of a puzzle for an overview of a mass extinction 
event, besides the global data-based top-down approach.

The top-down approach based on global data tends to have been popular for mass extinction studies of 
Mesozoic marine vertebrate4–8; however, data from a specific region is generally scarce in the literature9–11. In con-
trast to marine vertebrates, extinction patterns have been documented well in marine invertebrate and plankton 
taxa using the bottom-up approach, such as layer- or strata-level occurrence in scoped geographic regions. This 
tendency of taxonomic preference for mass extinction studies raises the question of whether marine vertebrates 
exhibit a different extinction pathway when compared to non-vertebrate marine taxa, possibly, due to unique 
ecological habitats (e.g., tiering, motility, feeding mechanism3), paleogeographic distributions, and/or species 
longevity.

We present overall extinction patterns of Late Cretaceous marine vertebrates (cartilaginous fish, bony fish, 
and marine reptiles) from northern Gulf of Mexico primarily following a preliminary study12. This study focuses 
on the fossil record from northern Gulf of Mexico (the current location of Alabama in the Southeastern U.S.A) 
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(Fig. 1). This narrowly selected geographic region can be important for marine vertebrate extinctions in the 
following aspects. First, successive geologic units of an over 20 million-year interval of the latest Cretaceous 
exist in the area (Supplementary Fig. S1). Those strata allow investigating the long-term diversity and extinc-
tion processes. Second, the region was paleoenvironmentally consistent to some degree (i.e., offshore marine 
environment near the Mississippian Embayment along with the southern coast of the Appalachia landmass13). 
Third, Alabama has a long history of scientific investigations and systematic fossil collecting since the early 19th 
Century14,15. This effort leads to a tremendous amount of fossil specimens, which makes it possible to apply the 
bottom-up approach to understanding extinction patterns. Lastly, Alabama has located about 500 km from the 
Chicxulub impact site in the Cretaceous Gulf of Mexico. This physical distance is paleogeographically intriguing 
when determining a magnitude of the asteroid impact on the marine vertebrate fossil record through the K-Pg 
boundary (Supplementary Fig. S2).

To quantify diversity and extinction patterns of Cretaceous marine vertebrates, species counts, percentages, 
and three types of rates are compared in five-time bins (stratigraphy-based units) over a 20 million year-interval 
(Table 1). Species occurrences including and excluding singletons were analyzed separately for comparisons. Data 
are analyzed on not only all marine vertebrates but also three finer taxonomic groups (cartilaginous and bony fish 
and marine reptiles) and some selected key Cretaceous taxa (family or order levels) to determine extinction selec-
tivity. Moreover, other major extinction events, besides the end-Maastrichtian event, are investigated in various 
taxonomic groups. Following those themes based on the local data, we will discuss the possibility of the global 
phenomenon for marine vertebrates and other marine taxa (invertebrates and plankton) and a possible cause(s) 
of extinction events.

Figure 1.  Paleogeographic map of the Gulf of Mexico about 66 million years ago. The red star indicates the 
position of the Chicxulub impact site. The current position of Alabama (AL) denoted by the white box is 
approximately 500 km from the impact site. The Mississippian Embayment is located on the left side of the 
symbol AL. The map was modified from Scotese82.

Stratigraphic 
units Age Geologic units

Genus & species 
countsa

Specimen 
(all)a

counts (w/ 
taxonomic ID)

Unit 5 upper Maastrichtian Prairie Bluff Chalk Fm
Providence Sandstone Fm

12 gen., 16 spp.
1 gen., 1 sp.

203
3

96
–

Unit 4 lower Maastrichtian Ripley Fm 4 gen., 9 spp. 139 37

Unit 3 middle to upper Campanian Demopolis Chalk Fm 10 gen., 23 spp. 211 63

Unit 3 lower Maastrichtian  Bluffport Marl Mbr* 1 gen., 1 sp. 40 —

Unit 3 moddle to upper Campanian Cusseta Sand Mbr** 3 gen., 3 spp. 9 —

Unit 3 middle Campanian Arcola Limestone Mbr*** 5 gen., 5 spp. 21 —

Unit 2 lower to middle Campanian Mooreville Chalk Fm 33 gen., 66 spp. 6,147 1980

Unit 2 lower to middle Campanian Blufftown Fm 216 —

Unit 1 upper Santonian Eutaw Fm 12 gen., 49 spp. 943 461

Table 1.  List of five stratigraphic units (used as time bins for this study) based on Upper Cretaceous geologic 
units (formations and members) in Alabama. Species and genus counts and rock volume of each geologic 
unit (based on surface area and volume) are compared. Key lithological features are listed in Supplementary 
Table S1. Data for taxonomic counts are available in Supplementary Table S3. aIncluding specimens with 
uncertain taxonomic identification (data updated from Ikejiri et al.12). *A part of the Demopolis Chalk Fm. **A 
part of the Reply Fm. ***A part of the Mooreville Chalk Fm.
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Results
An overview of 8,275 Cretaceous marine vertebrate specimens from Alabama is available in Ikejiri et al.12. 
Stratigraphic and geographic setting (Table 1; Supplementary Fig. S1) and relative taxonomic compositions based 
on specimen counts (Supplementary Tables S3 and S4) were first summarized. All 8,275 specimens came from 13 
counties of central to western Alabama (surface area: approximately 160 × 50 km2). They are housed at 12 insti-
tutions (listed in Supplementary Section 4). Of the 8,275 specimens, 3,301 specimens allowed the species-level 
identification with reliable stratigraphic information for this study. The sampling strategy (Table 2) and relative 
species richness based on rarefaction curves (Supplementary Fig. S3) and the Shareholder Quorum Subsampling 
(Fig. 2; Supplementary Table S2) are discussed below.

In total, 71 genera and 89 species of marine vertebrates were identified, including 17 uncertain species-level 
identification, from the five stratigraphic units: Unit 1 (lower Santonian) to Unit 5 (upper Maastrichtian) ranging 
from 86 to 66 million years ago (Supplementary Tables S3 and S4). Those Cretaceous marine vertebrates include 
26 genera and 38 species of cartilaginous fishes (sharks, rays, and chimeras), 20 genera and 24 species of bony 
fishes (actinopterygians and a sarcopterygian), and 21 genera and 28 species of marine reptiles (mosasaurs, ple-
siosaurs, and sea turtles). Of the 89 species, 28 taxa represent a singleton status (i.e., 30.8% of the total species 
count) including 12 cartilaginous fish, five bony fish, and 11 reptilian species.

In the raw data with Lazarus occurrences, 89 species occurred 193 times (and 62 species with 155 occurrences 
in the data without singletons) in the five stratigraphic units. Of the five stratigraphic units, Unit 2 had the larg-
est number of occurrences (n = 68 including singletons; n = 51 excluding singletons) (Supplementary Table S5). 
Those data indicate that the Early to Middle Campanian interval (Unit 2) represents the diversity peak of those 
marine vertebrates in northern Gulf of Mexico (Fig. 3). The least number of occurrences (n = 17 in the data with 
singletons) was found in Unit 4 (lower Maastrichtian). The Unit 5 (middle to upper Maastrichtian) also showed 
a considerably low number (n = 15 in the data without singletons). Those small numbers indicate that the diver-
sity level was constantly low in the nearly entire Maastrichtian (Unit 4 and Unit 5). A declining diversity pattern 
appeared in Unit 3 to Unit 4 in the all vertebrate group and each of three subgroups, cartilaginous fish, bony fish, 
and marine reptiles.

Origination percentages were calculated in each time bin. The largest origination value occurred in Unit 1 
(upper-most Santonian to lower Campanian) for all marine vertebrates in both types of the datasets with and 
without singletons (71.7% and 64.4% respectively) (Fig. 4; Supplementary Table S5). The origination percentages 
rapidly decreased at Unit 2 and maintained considerably low values from Unit 3 to Unit 5 as seen in the species 
count data. No marine vertebrate species originated (0.0%) in Unit 4. Those origination data suggest that diver-
sity has remained noticeably low in through the nearly entire Maastrichtian for an approximately 8 million-year 
duration in this paleogeographic region.

