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P A L E O N T O L O G Y

Episodic body size variations of early Paleozoic 
trilobites associated with marine redox changes
Zhixin Sun1,2, Fangchen Zhao1,2*, Han Zeng1,2, Douglas H. Erwin3,4, Maoyan Zhu1,2*

Body size greatly affects how organisms interact with their environments. However, the macroevolutionary pat-
terns of body size across many major metazoan clades and their constraining mechanisms remain elusive. A new 
high-resolution body size dataset covering 2435 species from 1091 genera of Cambrian and Ordovician trilobites 
reveals that body size evolution changes episodically, with three marked reductions in size. Such a pattern rules 
out a persistent Cope’s rule dynamic. Rather, we find a strong temporal link between body size changes and major 
fluctuations in marine redox, supporting the hypothesis that marine oxygen levels exerted a primary control on 
the tempo and mode of trilobite body size evolution. These further imply a dominant role for marine oxygen in 
early animal evolution.

INTRODUCTION
Exploring macroevolutionary patterns and processes using the fos-
sil record is vital to understanding how developmental drivers and 
ecological pressures shape biodiversity (1). Larger fossil datasets and 
advanced analytical methods have enabled precise restoration of the 
tree of life, and trait-based approaches enable quantification of mor-
phological evolutionary processes (2–4).

Size is one of the most obvious organismal traits and is a key factor 
in determining how organisms interact with their environment (5–7), 
making patterns of animal body size evolution a focus of macroevo-
lutionary research. The varied patterns of body size evolution 
among different clades, such as early bursts of ichthyosaurs (8), sub-
stantial increases among brontotheres (9), miniaturization of bird-
related dinosaurs (10), and dynamic adaptations of whales (11), reflect 
the importance of body size changes in major metazoan clades. This 
has permitted investigation of trends in organism body size evolution, 
broadly divided into increases in size over geological time [Cope’s 
rule (12, 13)], and larger sizes in cooler environments [Bergmann’s 
rule (14)]. Cope’s rule has been hypothesized to have driven patterns 
of body size evolution in individual clades to entire biotas (13, 15, 16), 
whereas Bergmann’s rule has been tested in relatively few extinct 
taxa (17). Recently, attempts at a more mechanistic understand-
ing have emerged, with particular emphasis on oxygen as a major 
driver of body size, through both Cope’s rule and a temperature- 
size relationship (extended by Bergmann’s rule) (13, 16, 18, 19). How-
ever, many of these studies come from fossil vertebrates. Among in-
vertebrates, comprehensive research about body size evolution is 
limited to a few groups, such as brachiopods (20) and insects (21). This 
imbalance particularly affects our understanding of body size evolu-
tion during the early Paleozoic, a period when fluctuating environ-
mental parameters provides an ideal opportunity to test the relative 
importance of oxygen levels and other mechanisms on body size.

Owing to their long duration, wide range of lifestyles, and abun-
dant fossil record, trilobites have long been a central focus of macro‑ 

evolutionary research (22–24). With body sizes ranging from 
~2 mm (Acanthopleurella stipulae) to more than 700 mm (Isotelus rex 
or Ogyginus forteyi), they are an ideal clade to test the evolutionary 
dynamics of body size. The clade experienced two critical events: the 
Cambrian Explosion and subsequent Great Ordovician Biodiversifi-
cation Event (GOBE) during which marine oxygen has been identi-
fied as an important control (25–28) and may have shaped the body 
size of trilobites. Despite long-standing interest in giant trilobites 
(29, 30), there have been few comprehensive assessments of their 
body size evolution. A vaguely downward trend in trilobite body 
size through the Paleozoic revealed by previous studies (13, 31) has 
low temporal resolution and was based on limited data sampling, 
making it difficult to assess the evolutionary dynamics of body size 
and evaluate their underlying causes. To exploit the macroevolu-
tionary potential of trilobites, we compiled an extensive dataset of 
body size for Cambrian and Ordovician forms, encompassing 1091 
genera, representing more than 90% of trilobite families during 
this interval (32). We explored the role of marine oxygen, tempera-
ture, and directional evolution in trilobite size dynamics. Our 
analysis underscores the long-term influence of trilobite body size 
evolution by marine oxygen levels, further emphasizing the impor-
tant role oxygen played in shaping the evolutionary dynamics of the 
early metazoans.

