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The early burst model suggests that disparity rises rapidly to fill empty ecospace following clade origination or in
the aftermath of a mass extinction. Early bursts are considered common features of fossil data, but neontological
studies have struggled to identify them. Furthermore, tests have proven difficult because factors besides ecology
can drive changes in morphology. Here, we document the ecomorphometric evolution of the extinct Ammonoidea
at 1-million-year resolution, from their origination in the Early Devonian (Emsian) to the Early Triassic (Induan),
over ~156 million years. This time interval encompasses six global extinction events, including two of the Big
Five, and incorporates multiple ammonoid radiations. However, we find no evidence for early bursts of eco-
morphological disparity. This contradicts arguments that the temporal scope, or traits measured in genomic data,
conceal evidence of early bursts. Rather, early bursts may be less prevalent in fossil data than is often assumed.

INTRODUCTION

Simpson’s (I) early burst model predicts that clade disparity arises
early in radiations. Simpson (1) hypothesized that species rapidly dif-
ferentiate to fill distinct niches either because these were vacant or
because the radiating clade is competitively superior, with the rate
of increasing disparity declining as niches fill. These early bursts of
disparity are often considered the norm in the fossil record [e.g.,
(2-4)], despite examples to the contrary [e.g., (5, 6)]. Furthermore,
molecular phylogenetic analyses have struggled to identify them
[e.g., (7, 8)]. This paradox has given rise to the suggestion that early
bursts are trait- and scale-specific and restricted to those features
most linked to macrohabitat, diet, and higher-level clade origination
(9). We test this suggestion by examining ammonoid ecomorpho-
metric evolution through the Paleozoic; if an early burst occurred,
then rates of increasing disparity should exceed the predictions
based on rates of diversification. Ammonoids are an ideal group for
isolating the potential drivers of change in morphological disparity
because of their continuous and abundant fossil record through
several extinction events and quantifiable relationship between shell
shape and ecology (10-12).

Ammonoids survived six Paleozoic mass extinctions including
two of the Big Five: the end-Frasnian and end-Permian events. They
are also known to exhibit large changes in species richness (i.e.,
boom-and-bust diversity dynamics): Postextinction taxa originate
from a small number of survivors (13-15). This dynamic effectively
creates a “clean slate” so that postextinction recovery resembles a de
novo origination event. Here, we investigate global patterns of
Paleozoic ammonoid diversification and extinction using shell mea-
surements in 749 ammonoid species over ~156 million years of evolu-
tion at 1-million-year intervals. We use the convex hull area to track
the occupation of ecomorphospace in a given time interval relative
to a null model of ecomorphospace occupation. Our null model
simulated the extent and dynamics of ecomorphospace occupation
expected, given species richness and longevity, by randomly assign-
ing (with replacement) real morphologies to the same number and
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stratigraphic distribution of species. After accounting for the null
model, the residual variance in our ecomorphological metrics provides
evidence of the extent of (and changes in) ecomorphological disparity
independent of species richness. Some increase in disparity coupled
to an increase in richness is the null expectation. Early bursts are
thus evidenced by an increase in disparity in excess of that predicted
by diversification or, in other words, residual ecomorphological metrics
above the null expectation.

Residual convex hull area measures how completely ammonoids
occupy ecomorphospace relative to the null expectation (the occu-
pancy “range”). We consider disparity within the null 50% range to
be indistinguishable from the null ecomorphological expectation
given the number and stratigraphic distribution of species. We in-
terpret ecomorphological metrics above the inner 50% range of the
null during origination or a mass extinction recovery as indicative
of an early burst radiation.

Ammonoid gross morphology can be characterized by just three
shell parameters (12): umbilical exposure (U), overall inflation rate or
thickness ratio (Th), and whorl expansion rate (w) (16). Westermann
Morphospace (WM) is an Aitchison simplex of these shell parame-
ters depicted as a ternary diagram, where shell shapes are plotted on
the basis of the proportional contributions of U, Th, and w to the
overall morphology (Fig. 1) (16). These parameters (or slightly mod-
ified versions of them) are commonly used to describe ammonoid
disparity through time—typically with w-U and w-Th bivariate plots
[e.g., (17-21)]. Zones within WM predict hypothetical swimming
modalities (Fig. 1) because they reflect fundamental properties of
shell hydrodynamics (10, 16). High w values should correspond to
oxyconic nektic swimmers, high Th values correspond to serpenti-
conic planktic drifters, high U values correspond to spheroconic
and cadiconic planktic vertical migrants, and intermediate values
(e.g., Nautilus) correspond to maneuverable eudemersal generalists
(Fig. 1). Initial simulations of these shapes in currents are consistent
with WM predictions (22), suggesting that the axes (i.e., U, Th, and w)
correspond to ecomorphological niches delimited by bathymetry
(pelagic versus demersal) and swimming velocity (nektic versus
planktic).