Both including and excluding singleton data sets showed significantly high extinct species counts (higher than 
the upper 95% CIs) in Unit 2 for all vertebrates and the three subgroups (except for the marine reptiles without 
singletons setting) (Table 3; Supplementary Table S5). In the data with singletons, 40 marine vertebrate species 
disappeared while 25 was counted in the data without singletons. In all marine vertebrates, Unit 5 representing 
the latest Maastrichtian interval exhibited the second largest number of extinct species count. Each of the three 
subgroups, however, showed a slightly variable pattern of the count across the stratigraphic units. Overall, car-
tilaginous fish showed a considerably high number in Unit 5 (n = 9 with singletons; n = 5 without singletons), 

Raw data

County Locality Surface areaa
Thickness 
maximumb,c Thickness medianb,c

Duration 
(median)d

(#) (#) (km2) (m) (m) (m.y.)

Unit 1 12 19 4539 61 46 3

Unit 2 17 79 3978 183 96 5

Unit 3 7 39 3168 151 140 8

Unit 4 8 21 2045 76 43 2

Unit 5 7 28 1884 91 59 4

Kendall’s tau correlation

County Locality Surface area Thick-max Thick-median Duration

County 0.796 0.197 0.796 0.796 0.796

Locality −0.105 1.000 0.014 0.142 0.142

Surface area 0.527 0.001* 1.000 1.000 1.000

Thickness (max) −0.105 1.000 0.001* 0.142 0.142

Thickness (median) −0.105 0.600 0.001* 0.600 0.014

Duration −0.105 0.600 0.001* 0.600 1.000

Table 2.  Sampling variation of Cretaceous vertebrate fossils from Alabama. Top: Raw data of county numbers, 
Locality numbers, rock volume parameters (area and thickness), and duration. The duration is estimated based 
on the median of an approximate unit interval for each stratigraphic unit (Supplementary Fig. S1 left). Bottom: 
Results of Kendall’s tau correlation. The numbers above the diagonal are the τ values, and the numbers below 
the diagonal are the p-values. An asterisk mark indicates a strongly correlated value. Data sources: aBased on a 
1:250,000 state map. bBased on Raymond et al.65. cSoller (1995). dSupplimentary Fig. S1.
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but bony fish and marine reptiles had an earlier declining signal in Unit 2 and Unit 3 (by the end of the Middle 
Campanian and around the Campanian–Maastrichtian boundary, respectively). At first glance, the extinct species 
counts suggest slightly different pathways of diversity loss among the three marine vertebrate groups.

While many marine vertebrate species disappeared just before the end-Maastrichtian (Unit 5), at least, three 
species survived through the K–Pg contact in northern Gulf of Mexico (Fig. 3; Supplementary Table S4). Those 
included the genus Enchodus (including two species E. ferox and E. petrosus: Aulopiformes) and Cretalamna (C. 
appendiculata: Lamniformes). Those K-Pg survivors may be considered as Dead Clade Walking (i.e., referring 
to extinction debt when a few still survive after a devastating event16). Based on the last occurrence data in Unit 
5, possible victims around the K–Pg boundary were a few species of mosasaurs and protostegid turtles. Most 
lineages of rays (Myliobatiformes, Orectolobiformes, and Sclerorhynchiformes) and pycnodontiform bony fish 
also disappeared below the K–Pg. It is, however, worth noting that the magnitude of species declines could be 
greater in the earlier time (Unit 2 and/or Unit 3) than in the end-Maastrichtian extinction event (Unit 5). This 

Figure 2.  Subsample-level diversity of Late Cretaceous marine vertebrates from northern Gulf of Mexico. Left: 
including all taxa; right: excluding singletons. Standardized genus diversity is based on the shareholder quorum 
subsampling method by Alroy17,76. The quorum was set at 0.8, 0.6, 0.4, and 0.2 with 1,000 trials.
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earlier declining pattern is particularly applied for bony fishes and marine reptiles (see also other extinction 
values below).

Of all marine vertebrates, the largest and significantly high extinction percentage (Materials and Methods) 
was found in Unit 5 representing the K-Pg extinction based on the upper 95% CI (83.3% with singletons; 60.0% 
without singletons) (Fig. 4; Supplementary Table S5). Unit 2 in middle Campanian also showed considerably high 
extinction percentages in the two datasets, but no other units showed notably high values for all vertebrates. As 
seen in the extinct species counts, the cartilaginous fish and marine reptiles showed significantly high values in 
the latest Maastrichtian (Unit 5), but bony fish did not show any signs of devastation. Notably, in Unit 2 (lower 
to middle Campanian), the two fish groups exhibited high-level extinction pressure in both datasets. However, 
marine reptiles showed a moderate (in the singleton dataset) or very low extinction level. Only marine rep-
tiles displayed a notably high extinction percentage in Unit 3 as also found in the species counts. Those data on 
the extinction percentage indicate that those marine vertebrates have different extinction patterns in the Late 
Cretaceous and multiple extinction events might occur such as in Unit 5 (i.e., the end-Maastrichtian) and Unit 2 
(the end of middle Campanian) (Fig. 3).

Some common Late Cretaceous marine vertebrate taxa tend to have followed this overall extinction path-
way – a combination of two large extinction impulses in Unit 2 (middle Campanian decline) and Unit 5 (late 
Maastrichtian to the K-Pg boundary). Those taxa specifically include chimeras, rays, hybodontid sharks (includ-
ing Hybodontiforms and Ptychodontiformes), aulopiform fish, ichthyodectiform fish, and mosasaurs, based on 
extinction percentages (Table 3). Some other fish taxa, however, showed slightly different extinction pathways. 
For example, lamniform sharks showed a moderate-level extinction percentage in Unit 2. Then, they survived 
fairly well in Unit 3–Unit 4 and until hitting the major devastation in Unit 5. The single species of hybodontiform/
ptychodontiform, Ptychodus mortni, might survive until Unit 3, but most of hybodontid and ptycodontod species 
disappeared by the end of Unit 2.

Different extinction patterns were also identified in the three marine reptiles, mosasaurs, sea turtles, and ple-
siosaurs. Many of those reptiles commonly exhibited a strong late Campanian declining trend (Unit 2 and Unit 
3) based on a number of extinct species and the extinction percentages (Fig. 3; Table 3). In sea turtles including 
bothremydids, stem-basal chelonioids, and protostegids, while the highest extinction percentage appeared in 
Unit 2, they tend to have decreased continuously from Unit 2 to Unit 5. Plesiosaurs showed a very scatter fossil 
record from Alabama including an indeterminate elasmosaurid and polycotyrid taxa; Supplementary Table S3). 
The last occurrence of plesiosaurs is Unit 4, but no record of Unit 5 has been known. Mosasaurs have the 100% 
extinction rate at the K-Pg boundary but include only two species Mosasaurus maximus (cf. M. hoffmani) and 

Figure 3.  Biostratigraphic occurrence and diversity of Late Cretaceous marine vertebrates from northern Gulf 
of Mexico. Data show two major extinction events: Middle Campanian Crisis (MCC) and end-Maastrichtian 
(K–Pg) events. Standing diversity is calculated separately based on species counts with and without singletons.
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Plioplatecarpus sp. in Unit 5. The highest number of mosasaurs (n = 11) disappeared in middle Campanian (11 
species in Unit 2 consisting of 63.3%), and this declining trend followed in later Campanian (57.1% in Unit 3).