RESULTS
Episodic body size evolution of early Paleozoic trilobites
To explore trilobite body size changes through the Cambrian and 
Ordovician, we measured the complete exoskeleton length of 4732 
adult trilobite specimens from the available published literature 
worldwide, with stratigraphic ranges in the fossil record resolved to 
24 stage or substage level time slices (see Materials and Methods). 
By using two-sample t test assuming unequal variance, we tested 
statistical differences in size between adjacent time slices. We found 
that significant global trilobite body size changes (P <  0.05) were 
concentrated in five brief events in early Age 4 [~514 million years 
ago (Ma)], late Wuliuan (~506.5 Ma), Guzhangian (~500.5 Ma), late 
Tremadocian (~480 Ma), and late Katian (~450 Ma), allowing this 
interval to be divided into six evolutionary phases (Fig. 1 and fig. S1). 
Peak Cambrian body size occurred during the first 7 million years 
(Myr) of trilobite evolution (First Phase, Cambrian Age 3), followed 
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by a decline during the Sinsk event and a pause through the Cambrian 
Age 4 and early Wuliuan (Second Phase). From the late Wuliuan to ear-
ly Drumian, body sizes gradually increased, reaching a second peak in 
the late Drumian (Third Phase). The fourth phase began with a sharp de-
cline (about 50%) in mean body sizes during the Guzhangian (~500.5 
to 497 Ma), followed by a prolonged pause lasting over 20 Myr (Fourth 
Phase). This phase ended with a rapid size increase during the middle 
Tremadocian to a third peak in body size; thereafter, the size of trilo-
bites leveled off after 470 Ma and progressively declined through the 
GOBE (Fifth Phase, ~480 to 450 Ma). On the eve of the end-Ordovician 
mass extinction, there was another drop in size (Sixth Phase).

This episodic pattern is evident in maximum and mean sizes 
(Fig. 1 and fig. S2) and is not an artifact of differences in sample size 
across intervals (fig. S3). To evaluate whether preservational and 
geographic biases affected overall patterns, we analyzed trilobite size 
evolution across four major paleogeographic units (Laurentia, East 
Gondwana, Baltica and Avalonia, and West Gondwana), represent-
ing various paleoenvironmental settings from the shallow-water si-
liciclastic shelf to carbonate platform. The results show that the major 
size changes are evident in each region, particularly during Age 4, 
Guzhangian, and middle Tremadocian (Fig. 2), suggesting that global 
patterns largely mirrored regional trends. Compared with other re-
gions, trilobites from Laurentia do show regional patterns, including 
no apparent increase in body size during the Tremadocian and an 
increase rather than decrease in the late Ordovician (Fig. 2B). The 

size stasis in the Tremadocian can be attributed to sampling, where-
as the increase in the late Ordovician may reflect different trilobite 
assemblages between Laurentia and other Ordovician carbonate plat-
forms. Correlation analyses between the global pattern and sampling 
sizes in different regions show that sampling biases in Laurentia, East 
Gondwana and Baltica did not significantly affect (P > 0.05) the glob-
al trilobite body size (fig. S4). The siliciclastic deposits in West Gond-
wana may provide more large trilobite specimens, but the linear fitting 
value (R < 0.5) indicates that the effect of this bias is low. Collectively, 
these suggest that trilobite body size changes were more likely influ-
enced by global rather than regional drivers.