Because WM uses data in a ternary morphospace, distances
within WM are nonlinear, necessitating the transformation of co-
ordinates into Cartesian space before distance calculations. Therefore,
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Fig. 1. Measured ammonoids in WM. U, umbilical exposure (maximized in ser-
penticones); Th, overall inflation (maximized in spherocones); w, whorl expansion
(maximized in oxycones); D, demersal. Black lines demark areas for each ecomor-
phological megaguild.

we also constructed a principal components analysis (PCA) of the
independent measurements used to generate WM coordinates to
avoid warping morphospace distances amongst species. Principal
component 2 (PC2; 25.4% of variance) correlates with U (r = —0.799),
and PC3 (14.5% of variance) correlates with Th (r = 0.760); PC1
(58.7% of variance) does not correlate well with any WM axis (PC1
and U, r = —0.275; PC1 and Th, r = 0.050; PC1 and w, r = 0.218).
Thus, PC2 and PC3 measure the ecologically relevant traits captured
by WM through time and provide a measure of ecomorphological
disparity that maintains relative distances in morphospace. This
also suggests that more than half of the variance (i.e., PC1) observed
in Paleozoic ammonoid shell morphology reflects something other
than ecohydrodynamics. PC1 is most strongly affected by the whorl
heights (fig. S4), which primarily factor into w in WM; however,
conchal width is also a substantial factor in PC1 and not accounted
for in calculating w. PC1 may record a phylogenetic signal, which
could be useful for future investigations of the interrelationships of
this clade, which exhibits high rates of convergent evolution (23).

RESULTS

During the late Silurian or Early Devonian, a group of orthoconic
cephalopods (Bactritida) developed a curved shell (24), leading ulti-
mately to the origin of Ammonoidea (25). The earliest Emsian
ammonoids were open-coiled, but more hydrodynamic and maneuver-
able closed coils soon evolved and species richness rapidly increased
(Fig. 2A) (20, 21). Our metric of total ecomorphological disparity,
the convex hull area of PC2 and PC3, captures this pattern of rapidly
increasing absolute disparity throughout the Emsian (Fig. 2F, black
line). However, early bursts should involve the accumulation of
morphological disparity in excess of taxonomic richness, which is
not the case here (Fig. 2G) and not just the rapid accumulation of
morphological disparity accompanying clade diversification.
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Corrected for species richness, the disparity of Emsian ammonoids
contradicts expectations under an early burst model of trait evolution.
The disparity of Emsian ammonoids only briefly exceeded the null ex-
pectation at 400 Ma, 6 million years after origination (Fig. 2, F and G).
Excepting this and a 1-million-year anomaly at the base of the Givetian,
the range of ammonoid ecomorphologies is well within, and at times
below, null predictions for the first ~39 million years of their history
(Fig. 2, F and G). The anomalously high residual disparity in the
earliest Givetian (Fig. 2G) reflects the overlap of three species with
extreme ecomorphologies: the last appearance of the oxyconic
Exopinacites singularis and Pinacites jugleri and the first appearance
of the serpenticonic Tamarites subitus (see the Supplementary
Materials); this anomaly is not observed among mean pairwise
distances (Fig. 2E).