Three types of extinction rates, proportional extinction (PE), proportional extinction rate per million years 
(PE m.y.), and per-capita extinction rate (q), were calculated solely based on the data excluding singletons 
(Materials and Methods). The two latter rates incorporate data of a duration of a time interval (stratigraphic unit) 
while the first one does not. In our dataset, the five stratigraphic units have a different duration ranging from 
approximately 2 to 8 million years (Table 2; Supplementary Fig. S1). Overall, the three types of rates of all verte-
brates (Supplementary Table S6) showed a similar overall extinction pathway (i.e., a two-step diversity decline 
process in Unit 2 and Unit 5) as seen in the species count and extinction percentage (Fig. 4). In per-capita extinc-
tion rates (Fig. 5), the latest Maastrichtian (Unit 5) has the highest value, which is mainly based on cartilaginous 
fish. The highest value was also identified in Unit 2 for the all vertebrate and the two fish groups.

Discussion
Sampling effects and diversity comparisons.  Diversity analyses for the fossil record cannot completely 
avoid the possibility of data distortion due to inconsistent fossil collecting (sampling), various conditions of pres-
ervation, different sedimentological settings, and so on17. To determine the risk of those kinds of potential biases, 
sampling variations and estimated species numbers generally provide some intuitions. In this study, six parame-
ters of sampling variations in the duration in million years, fossil sites, and rock volume are compared (Table 2). 
Among those parameters, the surface area of each Formation (or Member) has the strongest tendency of corre-
lation, especially, with the duration and relative strata thickness in the dataset. The numbers of localities (fossil 
sites) and counties (in Alabama) may contain a possible limitation (i.e., the largest number of fossil sites assigned 
to Unit 2), but other units tend to be constant.

Figure 4.  Origination (O) and extinction (E) percentages of Late Cretaceous marine vertebrates from northern 
Gulf of Mexico. Left: including all taxa; right: excluding singletons. The data used for this figure are listed in 
Supplementary Table S5. An asterisk mark indicates a significantly high percentage based on the upper 95 CI. 
Error bars of extinction percentage represent 95% confident intervals (following refs. 80,83).
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Regarding relative species richness, the rarefaction curves of all vertebrates and the three sub-vertebrate 
groups show a reasonably robust sample size in our dataset (Supplementary Figs. S3). The Shareholder Quorum 
Subsampling (SQS) at four different quora share similar overall topology of the diversity curve in all vertebrate 
and each of the three sub-groups (Fig. 2) (Supplementary Table S2). The highest diversity appears in Unit 2 and a 
continuous decline in Unit 3 to Unit 5 for all vertebrates. The three vertebrate subgroups, however, show slightly 
different patterns in the SQS curves. The evident difference appears in marine reptiles that exhibit the diversity 
peak at Unit 3. Cartilaginous and bony fish groups show similar diversity trends in overall, but a sharper decline 
occurs from Unit 2 to Unit 3 in the former group. Those different pathways of the three vertebrate subgroups 
reflect the real diversity pattern in our dataset. Otherwise, if our data are heavily distorted by different sampling 
strategies or preservational settings, all three groups will likely show the same pattern. In sum, we conclude that 
the data from the 3,301 vertebrate specimens is robust enough for further discussion of extinction patterns and 
processes.

With or without singleton taxa.  Including or excluding singletons taxa has been an important issue for 
diversity analyses in the fossil record18,19. While many studies exclusively exclude singletons, some argue possible 
advantages for using taxa occurred in a single interval20. The extinction percentages of our marine vertebrate data 
show an overall similar extinction trend in both datasets with and without singletons (Fig. 4). However, the pro-
portional and per-capita extinction rates of all vertebrates that exclude all singleton counts display a few notable 
differences among the three sub-vertebrate groups (Fig. 5; Supplementary Table S6). For example, marine reptiles 
have much smaller extinction rates in the latest Maastrichtian (Unit 5) than in the Campanian (Unit 2 and Unit 
3). Also, bony fish does not show a decline signal in Unit 5 based on all extinction rates. Those patterns are largely 
not observed or not evident in the extinction percentages with the singleton data (Fig. 4).

We, thus, suggest that excluding singletons from our dataset possibly hide some important extinction signals 
or, at least, do not provide fine resolution to interpret the extinction trend. One of the reasons for the possible 
singleton effect is due to a relatively small number of time units (e.g., losing all bottom-boundary crossing taxa in 
Unit 1 when excluding singletons). Furthermore, some singleton taxa (listed in Supplementary Table S3) excluded 
in the all extinction rate analyses have a (relatively) high number of specimens12. This fact indicates that some 
or most singleton taxa in our dataset most likely represent a true diversity pattern (i.e., single time occurrence). 
Theoretically, finer biostratigraphic data from subdivided geologic units (e.g., Formation, Member) or strata-level 
occurrence can reduce a total singleton count in the dataset. This kind of approach must provide a better resolu-
tion of the extinction pattern although it is not practical at this moment. Therefore, we think that incorporating 
the two types of datasets is necessary for those marine vertebrates.

How many extinction events?.  While 88 out of 90 marine vertebrate species became extinct for an over 
20 million-year interval of the latest Cretaceous, two considerably large extinction events are recognized based 
on the data with singletons (Fig. 3). The largest extinction magnitude in all marine vertebrates is identified in 
Unit 5, which represents the end-Maastrichtian extinction event. Although extinct species counts are consider-
ably low in Unit 5 (Supplementary Table S5), this extinction event had certainly impacted the marine vertebrate 
community near northern Gulf of Mexico. Of the three vertebrate groups, cartilaginous fish displays the severest 
devastation (Figs. 4 and 5). Bony fish and marine reptiles, however, do not show a strong signal of diversity loss. 
Different extinction pathways in the three vertebrate groups indicate a possible complex process with different 
causes toward the end-Maastrichtian.

Higher taxa Key taxa
Specimen 
#s (b)

Extinction percentage (%) Extinct 
species 
count

Unit 
1 Unit 2 Unit 3 Unit 4 Unit 5

Chimaeriformes Edaphodon, Ischyodus 26 0.0 100.0* 0.0 0.0 0.0 4

raysa
Borodinopristis, 
Brachyrhizodus, 
Pseudohypoliphus

280 66.7 80.0* 50.0 0.0 100.0* 12

Hybodontiformes + Ptycodontiformes Ptychodus, hybodontids 151 71.4 80.0 100.0 NA NA 6

Lamniformes
Cretalamina, 
Scapanorhynchus, 
Squalicorax

1,243 16.7 27.3 0.0 0.0 85.7 13

Aulopiformes Enchodus, Stradodus 857 0.0 33.3 25.0 25.0 33.3 3

Ichthyodectiformes Ichthyodectes, Xiphactinus 244 0.0 50.0 50.0 100.0* NA 4

Mosasauridae Clidastes, Mosasaurus, 
Tylosaurus 1,563 0.0 63.6 57.1 0.0 100.0* 12

Testudines Ctenochelys, Protostega, 
Toxochelys 1,250 0.0 54.5 60.0 50.0 100.0* 11

Plesiosauria polycotylid sp., elasmosaurid 
sp. 56 0.0 33.3 50.0 100.0 NA 2

Table 3.  Extinction selectivity for selected Late Cretaceous marine vertebrate groups from northern Gulf 
of Mexico. Extinction percentages of raw data are compared through the five-time bins. Numbers with an 
asterisk mark indicates a significantly high value. aIncluding Myliobatiformes, Orectolobiformes, Rajiformes, 
Sclerorhynchiformes, and Squatiniformes. bData updated from Ikejiri et al.12.
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Another large extinction event is identified in Unit 2 during the Middle Campanian (Fig. 3). This ‘Middle 
Campanian Crisis’ event is characterized by a combination of significantly high diversity and a sharp decline in 
the time interval (Figs. 4 and 5). The two fish groups tend to be involved more explicitly than marine reptiles. 
In particular, bony fish has the largest extinction magnitude through the five Late Cretaceous units. In marine 
reptiles, some species also disappeared during the Middle Campanian Crisis, but the majority of mosasaurs, ple-
siosaurs, and sea turtles have vanished in the Late Campanian to the earliest Maastrichtian (Unit 3) in northern 
Gulf of Mexico.