No direction in early Paleozoic trilobite size evolution
To explore whether the episodic changes in body size obscures an un-
derlying directional pattern, we observed the trend in average body 
size across the 24 most diverse trilobite families, covering >70% of the 
species in our database. Most well-sampled trilobite families (n = 20) 
exhibit no significant size changes through time (R2 < 0.1), including 
the dominant Asaphidae and gigantic Paradoxididae (fig. S5). This 
finding does not support a widespread Cope’s rule pattern at the fam-
ily level. Despite some overlap, the body size distribution differs be-
tween trilobite families, especially in well-sampled families (fig. S6). 
These size changes are more likely concentrated among families rather 
than within families. Thus, we use the family as the appropriate level 
for assessing body size evolution.

Fig. 1. Tempo and mode in the body size evolution of Cambrian-Ordovician trilobites. Changes in maximum size (red) and mean size (blue) for each time slice, with 
lines and shading representing the mean value and 95% confidence intervals. Discrete episodes of body size change are marked by red arrows, and these events demar-
cate six distinct phases, which are labeled by the light gray shading. The temporal resolution of the dataset is shown by the alternating gray/white bars corresponding to 
the 24 time slices defined by the international chronostratigraphic chart and classical biostratigraphic boundaries. Drum, Drumian; Guz, Guzhangian; Paib, Paibian; Jiangs, 
Jiangshanian; Da, Dapingian; Hi, Hirnantian.
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To visualize the scale and directionality of body size evolution 
among trilobite families, we assembled an informal trilobite super-
tree and plotted ancestral body size onto the family-level phylogeny 
(Fig. 3A and figs. S9 and S10). This calculation is based on the 
maximum-likelihood estimations of a synthetic tree derived from 
previous phylogenetic views (see Materials and Methods). The heat-
map of body size shows that extreme-size families with faster rates 
(i.e., rapid changes in color) occur independently in multiple lin-
eages, a pattern confirmed by traitgrams (Fig. 3B and figs. S11 and 
S12). This suggests that most trilobite families were near the average 
size, with some clades independently evolving to larger or smaller size 
at different ages. There is no support for an overall trend in body size 
evolution. As a further test for evolutionary trends, we fitted five dif-
ferent models of continuous trait macroevolution using mean stan-
dard length and assessed the explanatory power of each model with 
Akaike information criterion (AICc) and their corresponding Akaike 
weights (see Materials and Methods). The Ornstein-Uhlenbeck (OU) 
model is strongly preferred over other models, with the lowest AICc 

score of 66.352 and the mean AICc weight of 0.789 (median = 0.992) 
(Fig. 2C and fig. S13). This model describes constrained evolution 
around macroevolutionary “optima” or adaptive zones (33). The 
Early Burst (EB) model, which shows the high evolutionary rates in 
the early phase of a clade (34), is also supported, especially when the 
OU model is excluded (figs. S13 and S14), suggesting that trilobites 
reached the maximum size range in the early Cambrian (Fig. 2B). 
By contrast, no preference is indicated for other models such as 
Trend and Drift, which assume directional change in trait values 
over time (8,  35). Removing the questionable miniaturized clade 
Eodiscina (fig. S8) from the dataset did not change these result (figs. 
S13, B and D, and S14, B and D). Meanwhile, removing the OU 
model that may be difficult to interpret did not lead to higher sup-
port for models representing directed evolution (figs. S13, C and D, 
and S14, C and D). Overall, our analyses reveal no preferential di-
rection in trilobite body size through the Cambrian and Ordovician 
periods, thus rejecting a widespread Cope’s rule effect in trilobites of 
this age.

