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1 Supplementary Information on Materials and Methods 

Basic trilobite skeletal anatomy 

The mature trilobite exoskeleton is divided primarily between the cephalon (head shield) and the 
trunk (Supplementary Figure 2). The cephalon was comprised of several sclerites, including the 
cranidium and librigena, which are articulated along sutures that separate during ecdysis. Two 
prominent features of the cephalon include the glabella, which is the axial region of the cephalon, 
and the palpebral lobes, which overlie the eye surface in species which had compound eyes. The 
trunk had two regions: the thorax which was comprised of disarticulated thoracic tergites 
(traditionally called thoracic segments) and the pygidium (tail shield).  

Morphometric analysis of the trilobite head 

Preparation and biases in the datasets used to describe head shield (cranidium/cephalon) shape. 

The Foote (1993) dataset consists of outline data describing the shape of the cranidium, or the 
medial sclerite of the head shield (Supplementary Figure 2), which were then subjected to Fourier 
analysis (Foote, 1989; 1991). For this study, we used the dataset of Fourier coefficients (available 
at http://geosci.uchicago.edu/~foote/MORPHDAT/TRILOBITE_DATA.TXT). The dataset was 
treated as described in Hopkins (2014) with the following additional modifications: 1) duplicate 
examples of species were removed randomly (some species are represented by more than one 
specimen in the original dataset) and all species identified only to “sp” were removed if their genus 
was represented by congenerics identified to species level (for example, data for specimen 
BMN220, identified as Ampyx sp. from Laurentia, was removed because there is a sampled 
specimen of Ampyx virginiensis, also Laurentian, among others); 3) all agnostoids and eodiscids 
(N = 12) were removed. The resulting dataset has 700 specimens (reduced from N = 1123) and is 
available in Supplementary Dataset 1. This dataset is heavily biased by taxa sampled from 
Laurentian North America (N = 552, or 78% of the dataset). 81 families are represented; the 
median number of species per family is 6. The Proetidae is the most heavily sampled family with 
a sample size of 58 (8.3% of the total dataset).  

The Suárez and Esteve (2021) dataset consists of semi-landmarks describing the shape of the 
cephalon (Supplementary Figure 2). For this study, we used the dataset of Procrustes coordinates, 
which was modified as follows: 1) species assigned to Phillipsiidae were included within 
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Proetidae; 2) because there were only 3 specimens sampled from the Lower Silurian, they were 
combined with the taxa sampled from the Middle Silurian; and 3) because there were only 2 
specimens sampled from the Upper Carboniferous, they were combined with taxa sampled from 
the Lower Carboniferous. In addition, the following specimens were removed: 1) all agnostoids 
(N = 10); 2) all taxa with uncertain placement in geologic series (N = 4); and 3) duplicate examples 
of species, randomly selected (N = 4). The resulting dataset has 382 specimens (reduced from 400) 
and is available in Supplementary Dataset 1. Original sampling for this dataset was biased towards 
species for which enrolment behavior type can be classified. 66 families are represented; the 
median number of species per family is 3. The Proetidae is the most heavily sampled family with 
a sample size of 55 (13.8% of the total dataset).  

Analyses of the head shield datasets 

Each dataset described above was subjected to a principal components analysis. Disparity was 
measured using sum of ranges, which describes the breadth of morphospace occupation, and sum 
of variances, which describes the density of taxon distribution in morphospace (Hopkins and 
Gerber, 2017; Guillerme et al., 2020). Disparity indices were calculated across all principal 
component scores for subsets of the data, including for each family and within each time interval. 
In order to see what the disparity estimates for Proetidae may have been at more common sample 
sizes, the subset of data for that family was randomly resampled 1000 times at the median sample 
size across families (N = 6 for the Foote dataset; N = 3 for the Suárez and Esteve dataset). In order 
to determine if the morphological change was significant through time, we ran an np-MANOVA 
(Collyer et al., 2014) using the R package rrpp (Collyer and Adams, 2018). We applied the np-
MANOVA to both the entire dataset and to just the Proetidae. Results are shown in Supplementary 
Table 1. See Supplementary Dataset 1 for annotated R script. 