Many studies on marine vertebrate extinctions have emphasized the end-Maastrichtian event (e.g., marine 
reptiles4,6,8, mosasaurs7, plesiosaurs21, sharks11, bony fish5) while a few studies have also pointed out the possi-
bility of Campanian extinctions (e.g., actinopterygian and mosasaur fauna in Sweden22,23). Our study suggests 
that species-level data from a selected geographic region have some advantages to reveal the Middle Campanian 
biodiversity loss. In contrast to Cretaceous marine vertebrates, some studies of marine invertebrates and plankton 
show signals of a large extinction magnitude that can be referred to as the Middle Campanian Crisis. For example, 
some mollusks show evident declined patterns in the Middle to Late Campanian (e.g., ammonites24–28, gastro-
pods29, inoceramids30,31, rudists32, a combination of various taxa33,34). In marine plankton, some studies display 
continuous background extinctions throughout the Campanian (e.g., nannoplankton35,36, foraminifera37,38).

Near the northern Gulf of Mexico region, detailed extinction patterns have not been well known for most 
Cretaceous marine taxa. A few previous studies on mollusks39 and plankton40 cover only selected layers of the 
upper-most Maastrichtian formations (i.e., the upper part of Unit 5), but no published data are available for the 
Campanian and early Maastrichtian records. Hypothetically, non-vertebrate marine taxa may have a different 
extinction pathway from marine vertebrates since due to various types of paleoecological (e.g., life habitats and 
modes, relative trophic level positions) and biological factors (e.g., species longevity, body size)41,42. To further 

Figure 5.  Origination and extinction rates of Late Cretaceous marine vertebrates from northern Gulf of 
Mexico. Three types of rates are compared based on data without singletons, including PO (proportional 
origination), PE (proportional extinction), p (per-capita origination), and q (per-capita extinction) (see 
Materials and Methods). The original data and other kinds of extinction rates are available in Supplementary 
Table S6.
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investigate this hypothetical scenario, data of strata- or layer-based fossil occurrence for selected taxa will be 
necessary.

Local vs. global phenomena?.  Could this Middle Campanian Crisis be paleogeographically a global phe-
nomenon for the marine ecosystem? To date, no comprehensive data to outline spatial extinction patterns of all 
marine vertebrates are available in the literature. We have attempted to investigate the Middle Campanian Crisis 
in global-scale data of marine vertebrates in the Paleobiology Database (Supplementary Tables S7 and S8). As for a 
reference, a total of 396 genera of marine vertebrates recorded from five intervals, using an 8 million-year time bin 
for each, from the Cenomanian to the end of the Paleocene (about 40.1 million years in total duration) occur 690 
times in total. The genus-level based global data show the largest extinction percentage (57.2%: Supplementary 
Table S7) at the latest Cretaceous time bin for all vertebrates, cartilaginous fish, and marine reptiles.

There are difficulties to draw a clear conclusion of whether the Middle Campanian Crisis involved marine ver-
tebrates on a global scale. The main reason is that many taxa in the dataset exhibit uncertainty in alpha taxonomy 
at the species-level identification and even in higher-levels (e.g., family, order). Those include some major or rel-
atively common Cretaceous marine vertebrate taxa, specifically assigned to rays, lamniforms, crossognathiforms, 
ichthyodectiforms, tselfatiforms, and sea turtles. Another challenge in using global data lies in the limitation 
of the stratigraphic setting. The database does not provide robust data to extract a time interval that matches 
the Middle Campanian for quantitative comparisons with our data. Thus, we suggest that the global data of 
Cretaceous marine vertebrates presented here is a reference for general information and further analysis of the 
global data for detailed diversity patterns is needed (currently under study by one of the authors, T. I.).

Potential cause(s) of the middle campanian crisis.  Of the two extinction events of Late Cretaceous 
marine vertebrates in northern Gulf of Mexico, the Chicxulub impact is likely the strongest candidate for the main 
cause of the latest Maastrichtian devastation43,44 (Supplementary Fig. S2). Many studies reveal a series of after-
math global marine environmental changes triggered by the impact, such as impact bursts45, mega-tsunami46,47, 
and climate changes48–51. Since Alabama is physically located merely 500 km away from the impact site (Fig. 1), 
this catastrophic event likely affected the 12 species that disappeared during the time of Unit 5, and as the result, 
iconic Cretaceous marine vertebrates, mosasaurs, sea turtles, a few groups of rays, and possibly lamniform sharks 
were completely wiped off from the Gulf of Mexico.

Determining the main physical cause(s) of the Middle Campanian Crisis is more challenging for the marine 
vertebrate community. To our knowledge, the globally impactful event at the corresponding time and space is 
uncertain. Some kinds of global long-term marine environmental changes in the Late Cretaceous, however, can be 
considered as possible candidates. Those include, for example, sea-level change (esp., global regression52–55), fau-
nal change in plankton40, marine anoxia56, ocean acidification49,57–59, and the Strangelove oceans58,60. Among those 
hypotheses for a global scale, circumstantial evidence from northern Gulf of Mexico indicates a series of regres-
sion events (e.g., refs. 61,62) that must affect marine vertebrate diversity to some degree (Supplementary Fig. S4). 
Moreover, an alternative possibility is a relatively large asteroid impact in central Alabama. The Wetumpka Impact 
crater, exhibiting 7.6 km in diameter, is estimated to occur sometime in the time of the Mooreville Chalk (Unit 
2: ca. Early to Middle Campanian)63. To further investigate this hypothetical scenario, more precise data on the 
impact age and magnitude will be needed.

Materials and Methods
Geologic setting.  Following Ikejiri et al. (ref. 12), Upper Cretaceous geologic units (a combination of forma-
tions and members) were subgrouped into five successive stratigraphic units (Table 1; Supplementary Table S1). 
Surface rocks of those Cretaceous units are geographically distributed in the mid-region from northwestern 
to central-eastern Alabama (Supplementary Fig. S1). Surface area data of each unit are available in the USGS 
Geologic maps of US states (ref. 64 accessed on July 2016). Ages of the geologic formations and members are based 
on ref. 65 and USGS Geolex66. Using a Formation- and Member-based time setting can provide finer intervals than 
numerical values (e.g., 10 million-year) when determining extinction and diversity patterns67. The five successive 
units used in this study exhibited approximately 20 million- year total duration, which consists of about a 4 mil-
lion-year bin for each unit. Most of the marine vertebrate fossils from Alabama do not have layer- or strata-level 
stratigraphic information.

In Alabama, an unconformity might occur twice in the upper Cretaceous units: in the contact of the Prairie 
Bluff Chalk (upper Maastrichtian) – the Clayton Formation (lower Paleogene) and within the Reply Formation 
(lower Maastrichtian). Those unconformities can be arguable and may occur only regionally (e.g., refs. 13,68). In 
the K–Pg contact between the upper Maastrichtian Prairie Bluff Chalk and the Paleogene Clayton Formation 
(Supplementary Fig. S2), nannoplankton data indicate a regional unconformity ranging from 0.4 million to pos-
sibly over a few million years69–71. Strontium isotope and paleomagnetism, however, suggests a successive K–Pg 
boundary with no unconformity39,72. Possible tsunami deposits with direct impact materials (e.g., impact ejecta, 
glass spherules, microtektites) have been reported from several K–Pg sites near the Mississippi Embayment71. 
During a series of field investigations, we found typical Late Cretaceous taxa, such as the lamniform shark 
(Squalicorax) and mosasaur (cf. Mosasaurus), from the base of the Paleogene Clayton Formation (Supplementary 
Fig. S2 and Table S4). These data may represent a reworked condition (as suggested by refs. 61,62) although further 
investigation seems to be needed for verification.