Fig. 2. Body size evolution of Cambrian-Ordovician trilobites in four major paleogeographic regions. (A) Global paleogeography for the middle Cambrian and 
Ordovician; colors indicate the primary research regions [modified from (74)]. (B to E) Trilobite body size evolution in Laurentia, East Gondwana (including China and 
Australia), West Gondwana (Morocco, Iberia, France, Sardinia, Bohemian massif and Cordillera Oriental), Baltica, and Avalonia. Three episodes of change in body size during 
Cambrian Age 4, the Guzhangian, and middle Tremadocian are marked 1, 2, and 3. Abbreviations: Au, Australia; Av, Avalonia; Ba, Baltica; Kz, Kazakhstan; La, Laurentia; NC, 
North China; SC, South China; Si, Siberia; Ta, Tarim; WG, West Gondwana.
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DISCUSSION
Marine redox control the tempo of the trilobite 
size evolution
On the basis of these results, we explored possible environmental 
effects on changes in body size. Previous studies have invoked many 
factors as potential drivers of body size changes, with an important 
role for oxygen (13, 16, 18, 19). Although some details are unclear, 
geochemical proxies provide evidence for marked variations under 
oceanic redox conditions, especially three widespread marine anoxic 
episodes during the Cambrian-Ordovician periods (Fig. 4, A and B). 
Oceans became progressively oxygenated in Cambrian Age 3 (27, 36, 
37), followed by a widespread anoxic event at ~514 Ma (38), coincid-
ing with the Sinsk biotic crisis. Although marine redox condition 
during Cambrian Age 4 to Drumian has not been fully assessed, the 
available data suggest that the ocean may have remained anoxic until 
the early Wuliuan (39,  40) before becoming more oxic during the 
Drumian (41). This short-lived oxygenation was interrupted by the 

Steptoean positive carbon isotope excursion (SPICE), which began 
an episodic expansion of oxygen-depleted waters from the Guzhangian 
to the early Ordovician (25, 42, 43). The base Stairsian Anoxia Event 
(BSAE) in the late Tremadocian represents the end of a 20-Myr per-
sistent anoxic event (42, 43). Subsequently, the marine oxygenation 
continued to expand (26, 28) until the Hirnantian Oceanic Anoxic 
Event (HOAE) in late Katian (44–46).

There is a notable correlation between our trilobite size data and 
fluctuations in marine redox (Fig. 4, A and B), especially the well-
known anoxic events of this interval. The reductions in trilobite size 
at the end of the first phase correspond with the Sinsk event, and 
the 8-Myr miniaturization period (second phase) after 514 Ma co-
incided with sustained marine anoxia. The miniaturization from the 
Guzhangian to early Tremadocian (fourth phase) is consistent with 
the SPICE and subsequent episodic anoxic events, and termination 
of a persistent anoxic event (BSAE) in late Tremadocian may have 
triggered the most pronounced increase in trilobite size. From the 

Fig. 3. Phylogenetic-based family-level body size evolution in Cambrian-Ordovician trilobites. (A) Ancestral state reconstruction of body size with trait values fig-
ured as color range, showing that families with faster rates (rapid changes in color) arose independently in multiple lineages. The underlying phylogenetic framework was 
synthesized from previous phylogenetic analyses supplemented by traditional taxonomy where required (for details, see the Supplementary Materials). (B) Evolutionary 
traitgram of trilobite body size; values are from the analysis shown in (A). (C) Model fitting results expressed as Akaike weights for five different evolutionary models each 
with 1000 iterations. BM, Brownian motion; EB, early burst; OU, Ornstein-Uhlenbeck.
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late Tremadocian, trilobite size remained stable for nearly 30 Myr 
(fifth phase), coinciding with the expansion of marine oxygenation. 
Further miniaturization of trilobites in the late Katian, which again 
coincides with the global HOAE anoxic event, and the miniaturiza-
tion phenomenon probably continued into the Devonian (31). In 
contrast, although global cooling may have triggered the extraor-
dinary GOBE (47, 48), estimates of early Paleozoic temperature 
changes showed little correlation with trilobite body size fluctuations 
(R2 < 0.1; Fig. 4C).

