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Some taxa occupy our imaginations as “living fossils” because they were known from the fossil record before being discovered alive today. Other taxa are considered “living fossils” because modern relatives bear a strong morphological resemblance to fossil relatives, or because they occupy a contracted geographic range or have less diversity now than in the past, or because they represent phylogenetic diversity that requires conservation. A characterizing feature of living fossils–and thus an implicit assumption of all criteria–is that the “living fossil” of interest is extant. However, the general research questions that “living fossils” inspire–Why do rates of evolution vary across organisms, across traits, and across time? Why do some clades decline in diversity over extended periods?–may be applied to any clade, including completely extinct clades. We propose that there is nothing special about “now” when it comes to pursuing these questions and that it is unnecessarily limiting to restrict research programs to clades for which an extant member meets some conception of the “living fossil” moniker. To this end, we investigate the extent to which Permian trilobites might resemble “living fossils,” albeit from the perspective of 253 million years ago, when the last trilobites were still alive. We do so by comparing the taxonomic diversity, geographic range, and morphological disparity of trilobites living in the Permian to earlier time periods. We find that Permian trilobites meet most definitions of living fossils, although our assessment of morphological change and character retention depend on taxonomic scale.
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Introduction

Despite ongoing debate over the usefulness of the “living fossils” concept, there has been an increase over the last forty years in the number of biological entities identified as living fossils as well as an increase in the number of publications where the term is used (Lidgard and Love, 2021). Part of the appeal may lie in our imaginations: when we see a living fossil (e.g., horseshoe crab), we can see in front of us what ancient environments (e.g., beaches) might have been like (Turner, 2019). Another part of the appeal may be the breadth of definitions that exist for living fossils: although this draws much of the debate, it also reflects the rich and expansive research questions that they inspire. Such definitions include the following (modified from Lidgard and Love, 2018; Turner, 2019):


•Prolonged geologic duration or persistence of a lineage.

•Low taxonomic richness today compared to the past.

•Small geographic range today compared to the past.

•Low relative abundance today compared to the past.

•Genealogical divergence in the very distant past (“phylogenetically distinct”/high contribution to phylogenetic diversity).

•Slow rate of evolutionary change (or in the limiting case, stasis).

•Morphological similarity to fossils from the distant past.

•Presence of characters that are or seem plesiomorphic.



These definitions are not mutually exclusive. For example, stalked crinoids have been referred to as living fossils because they were more speciose and abundant in shallow marine environments in the Paleozoic and are now largely restricted to the deep sea, but still look like their Paleozoic ancestors and in some cases have been referred to the same genera (Meyer and Macurda, 1977; Bourseau et al., 1991). [Interestingly, there is evidence that some modern stalked crinoids may have evolved from stalk-less ones (Rouse et al., 2013), so this lifestyle and the associated anatomy could also be the product of convergent evolution, not retainment of plesiomorphic characters!].

These definitions also require a comparison to be made between ancestral and descendent individuals or to other “non-living-fossil” groups, with the implicit assumption that the comparison is between extinct (fossil) ancestors and still-living organisms. Indeed the characterization that “living fossil” groups contain extant members is codified in the term itself. Yet the pursuit of the research questions implied by “living fossils” concepts, such as “why do some but not all constellations of characters exhibit apparent stasis over long periods of time in the same lineage?” and “how are perceived declines in living fossil groups related to patterns in phylogenetic sister groups, and to origination and extinction dynamics?” (Lidgard and Love, 2018, p. 766) does not necessarily depend on the presence of living clade members in the study system. To demonstrate this, we turn to a completely extinct fossil clade, the Trilobita, and assess the extent to which its youngest members would have met the definition(s) of a living fossil at the time they were alive.



Did trilobites have a prolonged geologic duration?