Sampling variations and subsampling.  For sampling variations (following refs. 73,74), we used a cor-
relation test to compare the relation of six sampling measures, such as (1) counties, (2) fossil localities, (3) the 
surface area of each geologic unit, (4) maximum and (5) median of each unit, and (6) a duration (my) for each 
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stratigraphic unit. We used Kendall’s tau due to expecting a non-linear relation in the dataset. The PAST (version 
2.0875)was used to run rarefaction analysis. Relative fossil richness was estimated by the Shareholder Quorum 
Subsampling; the quorum, µ, was set as 0.2, 0.4, and 0.8 for comparisons with a total of 1000 subsampling trials 
for each dataset (using the R code provided by ref. 17). For this analysis, using ‘two timmers’ species counts (N2t; 
ref. 76) was applied for specimens with reliable species-level identification when genera consist of multiple taxa. 
The result is shown in Fig. 3.

Marine vertebrate fossils.  Data on species counts were collected only from museum specimens that 
are officially curated (by the summer of 2015). Twelve institutions in the U.S. and U.K. store those specimens 
(Supplementary Materials Section 4). In total, over 8,275 specimens were stored in the institutions, and only ones 
with reliable generic level identification with valid stratigraphic information (n = 6,352) were selected for this 
study (Supplementary Table S3). The taxonomic status was checked mostly in actual specimens by the author 
(T.I.), and some results were reported11. The 6,352 specimens include a mix of specimens with skeletons and iso-
lated bones that exhibited enough proportions to examine certain morphologies. Of Cretaceous vertebrate fossils 
from Alabama, only fully aquatic forms were scoped in this study, including cartilaginous fishes (sharks, rays, 
sawfish, and chimeras), bony fishes (actinopterygians and sarcopterygian fish), and marine reptiles (mosasau-
roid squamates, plesiosaur sauropterygians, and chelonioid testudines). Semiaquatic and fully terrestrial archo-
saurs, such as crocodilians, pterosaurs, non-avian dinosaurs, and birds, were not included (those excluded taxa 
are listed in ref. 12. Only specimens with bony tissues, such as skeletons, bones, and teeth, were analyzed, but 
scale-specimens for some fish taxa (e.g., refs. 77,78) were not included.

Global data of Late Cretaceous marine vertebrates were downloaded from the Paleobiology Database79 (http://
fossilworks.org; accessed in August 2019). Stratigraphic and geographic occurrences were chosen for quantitative 
comparisons at the genus-level because species-level taxonomic assignments and occurrences may contain more 
uncertainties.

Data quantification for extinction patterns.  Supplementary Tablesbiting a singleton status (i.e., species 
occurred only in a single geologic unit) can yield a large amount of important information to assess extinction 
patterns and processes as suggested by two studies80,81, and those taxa were, thus, included for this study. However, 
data excluding singletons were also analyzed for comparison. Since there is a hiatus in the earlier Santonian 
(below Unit 1) in Alabama, occurrence of some species in Unit 0 (Supplementary Table S3) were based on the 
record from other areas of the Gulf of Mexico or the Western Interior Seaway Lazarus taxa that occurred 22 times 
in 13 species (seven times in Unit 3 and nine in Unit 4, and once in Unit 5) were included for all data analyses. For 
calculating origination (O) and extinction (E) percentages, total species counts (N) per time bin (Stratigraphic 
Unit) were used as O/N and E/N for the data set with and without singletons. Various extinction and origination 
rates with boundary-crossing measures such as (1) proportional (PE and PO), (2) proportional rate per m.y., and 
(3) per-capita rates (p and q), analyzed for this study followed refs. 18,19.

Received: 3 July 2019; Accepted: 14 February 2020;
Published: xx xx xxxx

References
	 1.	 Raup, D. M. & Sepkoski, J. J. Mass extinctions in the marine fossil record. Science 215, 1501–1503, https://doi.org/10.1126/

science.215.4539.1501 (1982).
	 2.	 Raup, D. M. Extinction: Bad Genes or Bad Luck? W. W. Norton & Company. 224 p. (1991a).
	 3.	 Bambach, R. K., Bush, A. M. & Erwin, D. H. Autecology and the filling of ecospace–key metazoan radiations. Palaeontology 50, 

1–22, https://doi.org/10.1111/j.1475-4983.2006.00611.x (2007).
	 4.	 Bardet, N. Extinction events among Mesozoic marine reptiles. Hist. Biol. 7, 313–324, https://doi.org/10.1080/10292389409380462 

(1994).
	 5.	 Friedman, M. Explosive morphological diversification of spiny-finned teleost fishes in the aftermath of the end-Cretaceous 

extinction. Proc. R. Soc. B 277, 1675–1683, https://doi.org/10.1098/rspb.2009.2177 (2010).
	 6.	 Benson, R. B. J., Butler, R. J., Lindgren, J. & Smith, A. S. Mesozoic marine tetrapod diversity: mass extinctions and temporal 

heterogeneity in geological megabiases affecting vertebrates. Proc. R. Soc. B 277, 829–834, https://doi.org/10.1098/rspb.2009.1845 
(2009).

	 7.	 Polcyn, M., Jacobs, L. L., Araujo, R., Schulp, A. S. & Mateus, O. Physical drivers of mosasaur evolution. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 400, 17–27, https://doi.org/10.1016/j.palaeo.2013.05.018 (2014).

	 8.	 Fischer, V., Bardet, N., Benson, R. B. J., Arkhangelsky, M. S. & Friedman, M. Extinction of fish-shaped marine reptiles associated 
with reduced evolutionary rates and global environmental volatility. Nat. Commun. 7, 10825, https://doi.org/10.1038/ncomms10825 
(2016).

	 9.	 Gallagher, W. B. Selective extinction and survival across the Cretaceous/Tertiary boundary in the northern Atlantic Coastal Plain. 
Geology 19, 967–970, https://doi.org/10.1130/0091-7613(1991)019<0967:SEASAT>2.3.CO2 (1991).

	10.	 Belben, R. A., Underwood, C. J., Johanson, Z. & Twitchett, R. J. Ecological impact of the end-Cretaceous extinction on lamniform 
sharks. PLoS ONE 12(6), e0178294, https://doi.org/10.1371/journal.pone.0178294 (2017).

	11.	 Bazzi, M., Kear, B. P., Blom, H., Ahlberg, E. & Campione, N. E. Static dental disparity and morphological turnover in sharks across 
the end-Cretaceous mass extinction. Curr. Biolo. 28, 2607–2615.e3, https://doi.org/10.1016/j.cub.2018.05.093 (2018).

	12.	 Ikejiri, T., Ebersole, J., Blewitt, H. L. & Ebersole, S. An overview of Late Cretaceous vertebrates from Alabama. Ala. Mus. Nat. Hist. 
Bull. 31(1), 46–71 (2013).

	13.	 Mancini, E. A., Puckett, T. M., Tew, B. H. & Smith, C. C. Upper Cretaceous sequence stratigraphy of the Mississippi – Alabama area. 
Gulf Coast. Assoc. Geolo. Soc. Trans. 45, 377–384 (1995).

	14.	 Ebersole, J. A. & Dean, L. The history of Late Cretaceous vertebrate research in Alabama. Ala. Mus. Nat. Hist. Bull. 31(1), 3–45 
(2013).

	15.	 Ikejiri, T. & Everhart, M. J. Notes on the Authorship and Holotype of Ptychodus mortoni (Chondrichthyes, Ptychodontidae). N. 
Mexico Mus. Nat. Sci. Bull. 67, 69–73 (2015).

	16.	 Jablonski, D. Survival without recovery after mass extinctions. Proc. Natl. Acad. Sci. USA 99, 8139–8144, https://doi.org/10.1073/
pnas.102163299 (2002).

https://doi.org/10.1038/s41598-020-61089-w
http://fossilworks.org
http://fossilworks.org
https://doi.org/10.1126/science.215.4539.1501
https://doi.org/10.1126/science.215.4539.1501
https://doi.org/10.1111/j.1475-4983.2006.00611.x
https://doi.org/10.1080/10292389409380462
https://doi.org/10.1098/rspb.2009.2177
https://doi.org/10.1098/rspb.2009.1845
https://doi.org/10.1016/j.palaeo.2013.05.018
https://doi.org/10.1038/ncomms10825
https://doi.org/10.1371/journal.pone.0178294
https://doi.org/10.1016/j.cub.2018.05.093
https://doi.org/10.1073/pnas.102163299
https://doi.org/10.1073/pnas.102163299


1 1Scientific Reports |         (2020) 10:4169  | https://doi.org/10.1038/s41598-020-61089-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

	17.	 Alroy, J. Geographical, environmental and intrinsic biotic controls on Phanerozoic marine diversification. Palaeontology 53, 
1211–1235, https://doi.org/10.1111/j.1475-4983.2010.01011.x (2010a).