In short, trilobite body size changes during the Cambrian-Ordovician 
periods correspond closely with marine redox fluctuations. Given oxy-
gen availability as a potential limit on body size (16, 18, 49), it is reason-
able to assume that marine redox have influenced, if not directly 
controlled, trilobite body size changes across the world. The results here 
strongly support a model in which oxygen levels constrained body size 
evolution, which has been less understood in marine metazoans than in 
terrestrial clades (18). This pattern is consistent with the metabolic 
scaling of metabolism, in which quarter-power scaling reflects resource 

Fig. 4. Cambrian and Ordovician trilobite body size and their correlation to the inferred oxygen levels and temperature. (A) Body size and major biotic events, six 
phases (I to VI) shown by the alternating blue/purple lines and light areas. (B) Ocean redox conditions and widespread anoxic intervals, showing strong links between 
trilobite body size and marine redox changes [based on (25, 27, 36, 38, 40, 42, 44)]; blue and purple indicate oxic and anoxic states, respectively; carbonate I/Ca values from 
(28) and (41); data greater than 4.0 from Floian to early Darriwilian are not shown. (C) Temperature curves are based on bulk rock (purple line) and skeletal material (gray 
line) δ18O datasets from (75) and (76), respectively. EMCA, “Early–Middle Cambrian” anoxia; SPICE, Steptoean positive carbon isotope excursion; BSAE, base Stairsian 
Anoxia Event; HOAE, Hirnantian Oceanic Anoxic Event. For abbreviations in the chronostratigraphic chart, see Fig. 1. Data are from dataset S16.
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distribution requirements within organisms (6,  7). Furthermore, our 
analysis provides an independent line of evidence to support the hy-
pothesis that oxygen was an important driver for early animal evolution 
more generally and may have influenced body size evolution of other 
clades as well (27, 36, 37).

It is worth noting that, during both SPICE and HOAE, taxonomic 
diversity lagged body size reductions during declines in oxygen levels 
(44–46, 50). This implies that the initial expansion of marine anoxia 
did not directly affect taxonomic diversity but affected the body size 
of trilobites, given that large trilobites were the most oxygen-hungry 
predators (51). For example, the predominant large middle Cambrian 
trilobites, Paradoxididae and Dorypygidae, became extinct during 
the Guzhangian before SPICE. Similarly, the Asaphidae, the most 
abundant giant Ordovician trilobite family, underwent a decline and 
ultimately disappeared in the late Kaitian Stage before the HOAE.

The Late Cenozoic Icehouse triggered extensive size increases in 
terrestrial vertebrates and marine invertebrates (52, 53), but our results 
do not support such a connection during the Ordovician Icehouse. 
Given that Ordovician atmospheric oxygen levels were probably much 
lower than those of the Cenozoic ([e.g., (54)], one possibility is that 
marine oxygen availability was a more influential factor in limiting the 
size of trilobites during the early Paleozoic than temperature. In other 
words, the control of temperature on body size likely emerged only 
when atmospheric oxygen levels increased beyond a threshold or when 
ocean anoxic events became less frequent.

Trilobite body size and extinction
It has long been noted that the larger-bodied taxa experienced greater 
extinction rates during biotic crises (55–59), but the universality of this 
rule has been questioned (60). As abundance decreases and longevity 
increases with increased body size, larger-bodied animals may simply 
be more susceptible during biotic crises. Our data support the prefer-
ential extinction of larger-bodied taxa, consistent with metabolic scal-
ing. Metabolic rate per unit body mass declines with size. Thus, 
although the oxygen demand of larger bodied trilobites is expected to 
be relatively less than smaller-bodied forms, their total oxygen require-
ments would have been greater and may have been too high during 
anoxic episodes. Some insight into this problem may be provided by 
recognition that this size selectivity tends to precede the primary ex-
tinction phase. In other words, there is a decrease in mean size of trilo-
bites with larger body size before their extinction. Similar size reduction 
early in these events has also been observed in late Permian gastropods 
(61) where selective extinctions predate the mass extinction by 3 to 8 
Myr and may be overlooked by research that focuses on the mass ex-
tinction horizon. Such a decoupling between size-related disappear-
ances and peak extinction during biodiversity crises provides a possible 
explanation for why size-selective extinction has not been more broad-
ly recognized in other clades. Changes in abundance might also be 
linked to decreases in body size (62). Moreover, body size appears to be 
more sensitive than biodiversity to environmental challenges, suggest-
ing that it may be an early warning signal of environmental crises. 
More attention to the miniaturization of extant animals may be war-
ranted when assessing effects of current climate change (59).