Trilobites are crown arthropods (Daley et al., 2018) with an extensive fossil record thanks to their biomineralized exoskeleton and penchant for living along continental shelves where sedimentation rates are high (Hopkins, 2017). Over 22,000 species are known (Paterson, 2020) across a 270-million-year evolutionary history which comprised most of the Paleozoic; they went extinct during the Permo-Triassic mass extinction (252 million years ago). Although 270 million years is considerably shorter than the geologic duration of one of the quintessential living fossils, xiphosurid horseshoe crabs (480 million years, Bicknell and Pates, 2020), the dominant trilobite family during the last geologic period of their existence (the Permian) was the Proetidae, whose geologic duration spanned over 230 million years, rivaling that of Limulidae, the horseshoe crab family comprising living species (250 million years, Bicknell et al., 2022).



Were Permian trilobites “relicts” of the past?

Living fossils may be thought of as relicts in three different capacities: having reduced taxonomic richness, smaller geographic range, and/or low relative abundance.


Low taxonomic richness

The first extensive tabulation of the number of trilobite species (and genera) over time showed a peak in taxonomic diversity in the middle to late Cambrian followed by an ongoing decline in taxonomic richness through the rest of the Paleozoic. By the Permian, species diversity was only 2.2% of the maximum (1.8% maximum generic richness) (Foote, 1993). Compilations based on the Sepkoski dataset (Sepkoski, 2002; Supplementary Figure 1A), the Paleobiology Database (Alroy, 2010; Bault et al., 2022; Supplementary Figure 1B), the Geobiodiversity Database (Fan et al., 2020), and others (e.g., Owens and Hahn, 1993; Lerosey-Aubril and Feist, 2012) show similarly low levels of taxonomic diversity from the latest Carboniferous through the Permian. Only two genera, Acropyge and Pseudophillipsia, are known from the Changhsingian (254–252 million years ago) (Fortey and Owens, 1997; Supplementary Figure 1B).



Smaller geographic range

Despite the low taxonomic diversity, late Permian trilobites occupied a range of environments. While the majority of Lopingian (260–242 million years ago) genera occupied shallow tropical carbonate settings (Bault et al., 2022), trilobite fragments have been recovered from sediments deposited in polar settings (Hyden et al., 1982; paleo-coordinates based on Paleobiology Database, see collection 98,149) and from deeper water clastic environments (Shen and He, 1994). Broad geographic ranges are also seen at low taxonomic scale, for example Pseudophillipsia remained widespread even in the latest Permian (Owens and Hahn, 1993).



Lower abundance

Trilobites started becoming a less dominant component of marine ecosystems during the Ordovician radiation (Westrop and Adrain, 1998; Peters, 2004), but even in later periods, they could make up a high percentage of particular faunas (e.g., Brett, 1974), occasionally occurring in overwhelming numbers (Speyer and Brett, 1985, 1986). By the Permian, however, trilobites were “limited in diversity and abundance worldwide” (Hanger, 1998, p. 12). In a summary of Permian fossil assemblages from southeast Asia, Fontaine (2002, p. 583) describes the timing for extinction of major marine invertebrate groups, noting that “Trilobites are not in abundance at many Permian outcrops; [so the timing of] their disappearance is not immediately obvious.” Grant (1966, p. 64) noted that while the late Permian Productus Limestone of the Salt Range, Pakistan, is important for its unusual abundance and excellent preservation of marine invertebrates, only a very few trilobites specimens had been found and “their extreme rarity makes it unlikely that additional trilobite specimens will be available soon.” A more recent quantitative study of relative abundances across the Permo-Triassic boundary at sections on the Yangtze Platform noted the rare presence of trilobites, including them with three other classes in an “other” category comprising only 9% of the sample (Gong et al., 2022).

In summary, although Permian trilobites continued to occupy a range of environments, their diversity and local abundance were much lower than that of contemporaneous marine invertebrate groups and much lower than that of trilobites earlier in their evolutionary history.




Were Permian trilobites phylogenetically distinct?

Although there is ongoing debate about whether trilobites and other artiopods were more closely related to mandibulates or chelicerates, they are currently estimated to have diverged from other arthropod groups in the earliest Cambrian (539–521 million years ago) before the appearance of the first trilobite fossils (Paterson et al., 2019; Edgecombe, 2020). With minimally 270 million years of divergence having occurred before their extinction, an argument could be made that by the Permian, they were phylogenetically distinct from other arthropods as well as other animals more generally.