	18.	 Foote, M. Origination and extinction components of taxonomic diversity: general problems. Paleobiology 26 (sp4) 74–102, https://
doi.org/10.1666/0094-8373(2000)26[74:OAECOT]2.0.CO2 (2000).

	19.	 Foote, M. & Miller, A. I. Principles of Paleontology Third Edition. W. H. Freeman and Company, 354 pp (2007).
	20.	 Cascales-Miñana, B. & Diez, J. B. The effect of singletons and interval length on interpreting diversity trends from the 

palaeobotanical record. Palaeontol. Electron. 15, 6A https://palaeo-electronica.org/content/2012-issue-1-articles/123-
palaeofloristic-patterns (2012).

	21.	 Bakker, R. T. Plesiosaur extinction cycles- Events that mark the beginning, middle and end of the Cretaceous. Geol. Assoc. Can. Spec. 
Pap. 39, 641–664 (1993).

	22.	 Bazzi, M., Einarsson, E. & Kear, B. P. Late Cretaceous (Campanian) actinopterygian fishes from the Kristianstad Basin of southern 
Sweden. Geol. Soc., London, Spec. Publ. 434, 277–292, https://doi.org/10.1144/SP434.5 (2016).

	23.	 Lindgren, J. Stratigraphical distribution of Campanian and Maastrichtian mosasaurs in Sweden – evidence of an intercontinental 
marine extinction event? GFF 126, 221–229, https://doi.org/10.1080/11035890401262221 (2004).

	24.	 Hancock, J. M. Some Cretaceous-Tertiary marine faunal changes, In Harland, W. B. et al. eds. The Fossil Record. London, Geological 
Society of London, 91–104 (1967).

	25.	 Wiedmann, J. Evolution or revolution of ammonoids at Cretaceous system boundaries. Biol. Rev. 48, 159–194, https://doi.
org/10.1111/j.1469-185X.1973.tb00979.x (1973).

	26.	 Kennedy, W. J. Ammonite evolution, In Hallam, A. ed. Patterns of Evolution. Amsterdam, Elsevier Scientific Publishing Co., 251–304 
(1977).

	27.	 Ward, P. D. & Signor, P. W. Evolutionary tempo in Jurassic and Cretaceous ammonites. Paleobiology 9, 183–198, https://doi.
org/10.1017/S0094837300007569 (1983).

	28.	 Jagt-Yazykova, E. A. Palaeobiogeographical and palaeobiological aspects of mid- and Late Cretaceous ammonite evolution and bio-
events in the Russian Pacific. Scr. Geologica 143, 15–121 (2011).

	29.	 Ruban, D. A. Were Late Cretaceous extinctions of gastropods selective by generic longevity? Geosci. Front. 4, 87–93, https://doi.
org/10.1016/j.gsf.2012.04.002 (2013).

	30.	 Dhondt, A. V. Cretaceous inoceramid biogeography–a review. Palaeogeogr. Palaeoclimatol. Palaeoecol. 92, 217–232, https://doi.
org/10.1016/0031-0182(92)90083-H (1992).

	31.	 Crame, J. A. & Luther, A. The last inoceramid bivalves in Antarctica. Cretac. Res. 18, 179–195, https://doi.org/10.1006/cres.1996.0055 
(1997).

	32.	 Johnson, C. C. The rise and fall of rudist reefs. Am. Sci. 90(2), 148–153 (2002).
	33.	 Kauffman, E. G. et al. Molluscan biostratigraphy of the Cretaceous Western Interior Basin, North America. Geol. Assoc. Can. Spec. 

Pap. 39, 435–451 (1993).
	34.	 Marshall, C. R. & Ward, D. Sudden and gradual molluscan extinctions in the Latest Cretaceous of western European Tethys. Science 

274, 360–1363, https://doi.org/10.1126/science.274.5291.1360 (1996).
	35.	 Jiang, S., Bralower, T. J., Patzkowsky, M., Kump, L. R. & Schueth, J. D. Geographic controls on nannoplankton extinction across the 

Cretaceous/Palaeogene boundary. Nat. Geosci. 3, 80–285, https://doi.org/10.1038/ngeo775 (2010).
	36.	 Melinte, M. C. & Jipa, D. Campanian–Maastrichtian marine red beds in Romania: biostratigraphic and genetic significance. Cretac. 

Res. 26, 49–56, https://doi.org/10.1016/j.cretres.2004.11.002 (2005).
	37.	 D’Hondt, S. L., Herbert, T. D., King, J. & Gibson, C. Planktonic foraminifera, asteroid, and marine production–death and recovery 

at the Cretaceous-Tertiary boundary. Geol. Soc. Am. Spec. Pap. 307, 303–317, https://doi.org/10.1130/0-8137-2307-8.303 (1996).
	38.	 Alegret, L., Thomas, E. & Lohmann, K. C. End-Cretaceous marine mass extinction not caused by productivity collapse. Proc. Nat. 

Acad. Sci. USA 109, 728–732, https://doi.org/10.1073/pnas.1110601109 (2012).
	39.	 Bryan, J. R. & Jones, D. S. Fabric of the Cretaceous-Tertiary marine macrofaunal transition at Braggs, Alabama. Palaeogeogr. 

Palaeoclimatol. Palaeoecol. 69, 279–301, https://doi.org/10.1016/0031-0182(89)90170-3 (1989).
	40.	 Mancini, E. A., Tew, B. H. & Smith, C. C. Cretaceous-Tertiary contact, Mississippi and Alabama. J. Foraminifer. Res. 19, 93–104 

(1989).
	41.	 Sogot, C. E., Harper, E. M. & Taylor, D. Biogeographical and ecological patterns in bryozoans across the Cretaceous-Paleogene 

boundary: Implications for the phytoplankton collapse hypothesis. Geol. 41, 631–634, https://doi.org/10.1130/G34020.1 (2013).
	42.	 Kennedy, W. J. Thoughts on the evolution and extinction of Cretaceous ammonites. Proc. Geol. Assoc. 100(3), 251–279, https://doi.

org/10.1016/S0016-7878(89)80047-1 (1989).
	43.	 Alvarez, L. W., Alvarez, W., Asaro, F. & Helen, M. V. Extraterrestrial cause for the Cretaceous-Tertiary extinction. Science 208, 

1095–1108, https://doi.org/10.1126/science.208.4448.1095 (1980).
	44.	 Schulte et al. The Chicxulub asteroid impact and mass extinction at the Cretaceous-Paleogene boundary. Science 327, 1214–1218, 

https://doi.org/10.1126/science.1177265 (2010).
	45.	 Denne, R. A. et al. Massive Cretaceous-Paleogene boundary deposit, deep-water Gulf of Mexico. New evidence for widespread 

Chicxulub-induced slope failure. Geol. 41, 983–986, https://doi.org/10.1130/G34503.1 (2013).
	46.	 Matsui, T., Imamura, R., Tajika, E., Nakano, Y. & Fujisawa, Y. Generation and propagation of a tsunami from the Cretaceous-Tertiary 

impact event. Geol. Soc. Am. Spec. Pap. 356, 69–77, https://doi.org/10.1130/0-8137-2356-6.69 (2002).
	47.	 Campbell, C. E., Oboh-Ikuenobe, F. E. & Eifert, T. L. Megatsunami deposit in Cretaceous-Paleogene boundary interval of 

southeastern Missouri, in Evans, K. R., Horton, J. W. Jr. King, D. T. Jr. & Morrow, J. R. eds., The Sedimentary Record of Meteorite 
Impacts. Geol. Soc. Am. Spec. Pap. 437, 189–198, https://doi.org/10.1130/2008.2437(11) (2008).