MATERIALS AND METHODS
Trilobite body size dataset
We measured complete exoskeleton length for 4732 trilobite speci-
mens from published fossils (up to 21 May 2024), building a database 

including their measured value, classifications at the species, genus, 
family, and order levels, maximum and minimum chronostrati-
graphic ages, and occurrences (datasets S1, S5, and S6). Body size 
was represented by sagittal length of the adult (holaspid period) in 
articulated specimens. For a given species, we measured as many 
specimens as possible to get average, maximum, and minimum val-
ues. Many trilobites continue to increase their pygidial segments 
after sexual maturity (63), so if the largest known articulated speci-
men has fewer pygidial segments than the largest pygidium, it obvi-
ously represents an early holaspis. In this case, we use larger cranidium 
or pygidium to extrapolate the maximum size of this species. Unlike 
the maximum value, the real minimum value is difficult to estimate 
unless the smallest measured specimens are known to be the young-
est holaspids (the long accepted but never proven onset of sexual 
maturity in trilobites). Thus, we have not interpreted changes in the 
“minimum value,” which represent more precisely the size of the 
smallest known articulated specimen. To maximize geographic, 
stratigraphic, and taxonomic representation, we have objectively ex-
amined most available publications, including the original literature 
of generic names, which are published mainly in English but also in 
Chinese, Russian, German, French, Italian, and Czech (dataset S1). 
Most of the well-preserved trilobite species recorded in our dataset 
were derived from Laurentia (686 species), South China (460 spe-
cies), West Gondwana (435 species), Baltica (404 species), Avalonia 
(267 species), Siberia (158 species), and Australia (118 species); the 
remaining quarter of data comes from a variety of geographical fau-
na from other tectonic units, such as Central Asian Orogeny Belt, 
Middle East, North China, Tarim, and Antarctica. Accordingly, 
these data reflect global patterns, rather than sampling differences 
between different regions (Fig. 2 and fig. S4). The body size dataset 
contains 2435 trilobite species from 1091 genera in 152 families—
representing most of the Cambrian and Ordovician families (32). 
The remaining taxa are only known from cranidia and/or pygidia, 
which cannot be used to estimate total exoskeleton length. Family-
level classification of Trilobita follows Jell and Adrain (32). On the ba-
sis of a recent work [see references in (22)], the Agnostina is excluded 
from Trilobita. Body sizes were log transformed prior to analysis.

To obtain high temporal resolution, we divided the Cambrian 
and Ordovician into 24 time slices with an average duration of 3 Myr 
(dataset S2). The basic divisions come from the most recent Global 
Chronostratigraphic Scale (64,  65). Because the duration of indi-
vidual stages is unequal, we use “stage slices” (65) to generate inter-
vals of more nearly equal duration. Consequently, we subdivided 
most Ordovician stages except for the shorter duration Dapingian 
and Hirnantian (less than 3 Myr). The subdivisions of the Darriwil-
ian and Sandbian follow the commonly used scheme (Dw1-3 and 
Sa1-2), whereas the Tremadocian, Floian, and Katian are subdivided 
by the first appearance datum (FAD) of Araneograptus murrayi (grap-
tolite), Oepikodus evae (conodont), and Diplacanthograptus complanatus 
(graptolite) separately, which are the presumed most reliable global 
index fossils (dataset S2) (65). The proposed Cambrian substages (66) 
offer a useful model for dividing the two longer stages of the early 
Cambrian (Stages 3 and 4). In addition, we use two cosmopolitan 
agnostoids, Ptychagnostus praecurrens and P. punctuosus (64, 66), to 
divide the Cambrian Wuliuan and Drumian into three slices. We 
manually time binned the measured data for all specimens based on 
biostratigraphic information from the original papers. We follow the 
global Cambrian trilobite biozone correlation chart used by Geyer 
(67) and used a biostratigraphic correlation chart for the Ordovician 
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from Goldman et al. (65), which combines index fossils from car-
bonate and clastic lithofacies.