For each of the six extinction events considered, ammonoid
richness recovery is accomplished within 1 million years (Fig. 3A).
There was no early burst of ammonoids following the end-Frasnian
event (the Late Devonian mass extinction, one of the Big Five).
Instead, during this richness recovery, residual disparity was lower
than at any other time in the Paleozoic, dropping below the null
90% range (Fig. 2G). The most marked increase in disparity occurs
in the mid-Famennian when there is a major taxonomic turnover
(Fig. 2, B and C) and increase in species richness (Fig. 2A). This is
the largest single increase in observed ecomorphological disparity
(Fig. 2, E to G), but it is not associated with the origin of the clade or a
mass extinction event (it occurs 8 million years after the end-Frasnian),
contrary to expectations. During the Emsian to early Famennian,
ammonoids were biased toward more streamlined (nektic) forms
(Fig. 2D; i.e., proportionally more nekton), and the richness of
planktic ammonoids was relatively low. During this interval, the
macroplankton was instead dominated by orthocerid nautiloids
(~28 to 55% of genera) and tentaculitoids (~15 to 31% of genera)
(26). Thus, competitive exclusion may have played a role in pre-
venting ammonoids from more fully exploiting planktic niches
earlier (Fig. 2D). Tentaculitoids declined throughout the Devonian
(27, 28) and were among the groups hardest hit by the end-Frasnian
extinction (29). This decline in other macroplankton may have created
an opportunity for an increase in ammonoid ecomorphologies:
Planktic ammonoid richness increased more than ninefold in the
Famennian to account for ~71% of all macroplanktic genera (26).

Although richness increased through much of the Tournaisian
(Fig. 2A), as with the other recoveries, the richness recovery from
the end-Famennian only lasted 1 million years (Fig. 3A). During this
time, disparity remained within null expectations (Fig. 2, F and G).
Exceptionally high disparity is not observed until the mid-Tournaisian,
from ~356 to 349 Ma, 4 million years after the end-Famennian
(Fig. 2, E to G). The Tournaisian is the youngest Paleozoic stage
characterized by high residual disparity (Fig. 2G). The recoveries
associated with the Serpukhovian, end-Guadalupian, and end-Permian
extinctions were all below null expectations (Fig. 2, F and G).

Ecologically selective extinction events are expected to result in a
decrease in the occupation of ecomorphospace below the null 50%
range as entire ecological modes are eliminated (4). Conversely,
ecologically nonselective extinctions should result in ecomorphospace
occupation consistent with that predicted by the loss of richness,
because random attrition will tend, on average, to increase pairwise
distances among surviving taxa while maintaining the mean pairwise
distance (4). Ecomorphospace occupation above the null 50% range
would indicate divergent selection as increased competition creates
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Fig. 2. Paleozoic ammonoid richness and disparity. Ranged-through (RT), per-million-year plots of ammonoid data from the Devonian (Emsian) through the Triassic
(Induan). Purple, Triassic (Early Triassic); Guad., Guadalupian; Lopi., Lopingian; Eife., Eifelian; Giv., Givetian; Tour., Tournaisian; Serp., Serpukhovian; Bash., Bashkirian; Mo.,
Moscovian; K., Kasimovian; Gz., Gzhelian; Ass., Asselian; Sakm., Sakmarian; Art., Artinskian; Ku., Kungurian; R., Roadian; W., Wordian; Ca., Capitanian; Wu., Wuchiapingian; C.,
Changhsingian; I, Induan. Light red columns demark global mass extinction intervals (43). (A to C) Left axis and black lines, measured species; right axis and blue lines, total
species in the AMMON database. (A) Species richness. (B) Species origination rates. (C) Species extinction rates. (D) Proportional ecomorphologies in WM; green, D.,
demersal; dashed line indicates relative area of each ecomorphological zone within WM; top, planktic; middle, demersal; bottom, nektic. (E to G) Disparity through time
from PC2 and PC3. (E) Mean pairwise distances. (F to G) Dark blue shading, null 50% range; light blue shading, null 90% range. (F) Convex hull area; white line, null prediction.
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a low tolerance for similar ecological modes, or it may be a result
of selective extinction of intermediates. By this measure, the end-
Famennian, Serpukhovian, and end-Guadalupian extinctions were
nonselective for ammonoid ecomorphology (Fig. 2). During the
end-Frasnian and end-Permian events, the two Big Five mass ex-
tinctions, ammonoid ecomorphological disparity fell below the null
50% bound (Fig. 2, F and G); therefore, these mass extinctions
appear to have been ecomorphologically selective. These results
contradict the suggestion that both the end-Frasnian and end-Permian
events were ecomorphologically nonselective for ammonoids and
the end-Guadalupian mass extinction was selective for ammonoids
(20). None of the six mass extinctions analyzed show signs of pos-
sible divergent selection with respect to ammonoid ecomorphology
(Fig. 2, Fand G).