 

Morphological analysis of the entire exoskeleton 

Our taxon sampling scheme, character design, and analysis were designed for the specific purpose 
of characterizing the common conception of the basic or typical trilobite body form, and the extent 
to which different trilobite clades adhered to that conception as well as the extent to which 
character combinations expressed by Permian trilobites could be considered “ancestral”. To 
accomplish this, we compare Permian members of the Proetida to earlier members of all trilobite 
orders currently considered valid in the Paleobiology Database (PBDB). The PBDB classification 
itself largely reflects Whittington et al. (1997), but with more recent emendations by Whittington 
(2002; 2009), Adrain (2011), Bignon et al. (2020) and others. We use orders for this basic aspect 
of comparison because we assume that concepts around “living fossils” revolve around the sorts 
of general features that typify higher taxa such as orders.  

Taxon sampling 

We used the Paleobiology Database (PBDB) to draw up a list of the most common trilobite genera 
within each order within each geologic period (Supplementary Dataset 2). The PBDB currently 
treats nearly 3500 trilobite genera and subgenera as valid taxa. This obviously represents far more 
taxa than we could analyze. Moreover, we think it probable that concepts about “living fossils” 
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revolve around relatively common fossil taxa. Therefore, we use the most common genera from 
each order from each period to establish the range of anatomical forms among genera extinct 
present before the Permian. Genera were sampled based on the average ranking based on two 
metrics:  
 

1) numbers of species-level occurrences; and, 
2) numbers of rock-units that those occurrences occupy. 

We use occurrence numbers because this is strongly correlated with occupancy, i.e., the number 
of areas occupied by a taxon (Liow, 2013) and occupancy is a common macroecological metric 
for commonness (e.g., Brown, 1984). However, non-random sampling can greatly inflate the 
numbers of occurrences for trilobites from well-sampled rock-units. This sometimes reflect 
monographic effects (sensu Raup and Boyajian, 1988), in which major works provide dozens of 
localities from restricted areas. However, even without monographic effects, “binge sampling” of 
particularly fossiliferous rock units can result in numerous papers reporting the occurrences of 
common species from those rocks (Wagner et al., 2018). Using numbers of rock-units mitigates 
both monographic effects and binge sampling by requiring that members of a genus be found in 
multiple areas and/or multiple environmental types to be considered common. This also comes 
closer to satisfying macroecological definitions of “high occupancy” taxa that are found in 
numerous areas and environments (Hurlbert and White, 2007). The only trilobite order that was 
not sampled in this process was the Order Harpetida, which currently consists of 46 genera (Beech 
and Lamsdell, 2021), only 21 of which have entries in the PBDB. Data were downloaded from the 
Paleobiology Database on 25 September 2022 and RData files and R scripts are archived in 
Supplementary Dataset 3. 

We restricted coding to those taxa that have both the cephalon (“head”) and pygidium (“tail”) 
preserved. Although “completeness” in the fossil record often refers to taxon-sampling alone (e.g., 
Foote and Raup, 1996), another aspect of completeness is the proportion of the skeleton that is 
sampled (Dunhill et al., 2012; Benton et al., 2013).  Although well-sampled taxa obviously have a 
higher chance of providing complete skeletons, trilobites do provide exceptions where 
commonly-sampled genera are known exclusively from only one sclerite (either the cranidium or 
the pygidiam ). Common taxa of this sort included Gaoloupingia Yuan and Yin, 1998, Perunaspis 
Přibyl, 1949, Jegorovaia Lu, 1964, Camaraspis Ulrich and Resser, in Ulrich 1924, and Joshuaspis 
Choi et al, 2008. In one case, we had to exclude a genus because the relevant literature was 
unavailable to us (Aplexura Rosova, 1963). Most of those excluded were low ranking in our list 
and are commonly found in regions where most fossils are documented in older works from China 
or the former Soviet Union. With the exception of Cambrian trinucleides, all sampled orders in 
each period were represented by a minimum of five genera and maximum of seven genera.  