Phylogenetic body size macroevolutionary analysis
There is no comprehensive phylogenetic analysis of Cambrian and 
Ordovician trilobites, but a previous work, especially Paterson et al. 
(22), provides a basis for assembling family-level phylogenetic rela-
tionships. The informal supertree used in this research covers 136 
early Paleozoic trilobite families (figs. S7 and S8 and dataset S3) and 
was built from a manual synthesis of previous phylogenetic results. 
First, we establish a backbone tree using a comprehensive trilobite 
Bayesian tree of Paterson et al. (22). This backbone tree reflects rela-
tionships between the major Cambrian trilobite orders or super-
families such as Olenellina, Eodiscina, Emuelloidea, Redlichioidea 
(including Corynexochina), Ellipsocephaloidea, Olenida, Leioste-
giina (including Illaenina), and Asaphida. Then, we integrated some 
focused analyses [see examples in ref. (68)] into the backbone tree 
according to the sister relationships, and these intraordinal trees 
contain clades that overlap with the backbone tree. This expands the 
range of backbone tree and links the major Ordovician clades such 
as Proetida and Trinucleida with their Cambrian relatives. For groups 
that never appear in comprehensive phylogenetic analysis (such as 
Phacopida, Lichida, and Odontopleurida), we locate them accord-
ing to traditional qualitative descriptions (see fig. S8 and caption 
for details).

On the basis of this phylogenetic framework, we used maximum-
likelihood approaches (Brownian motion) to explore the evolution of 
family-level body size. We used the “timePaleoPhy” function in the 
“paleotree” R package (69) to time calibrate the phylogenetic tree and 
estimate the ancestral character states of body size using the “ace” 
function of the “ape” R package (70). Then, we used the “contMap” 
and “phenogram” functions from the “phytools” package to map body 
mass changes across the phylogeny (71), plotting as a heatmap and a 
projection of the phylogenetic tree in a space defined by body mass 
(on the y axis) and time (on the x axis), respectively (dataset S7). To 
assess tendencies in body size evolution, we used the “fitContinuous” 
function from the “geiger” package to test the fit of different evolu-
tionary models to our results using a maximum-likelihood approach 
(72). We tested the following models: Brownian motion (73), OU 
(33), EB (34), Trend (35), and Drift (8), all of which are considered to 
have macroevolutionary relevance. We evaluated model fit by means 
of the AICc and Akaike weights for 1000 iterations, which represent 
the conditional probability for each of the tested models (datasets S8 
to S15). Lowest AICc scores and largest Akaike weights indicate that 
the model fits the data better than any other tested model (figs. S13 
and S14). The affinity of the Eodiscina is unresolved (fig. S8) (22), so 
the same model analysis was performed on the body size dataset with 
Eodiscina removed to compare the results (figs. S13, B and D, and S14, 
B and D). The OU model that is commonly favored at the level of gen-
erations may not biologically meaningful on this ~3-Myr timescale, so 
we performed the same analysis without this model (figs. S13, C and 
D, and S14, C and D).

Supplementary Materials
The PDF file includes:
Figs. S1 to S14
Legends for datasets S1 to S16
References

Other Supplementary Material for this manuscript includes the following:
Datasets S1 to S16
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