The end-Frasnian and end-Permian extinctions are not followed by
a burst of ecomorphological diversification. Species richness rapidly
recovers from the end-Frasnian mass extinction (Fig. 2, A and C),
but this pulse of speciation is coincident with a contraction in residual
ecomorphospace (Fig. 2G). Demersal forms are largely absent from
the species richness recovery (Fig. 2D), and this decline in ecospace
occupation is reflected in a decline in disparity relative to the pre-
ceding Frasnian (Fig. 2, F and G). This loss of demersals may reflect
the collapse of one of the most extensive global reef systems in Earth
history during the end-Frasnian mass extinction (30, 31), thereby
selecting for survivors and postextinction species in a relatively
limited number of ecomorphologies. Across marine metazoans, the
end-Permian mass extinction is characterized by selectivity by bio-
geography, depth habitat (32), and physiology (33). Our evidence
for a highly selective end-Permian event brings ammonoids in line
with observations of other groups.

Mass extinctions are generally considered to open up ecospace
by removing ecological incumbents, thereby allowing ecological (and
morphological) innovation in their aftermath. The ecomorphological
dynamics of ammonoids show that patterns of extinction and re-
covery may be much more complex and varied. In the aftermath of
mass extinctions, ammonoid disparity is consistently within or below
null predictions. Our residual disparity results (Fig. 2G) provide no
support for early bursts of ecomorphology following mass extinctions
as a driver of ammonoid ecomorphological innovation and expansion
during the Paleozoic. Likewise, mean pairwise distances provide no
support for early bursts (Fig. 2E). Disparity rarely exceeded the null
50% range and never exceeded the null 90% range (Fig. 2, F and G).
Instead, disparity was often below the null 50% range and occasionally
below the null 90% range (i.e., the early-Famennian; Fig. 2, F and G).
This suggests that the majority of Paleozoic ammonoid species-level
ecomorphological disparity can be explained by species richness
alone, contrary to previous work (20).

DISCUSSION

A paradox of macroevolutionary theory is the apparent plethora of
early bursts in the fossil record [e.g., (2, 3, 34, 35)] but their rarity in
neontological data [e.g., (7, 8, 36)]. This prompted the suggestion
that early bursts are specific to ecologically relevant traits over
long macroevolutionary time scales (9). Ammonoids are ideally
situated to capture evidence of early bursts on the basis of these
criteria because the long-lived clade is characterized by the con-
vergent (and iterative) evolution of ecomorphologically distinct
forms (21, 26). However, our analysis finds no early burst during
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the Paleozoic. It does not follow that early bursts never occur in
any metazoan group, but we think it is unlikely, on the basis of our
findings, that they would be the norm. This result is unexpected as
early bursts have been suggested in the context of the fossil record
so frequently, as to be considered one of the few macroevolutionary
rules (2).

One possible explanation for this discrepancy is our use of con-
tinuous trait data. Most studies of large-scale disparity patterns are
based on discrete character-taxon matrices [e.g., (2, 3)]. However,
previous studies have found no substantial difference in the disparity
profiles obtained independently from continuous measurements
and from discrete character-taxon matrices (37, 38). Therefore,
continuous and discrete disparity measurements should yield the
same results (37), and this is unlikely to explain our findings. Alter-
natively, early ecomorphological bursts may occur in the unknown
soft tissue morphology of Paleozoic ammonoids, instead of the shell
parameters investigated here, but it is unlikely that this would over-
ride the impact of shell shape on fundamental hydrodynamics and
its ecological influence. Last, it is possible that early bursts are only
evident in ammonoid subclades, rather than ammonoids as a whole,
as in echinoids (5). Unfortunately, this is not testable given the high
number of paraphyletic taxa (39, 40) and absence of adequate
phylogenies. However, early bursts should still be evident, were
they to occur at the origin of Ammonoidea or during mass extinction
recoveries when few clades survive or originate. Thus, our results
provide strong evidence against any Paleozoic ammonoid early
burst, challenging the generality of the early burst model in the
fossil record.