Proponents of this definition for living fossils note that relative phylogenetic distinctness could be useful for directing conservation efforts (e.g., Turner, 2019). This is a modern concern which is more meaningful if we restrict ourselves to discussing extant groups. However, if there were an entity living 253 million years ago interested in conservation of rare and phylogenetically distinct groups, trilobites would have qualified for consideration.



Were Permian trilobites morphologically “boring?”

This question attempts to address three definitions– slow rates of evolution, morphological similarity to ancestors, and retention of plesiomorphic characters – that are different characterizations of the same essential observation: that modern “living fossils” look at least superficially like their very ancient ancestors.

In spite of Proetidae being the longest lived, most diverse trilobite family (1,927 species, Adrain, 2011), there is less debate about familial affinity for proetid trilobites than for many other groups (Paterson, 2020; Hopkins and To, 2022). In fact, “a proetid is a proetid is a proetid” has become a mantra among the three of us (MH, PW, KJ), a view which implies that the family had relatively low morphological disparity. Similarly, proetid trilobites have previously been referred to as “garden variety” (Lieberman and Karim, 2010), implying few novelties over the clade’s evolutionary history. More importantly, these sentiments imply that Permian trilobites may be similar enough to their earliest ancestors that they could qualify as living fossils from a morphological perspective.

Testing this perception, however, is non-trivial, requiring comparisons within Proetidae, between Proetidae and other trilobites, and between trilobites and other arthropod groups, ideally within the same framework. In lieu of this, we approach this question from two different angles.


Morphological variation in the shape of the head shield

The most taxonomically comprehensive morphological datasets for trilobites use morphometrics to capture some aspect of shape in the head shield (cranidium, Foote, 1993; cephalon, Suárez and Esteve, 2021; see Supplementary Figure 2 for description of basic trilobite anatomy). Despite differences in how the datasets sample trilobite taxonomic diversity (Supplementary Information), both datasets show low levels of morphological diversity overall in the Carboniferous and Permian and there is no statistically significant shape change across these time intervals (Figure 1 and Supplementary Table 1). These patterns are similar to those recently reported for shape variation in xiphosurid horseshoe crabs: a decrease in morphological variation and subsequent lack in statistically significant shape change from the Middle Triassic to the Recent (Bicknell et al., 2022). In these later intervals of evolutionary history, both groups are also dominated by a single family (Proetidae and Limulidae, respectively).
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FIGURE 1
Disparity within trilobite head shape, represented either by Fourier analysis of the outline of the cranidium (medial sclerite of the head shield) (A–C) or by Procrustes superimposition of semi-landmark data describing the cephalon (entire head shield). (D–F) Disparity is estimated using sum of ranges, which describes overall breadth of morphospace occupation, and sum of variances, which describes the density of points within the space occupied (Hopkins and Gerber, 2017; Guillerme et al., 2020). (A,D) Disparity (sum of ranges) within families; black line shows median and red line shows disparity for Proetidae. Red diamonds show disparity estimates for Proetidae when subsampled to median sample size within families. (B,E) Disparity (sum of variances) within families; black line shows median and red line shows disparity for Proetidae. Red diamonds show disparity estimates for Proetidae when subsampled to median sample size within families. (C,F) Disparity (sum of ranges in dark gray; sum of variances in light gray) through time. Cranidial dataset (A–C) modified from Foote (1993); cephalic dataset (D–F) modified from Suárez and Esteve (2021); see Supplementary materials for details. C1 = early Carboniferous; C2 = late Carboniferous; Ca = Carboniferous; D1 = early Devonian; D2 = later Devonian; EO = early Ordovician; LC = lower Cambrian; LO = late Ordovician; LP = lower Permian; MC = middle Cambrian; MO = middle Ordovician; MP = middle Permian; PR = Permian; SL = Sil = Silurian; UC = upper Cambrian; UO = upper Ordovician; UP = upper Permian.