	48.	 Renne, R. et al. Time scales of critical events around the Cretaceous-Paleogene boundary. Science 339, 684–687, https://doi.
org/10.1126/science.1230492 (2013).

	49.	 Ohno, S., Konfo, T. & Sugita, S. Production of sulphate-rich vapor during the Chicxulub impact and implication for ocean 
acidification. Nat. Geosci. 7, 279–282, https://doi.org/10.1038/ngeo2095 (2014).

	50.	 Vellekoop, J. et al. Rapid short-term cooling following the Chicxulub impact at the Cretaceous–Paleogene boundary. Proc. Nat. 
Acad. Sci. USA 111, 7537–7541, https://doi.org/10.1073/pnas.1319253111 (2014).

	51.	 Tyrrell, T., Merico, A., Armstrong, M. & McKay, D. I. A. Severity of ocean acidification following the end-Cretaceous asteroid 
impact. Proc. Nat. Acad. Sci. USA 112, 6556–6561, https://doi.org/10.1073/pnas.1418604112 (2015).

	52.	 Haq, B. U., Hardenbol, J. & Vail, R. Mesozoic and Cenozoic chronostratigraphy and cycles of sea-level change. SEPM Spe. Publ. 42, 
71–108, https://doi.org/10.2110/pec.88.01.0071 (1988).

	53.	 Jablonski, D. & Raup, D. M. Selectivity of end-Cretaceous marine bivalve extinctions. Science 268, 389–391, https://doi.org/10.1126/
science.11536722 (1995).

	54.	 Dhondt, A. V., Malchus, N., Boumaza, L. & Jaillard, E. Cretaceous oysters from North Africa; origin and distribution. Bull. Soc. Geol. 
Fr. 170(1), 67–76 (1999).

	55.	 Peters, S. E., Kelly, D., Fraass, C. & Andrew, J. Oceanographic controls on the diversity and extinction of planktonic foraminifera. 
Nat. 493, 398–401, https://doi.org/10.1038/nature11815 (2013).

	56.	 Turgeon, S. C. & Creaser, R. A. Cretaceous oceanic anoxic event 2 triggered by a massive magmatic episode. Nat. 454, 323–326, 
https://doi.org/10.1038/nature07076 (2008).

https://doi.org/10.1038/s41598-020-61089-w
https://doi.org/10.1111/j.1475-4983.2010.01011.x
https://doi.org/10.1666/0094-8373(2000)26[74:OAECOT]2.0.CO2
https://doi.org/10.1666/0094-8373(2000)26[74:OAECOT]2.0.CO2
https://palaeo-electronica.org/content/2012-issue-1-articles/123-palaeofloristic-patterns
https://palaeo-electronica.org/content/2012-issue-1-articles/123-palaeofloristic-patterns
https://doi.org/10.1144/SP434.5
https://doi.org/10.1080/11035890401262221
https://doi.org/10.1111/j.1469-185X.1973.tb00979.x
https://doi.org/10.1111/j.1469-185X.1973.tb00979.x
https://doi.org/10.1017/S0094837300007569
https://doi.org/10.1017/S0094837300007569
https://doi.org/10.1016/j.gsf.2012.04.002
https://doi.org/10.1016/j.gsf.2012.04.002
https://doi.org/10.1016/0031-0182(92)90083-H
https://doi.org/10.1016/0031-0182(92)90083-H
https://doi.org/10.1006/cres.1996.0055
https://doi.org/10.1126/science.274.5291.1360
https://doi.org/10.1038/ngeo775
https://doi.org/10.1016/j.cretres.2004.11.002
https://doi.org/10.1130/0-8137-2307-8.303
https://doi.org/10.1073/pnas.1110601109
https://doi.org/10.1016/0031-0182(89)90170-3
https://doi.org/10.1130/G34020.1
https://doi.org/10.1016/S0016-7878(89)80047-1
https://doi.org/10.1016/S0016-7878(89)80047-1
https://doi.org/10.1126/science.208.4448.1095
https://doi.org/10.1126/science.1177265
https://doi.org/10.1130/G34503.1
https://doi.org/10.1130/0-8137-2356-6.69
https://doi.org/10.1130/2008.2437(11)
https://doi.org/10.1126/science.1230492
https://doi.org/10.1126/science.1230492
https://doi.org/10.1038/ngeo2095
https://doi.org/10.1073/pnas.1319253111
https://doi.org/10.1073/pnas.1418604112
https://doi.org/10.2110/pec.88.01.0071
https://doi.org/10.1126/science.11536722
https://doi.org/10.1126/science.11536722
https://doi.org/10.1038/nature11815
https://doi.org/10.1038/nature07076


1 2Scientific Reports |         (2020) 10:4169  | https://doi.org/10.1038/s41598-020-61089-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

	57.	 D’Hondt, S., Pilson, M. E. Q., Sigurdsson, H., Hanson, A.K. Jr. & Carey, S. Surface-water acidification and extinction at the 
Cretaceous-Tertiary boundary. Geology 22, 983–986, https://doi.org/10.1130/0091-7613(1994)022%3C0983:SWAAEA%3E2.3.CO;2 
(1994).

	58.	 Canfield, D. E. A new model for Proterozoic ocean chemistry. Nat. 396, 450–453, https://doi.org/10.1038/24839 (1998).
	59.	 Hönisch, B. et al. The geological record of ocean acidification. Sci. 335, 1058–1063, https://doi.org/10.1126/science.1208277 (2012).
	60.	 Kump, L. R. Interpreting carbon-isotope excursions. strangelove oceans. Geology 19, 299–302, https://doi.org/10.1130/0091-

7613(1991)019%3C0299:ICIESO%3E2.3.CO;2 (1991).
	61.	 Hart, M. B., Harries, J. & Cárdenas, A. L. The Cretaceous/Paleogene boundary events in the Gulf Coast–Comparisons between 

Alabama and Texas. Gulf Coast. Assoc. Geolo. Soc. Trans. 63, 235–255 (2013).
	62.	 Hart, M. B., FitzPatrick, M. E. J. & Smart, C. W. The Cretaceous/Paleogene boundary. foraminifera, sea grasses, sea level change and 

sequence stratigraphy. Palaeogeogr. Palaeoclimatol. Palaeoecol. 441, 420–429, https://doi.org/10.1016/j.palaeo.2015.06.046 (2016).
	63.	 King, D. T. Jr., Morrow, J. R., Petruny, L. W. & Ormö, J. Surficial polymict impact breccia unit, Wetumpka impact structure, Alabama. 

Shock levels and emplacement mechanism. Geol. Soc. Am. Spec. Pap. 518, 149–164, https://doi.org/10.1130/2015.2518(10) (2015).
	64.	 Horton, J. D. The State Geologic Map Compilation (SGMC) geodatabase of the conterminous United States (ver. 1.1, August 2017): 

U.S. Geological Survey data release, https://mrdata.usgs.gov/geology/state/ (2017)
	65.	 Raymond, D. E., Osborne, W. E., Copeland, C. W. & Neathery, T. L. Alabama Stratigraphy. Geol. Surv. Ala. Cir. 40, 1–97 (1988).
	66.	 Soller, D. Geolex – National Geologic Map – USGS, https://ngmdb.usgs.gov/Geolex/search (2005).
	67.	 Peters, S. E. & Foote, M. Biodiversity in the Phanerozoic: a reinterpretation. Paleobiology 27, 583–601, https://doi.org/10.1666/0094-

8373(2001)027%3C0583:BITPAR%3E2.0.CO;2 (2001).
	68.	 Worsley, T. The Cretaceous-Tertiary boundary event in the ocean. Soc. Econ. Paleontol. Mineral. 20, 90–125, https://doi.org/10.2110/

pec.74.20.0094 (1974).
	69.	 Donovan, D. et al. Sequence stratigraphic setting of the Cretaceous-Tertiary boundary in central Alabama. Soc. Econ. Paleontol. 