No early burst was identified following the origination of am-
monoids nor during their recovery from any Paleozoic mass extinc-
tion. High residual disparity is only observed during five intervals:
briefly in the late Emsian, in the earliest Givetian (an apparent
anomaly resulting from the overlap of three extreme morphologies),
in the mid-Famennian, and twice in the mid-Tournaisian (Fig. 2G).
None of these instances coincide with extinction recoveries. Our
findings emphasize the importance of accounting for richness in
comparing rates and mechanisms of morphological evolution. Eco-
morphological disparity is dependent on species richness, so an early
burst in ecomorphology must exceed the null expectation given the
concomitant increase in species richness. The increase in disparity
during the end-Frasnian recovery, for example, is actually slower
than expected, given the increase in species richness. Thus, in terms
of potential ecomorphological breadth, one of the most diverse,
abundant, widespread, and long-ranging extinct groups shows no
evidence of early bursts during the Paleozoic. As the stratigraphic
resolution of other fossil taxa improves, similar studies may also
find little support for the early burst model.

MATERIALS AND METHODS

We measured the whorl width (b), conch diameter (D), umbilical
diameter (u), final whorl height (a), and 180° whorl height (a’) of
mature specimens of 749 Paleozoic-Induan ammonoid species; the
larger conch radius (d) was also recorded since it is a commonly
reported ammonoid measurement, but it is not used in any of our
calculations (data file S1). These measurements were used to calculate
the umbilical exposure (U’), overall inflation rate (Th’), and whorl
expansion rate (w'), which were converted into U%, Th%, and w%
coordinates in WM (16). All measurements, WM calculations, and
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references can be found in the Supplementary Materials. The WM
ternary diagram (Fig. 1) was created using the R package ggtern
(41). We constructed the PCA in Minitab 19.1 using the u, b, a, and
a’ measurements (D was excluded since D =u + a + a’).

, _ul/D ,_(b/D)-014 , (ala’)-1
U= 0.52 Th' = 0.54 - 0.77
Y VS Y TH 0 = w
U% U+Th +w Th% U’+Th’+w’W/o U+Th +w

Stratigraphic ranges of all measured ammonoids were obtained
from the AMMON online database (42) and resolved to 1-million-
year chronostratigraphic bins. AMMON uses the geological time scale
of Gradstein et al. (43), which is retained here despite revisions.
Mass extinction intervals follow Bambach (44), which also uses
Gradstein et al. (43). We used a ranged-through (RT) richness
count to maximize samples per bin and because there is essentially
no difference between the RT and sampled-in-bin counts of these
data. We ensured that, once corrected for temporal autocorrelation,
richness of measured ammonoid species per million year correlated
with total ammonoid species richness per million year in AMMON
(R* = 71.65%; figs. S1 to S3).

WM is a ternary visualization of an Aitchison simplex (45); it
must be transformed into Cartesian space before distance calcula-
tions (i.e., convex hull area). For this, we used the centered log ratio
transform as implemented by the R package compositions (46). For
each 1-million-year bin, we determined the area of the convex hull
containing all species (for WM, PC1-PC2, and PC2-PC3) and the
mean pairwise distance among all species (PC2 and PC3). All these
calculations were performed in R 3.5.2, using code from the sp
package (47).

We built a null model of ammonoid disparity through time by
generating 10,000 bootstrap replicates of measured ammonoid PCs
and Westermann coordinates (WCs) for each measured species.
The total number of species and their stratigraphic ranges were
unchanged; only PCs and WCs were resampled and randomly
assigned to “species” (i.e., the stratigraphic ranges of the empirical
dataset). The goal of this null model is to control for both the varia-
tion in richness and the temporal autocorrelation inherent in the
empirical dataset. For each replicate, we calculated the convex hull
area for each time bin of PC2 and PC3 (the dominant ecomorpho-
logically relevant axes). For each 1-million-year chronostratigraphic
bin, the median, 25th percentile, 75th percentile, 5th percentile, and
95th percentile of the 10,000 bootstrap replicates were recorded. The
residual convex hull area for each 1-million-year bin was calculated
for each metric by subtracting the observed metric (convex hull area
of PC2 and PC3) from the median null model value.

Ammonoidea is monophyletic, but nearly all ammonoid orders
(e.g., Agoniatitida, Goniatitida, and Prolecanitida) are paraphyletic
(15, 39). Thus, we treated Ammonoidea as a whole.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/37/eabc2365/DC1

View/request a protocol for this paper from Bio-protocol.
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