Because the Proetidae is the longest-lived and most diverse trilobite family, we may expect that they would also have a large amount of disparity overall. In terms of shape of the cranidium or cephalon, the Proetidae shows a median or smaller amount of disparity (sum of variances) across a larger-than-median area of morphospace (sum of ranges) relative to other families. However, Proetidae is also the most heavily sampled family in both datasets and subsampling at the median sample size shows a wide range of smaller estimates (Figure 1). Furthermore, there is no statistically significant shape change across the entire sampled history of Proetidae in either dataset (Supplementary Table 1), which implies relatively slow rates of evolution across the family. Nor is there statistically significant shape difference between the oldest sampled specimens and the youngest sampled specimens (Supplementary Table 1), which implies retention of ancestral morphology, at least in terms of the shape of the cranidium/cephalon.



Morphological diversification across the exoskeleton

Variation in some aspect of the head shield shape underlies our understanding of trilobite morphological diversification at many taxonomic levels. However, the outline shape of the cranidium or cephalon (as analyzed above) comprises a small part of the morphological variation across the entire exoskeleton. Many researchers turn to semi-quantitative character datasets to describe variation across the organism or at higher taxonomic levels (e.g., Wagner and Erwin, 2006). Although considerable phylogenetic work has been done for trilobites at lower taxonomic scales, including proetids (e.g., Lieberman, 1994; Lamsdell and Selden, 2015), there is currently no suitable character matrix available that could be co-opted for this study (for example the most extensive published character matrix is limited to Cambrian trilobites, Paterson et al., 2019; see also Lieberman and Karim, 2010; Paterson, 2020).

Instead, we designed a taxon sampling and coding protocol for the specific purpose of characterizing the basic or typical trilobite body form. We developed a list of 37 notable or unusual exoskeletal traits. We then queried the Paleobiology Database (PBDB) for the most common genera within orders within each geologic period. For each of these genera, we then recorded if any observable congenerics expressed any of those 37 traits (see Supplementary material for details).

Across orders, there is a strong association between the average proportion of unusual exoskeletal traits within genera and the average pairwise distance among genera within each order (Figure 2A). This suggests that orders that have more genera with unusual traits are also more diverse in terms of the combination of unusual characters expressed across those genera. Exceptions to this rule include the orders Odontopleurida and Redlichiida, both of which show high proportions of unusual traits but more consistency among the combinations of traits which are unusual. Compared to other orders, Proetida has the lowest values. Amongst families for which more than five genera were sampled, Proetidae comprise genera with the lowest proportions of unusual traits and smaller pairwise distances among genera (Figure 2A).
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FIGURE 2
Disparity across the exoskeleton. (A) Scatterplot showing the average proportion of unusual traits (those coded as “1” in the matrix) compared to the average pairwise distance within orders (black dots) and families with more than 5 sampled genera (blue asterisks). Here “Proetidae” consists of non-phillipsiid taxa. The taxonomic status of “Phillipsidae” is debated, but it is currently thought to be a subclade within the Proetidae (Vanderlaan and Ebach, 2015). Together, they comprise 67% of the genera assigned to order Proetida in the character matrix. See Supplementary material for details about sampling, coding, and summary statistics presented here. (B) Combinations of paired states from the character matrix that are observed in Permian taxa (lower triangle), color-coded by the previous period in which the pair is observed in other trilobite taxa. The majority (80%) are first observed in the Cambrian; the rest are first observed in either the Ordovician or Silurian and none of them are novel to the Permian.


The early Cambrian was dominated by genera from the orders Redlichiida, Corynexochida, and Ptychopariida. These groups have moderate to high proportions of unusual traits (Figure 2A), some of which may arguably be considered ancestral despite this. Nonetheless, there were genera in the Cambrian and Ordovician that also expressed very few unusual traits (Supplementary Figure 3). More importantly, there were no pairs of characters expressed by Permian taxa that were not already present in early Paleozoic taxa; in fact, 80% were expressed in taxa as early as the Cambrian (Figure 2B and Supplementary Figure 4). Notably, the writing might have been on the wall as early as the Devonian. Although trilobites were still fairly diverse anatomically and taxonomically, of the three dominant trilobite orders (Proetida, Phacopida, and Lichida), only the Lichida show new character combinations in the Devonian; the youngest proetide combinations are Silurian and the youngest phacopide character combinations are Ordovician (Supplementary Figure 5).