Mineral. 42, 299–307, https://doi.org/10.2110/pec.88.01.0299 (1988).
	70.	 Smith, C. C. The Cretaceous-Tertiary boundary at Moscow Landing, west-central Alabama. Geol. Surv. Ala. Repr. 112, 533–539 

(1997).
	71.	 Keller, G. et al. Chicxulub impact spherules in the North Atlantic and Caribbean: age constraints and Cretaceous-Tertiary boundary 

hiatus. Geolo. Mag. 150, 885–907, https://doi.org/10.1017/S0016756812001069 (2013).
	72.	 Jones, D. S. et al. Biotic, geochemical, and paleomagnetic changes across the Cretaceous/Tertiary boundary at Braggs, Alabama. 

Geology 15, 311–315, https://doi.org/10.1130/0091-7613(1987)15%3C311:BGAPCA%3E2.0.CO;2 (1987).
	73.	 Dunhill, A. M., Benton, M. J., Twitchett, R. J. & Newell, A. J. Testing the fossil record: Sampling proxies and scaling in the British 

Triassic–Jurassic. Palaeogeogr. Palaeoclimatol. Palaeoecol. 404, 1–11, https://doi.org/10.1016/j.palaeo.2014.03.026 (2014).
	74.	 Walker, F. M., Dunhill, M. A., Woods, M. A., Newell, A. J. & Benton, M. J. Assessing sampling of the fossil record in a geographically 

and stratigraphically constrained dataset: the Chalk Group of Hampshire, southern UK. J. Geol. Soc. 174, 509–521, https://doi.
org/10.1144/jgs2016-093 (2017).

	75.	 Hammer, Ø., Harper, D. A. T. & Ryan, P. D. 2001. PAST: paleontological statistics software package for education and data analysis. 
Paleontol. Electron. 4(1), 9 https://palaeo-electronica.org/2001_1/past/issue1_01.htm (2001).

	76.	 Alroy, J. Fair sampling of taxonomic richness and unbiased estimation of origination and extinction rates. Paleontol. Soc. Pap. 16, 
55–80, https://doi.org/10.1017/S1089332600001819 (2010b).

	77.	 Applegate, S. P. The vertebrate fauna of the Selma Formation of Alabama. Fieldiana Geol. Mem. 3, 385–433 (1970).
	78.	 Thurmond, J. T. & Jones, D. E. Fossil Vertebrates of Alabama: Tuscaloosa, University of Alabama Press, 244 p. (1981).
	79.	 Carrano, M.T. et al. Taxonomic occurrences of Cretaceous to Paleocene Vertebrata recorded: In: Fossilworks, the Evolution of 

Terrestrial Ecosystems database, and the Paleobiology Database, http://fossilworks.org (2016).
	80.	 Benton, M. J., Tverdokhlebov, P. & Surkov, M. V. Ecosystem remodeling among vertebrates at the Permian–Triassic boundary in 

Russia. Sci. 432, 97–100, https://doi.org/10.1038/nature02950 (2002).
	81.	 Stanley, S. M. Estimates of the magnitudes of major marine mass extinctions in earth history. Proc. Nat. Acad. Sci. USA 113, 

6325–6334, https://doi.org/10.1073/pnas.1613094113 (2016).
	82.	 Scotese, C. R. Atlas of Late Cretaceous Paleogeographic Maps, PALEOMAP Atlas for ArcGIS, volume 2, The Cretaceous, Maps 16 

– 22, Mollweide Projection, PALEOMAP Project, Evanston, IL, (2014).
	83.	 Raup, D. M. The future of analytical paleobiology. Short Courses in Paleontology, 207–216, https://doi.org/10.1017/

S2475263000002208 (1991b).

Acknowledgements
We thank curators and collection managers in those institutions listed in Supplementary Materials Section 3 
(‘Alabama Marine Vertebrates’) for access to fossil specimens under their care. V. Fischer and B. Kear provided 
technical suggestions on this manuscript. Comments from R.J. Zakrzewski, P.A. Aharon, and J.A. Miyamae helped 
improved the earlier version of the manuscript. C. Scotese kindly provides permission to use and modify maps for 
Fig. 1 and Supplementary Fig. S4. Criticisms from anonymous reviewers helped improve this manuscript greatly.

Author contributions
T.I. designed this research and examine those museum specimens. T.I. and Y.L. performed fieldwork and 
wrote this manuscript. T.I. and B.Z. conducted statistical analyses (including rarefaction by B.Z.). Y.L. and T.I. 
conducted the SQS analysis using R.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-61089-w.
Correspondence and requests for materials should be addressed to T.I.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-61089-w
https://doi.org/10.1130/0091-7613(1994)022%3C0983:SWAAEA%3E2.3.CO;2
https://doi.org/10.1038/24839
https://doi.org/10.1126/science.1208277
https://doi.org/10.1130/0091-7613(1991)019%3C0299:ICIESO%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1991)019%3C0299:ICIESO%3E2.3.CO;2
https://doi.org/10.1016/j.palaeo.2015.06.046
https://doi.org/10.1130/2015.2518(10)
https://mrdata.usgs.gov/geology/state/
https://ngmdb.usgs.gov/Geolex/search
https://doi.org/10.1666/0094-8373(2001)027%3C0583:BITPAR%3E2.0.CO;2
https://doi.org/10.1666/0094-8373(2001)027%3C0583:BITPAR%3E2.0.CO;2
https://doi.org/10.2110/pec.74.20.0094
https://doi.org/10.2110/pec.74.20.0094
https://doi.org/10.2110/pec.88.01.0299
https://doi.org/10.1017/S0016756812001069
https://doi.org/10.1130/0091-7613(1987)15%3C311:BGAPCA%3E2.0.CO;2
https://doi.org/10.1016/j.palaeo.2014.03.026
https://doi.org/10.1144/jgs2016-093
https://doi.org/10.1144/jgs2016-093
https://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://doi.org/10.1017/S1089332600001819
http://fossilworks.org
https://doi.org/10.1038/nature02950
https://doi.org/10.1073/pnas.1613094113
https://doi.org/10.1017/S2475263000002208
https://doi.org/10.1017/S2475263000002208
https://doi.org/10.1038/s41598-020-61089-w
http://www.nature.com/reprints


13Scientific Reports |         (2020) 10:4169  | https://doi.org/10.1038/s41598-020-61089-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-61089-w
http://creativecommons.org/licenses/by/4.0/

	Two-step extinction of Late Cretaceous marine vertebrates in northern Gulf of Mexico prolonged biodiversity loss prior to t ...
	Results

	Discussion

	Sampling effects and diversity comparisons. 
	With or without singleton taxa. 
	How many extinction events?. 
	Local vs. global phenomena?. 
	Potential cause(s) of the middle campanian crisis. 

	Materials and Methods

	Geologic setting. 
	Sampling variations and subsampling. 
	Marine vertebrate fossils. 
	Data quantification for extinction patterns. 

	Acknowledgements

	﻿Figure 1 Paleogeographic map of the Gulf of Mexico about 66 million years ago.
	Figure 2 Subsample-level diversity of Late Cretaceous marine vertebrates from northern Gulf of Mexico.
	Figure 3 Biostratigraphic occurrence and diversity of Late Cretaceous marine vertebrates from northern Gulf of Mexico.
	Figure 4 Origination (O) and extinction (E) percentages of Late Cretaceous marine vertebrates from northern Gulf of Mexico.
	Figure 5 Origination and extinction rates of Late Cretaceous marine vertebrates from northern Gulf of Mexico.
	Table 1 List of five stratigraphic units (used as time bins for this study) based on Upper Cretaceous geologic units (formations and members) in Alabama.
	Table 2 Sampling variation of Cretaceous vertebrate fossils from Alabama.
	Table 3 Extinction selectivity for selected Late Cretaceous marine vertebrate groups from northern Gulf of Mexico.