Discussion

The concept of living fossils was originally used to describe the persistence of “ancient” morphologies observed in fossil taxa and extant taxa separated in time (Darwin, 1859). More recently, it has been proposed that the potential of the living fossils concept to further current research in evolutionary biology is realized through the specific questions they inspire (Lidgard and Love, 2018). This shift in perspective motivated us to look beyond what happens to be alive today in search of extinct organisms that could be considered “living fossils” at a particular time in their evolutionary history with the idea that such an exercise would expand the potential systems to which we can apply pertinent questions. Further, there may even be a benefit to working on extinct clades if knowing the timing of extinction matters for a particular question about relict clades or clade decline. In this study, we focus on one such putative group, trilobites, and assessed the extent to which the living fossil moniker could be applied to Permian trilobites. According to the criteria presented above, Permian trilobites belonged to a subclade with a relatively long geologic duration and lineage persistence and did exhibit low taxonomic richness and abundance in the Permian compared to previous levels, just as do modern horseshoe crabs relative to their ancestors. However, Permian trilobites were not relicts in all ways and continued to occupy broad geographic and environmental ranges not unlike their past ranges.

Similarly, our morphological analyses support the living fossil moniker to different degrees. The family to which Permian trilobites belonged, the Proetidae, were more morphologically conservative in comparison with other lineages (Figure 2A), and included members with few “unusual” traits, especially in comparison to common members of some “ostentaceous” trilobite groups like odontopleurides, lichides, and trinucleides (Figure 2A). Furthermore, Permian proetids did not express novel combinations of characters, they had all been realized by Cambrian and Ordovician trilobites (Figure 2B). There are also aspects of proetid morphology, like the shape of the cephalon and cranidium, that not only showed historically low disparity in the Permian (Figure 1), but did not change significantly from the Ordovician to the Permian (Supplementary Table 1). These results imply some degree of morphological stasis within proetids relative to other trilobite groups. However, Proetidae also expressed few of the “unusual” traits observed in common members of some of the oldest trilobite groups, such as the Redlichiida and Ptychopariida. If we consider these basal groups to represent ancestral trilobites (Paterson et al., 2019), then a case could be made that despite low disparity and a paucity of novel characters, Permian trilobites did not retain some plesiomorphic characters. One caveat to our results concerning the retention of primitive character combinations is that our null expectation is that primitive combinations should be the most diverse throughout clade history (Raup and Gould, 1974). Moreover, in some cases, “average” morphologies have longer lifespans in the fossil record (Liow, 2006, 2007). However, the more general pattern is for “old” character state combinations to be replaced by “younger” ones, and although Cambrian trilobites are the sole known exception to this, post-Cambrian trilobites are not (Wagner and Estabrook, 2014).

The inferences we make about modes and rates of morphological evolution depend critically on the aspect of morphology that is under investigation (e.g., Hopkins and Lidgard, 2012; Hunt et al., 2015). How this impacts our view of living fossils is exemplified by studies showing that the internal anatomy of Cambrian lingulid brachiopods is in fact notably different from descendants alive today, despite remarkable stasis in the shape of the shell (Zhang et al., 2005). Trilobites are also a potentially interesting system in this context. For example, trilobites exhibit morphological diversity in the exoskeleton, but trilobite appendages appear to have changed relatively little in comparison (Supplementary Information). Why did some trilobite morphological traits exhibit apparently slower rates of evolution than other traits? Why were the last rare trilobites relatively “boring” morphologically, and how did they retain such broad environmental distributions despite this? Why and how were some ancestral traits retained over hundreds of millions of years while others disappeared? Why was trilobite diversification so constrained following the late Devonian mass extinctions and possibly even earlier? These evolutionary questions are independent of whether trilobites were “living fossils” in the Permian, and yet emerged from our inquiry into the question.
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