Seven taxa in the list are subgenera and many of the other taxa were originally described as 
subgenera that have subsequently been elevated to genera. Because of this tendency in practice 
(and its codification through the publication of Jell and Adrain [2002]), we also treated each listed 
subgenus as an operational taxonomic unit (OTU) separate from the rest of the genus and restricted 
our coding of the latter. For example, Proceratopyge Wallerius, 1895, and Proceratopyge 
(Sinoproceratopyge) Lu and Lin, 1980, are both listed and we restricted coding for the former to 
species assigned to Proceratopye (Proceratopyge). The only exception to this is Olenellus Hall, in 
Billings 1861, for which we based coding on species of both Olenellus (Olenellus) and Olenellus 
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(Paedeumius) Walcott, 1910, because phylogenetic analysis questions their separability as 
monophyletic groups and thus Paedeumius species have been retained within Olenellus despite 
the recombination of many “Olenellus” species to other genera (Lieberman, 1999), which happen 
to also be represented in our PBDB query (for example, Mesonacis Walcott, 1885, Bristolia 
Harrington, 1956). We also restricted the coding for each genus to the species that occurred within 
the period for which that genus was sampled. Thus for genera which were sampled from more than 
one geologic period, each was treated as a separate OTU.  

In the PBDB, familial assignments of genera are based primarily on Jell and Adrain (2002) as well 
as subsequent literature; we checked these assignments and updated any that were out-of-date. 
There are currently two primary competing taxonomies placing families in orders, that of Fortey 
(1997) and that of Adrain (2011). These taxonomies largely or completely agree on familial 
assignments to the following orders: Redlichiida Richter, 1932, Phacopida Salter, 1864, 
Corynexochida Kobayashi, 1935, and Asaphida Salter, 1864. The primary differences between the 
taxonomies include: 1) Fortey (1997) included the odontopleurids in Order Lichida Moore, in 
Harrington 1959, but Adrain (2011) assigned them to Order Odontopleurida Whittington, in 
Harrington 1959; 2) Adrain (2011) argued that Order Ptychopariida Swinnerton, 1915, should be 
abandoned entirely and moved some families into a newly created Order Olenida; 3) Adrain (2011) 
proposed that Order Proetida Fortey and Owens, 1975, should be reduced to two families, the 
Proetidae Salter, 1864, and Tropidocoryphidae Přibyl, 1946, and placed other families assigned to 
Proetida by Fortey (1997) in a newly created Order Aulacopleurida. A subsequent phylogenetic 
analysis by Lamsdell and Selden (2015) refuted the Adrain (2011) conception of Order 
Aulacopleurida in favor of Fortey (1997). The PBDB reflects this history in maintaining Order 
Ptychopariida and Order Proetida sensu Fortey (1997) but accepting Order Odontopleurida and 
Order Olenida following Adrain (2011). The current taxonomy in the PBDB also includes the 
Order Trinucleida Swinnerton, 1915 (Bignon et al., 2020), comprised of families formerly 
assigned to the superfamily Trinucleoidea Hawle and Corda, 1847, and placed within the Order 
Asaphida in both the Fortey (1997) and Adrain (2011) taxonomies. For the purposes of this 
analysis, we followed the taxonomy in the PBDB.  

One obvious concern is that commonly occurring genera might represent taxonomic 
“wastebaskets” and thus their morphologies might not represent what is actually commonly 
sampled.  In general, common genera in the fossil record tend to share properties suggesting that 
they do not simply represent wastebaskets (Plotnick and Wagner, 2018; Wagner et al., 2018). 
Nevertheless, we did add over 200 taxonomic records and over 900 taxonomic opinions into the 
PBDB in support of this project in order to refine the definitions of many of the genera used in this 
study. 

 

Character matrix 

We created 37 characters that describe notable or unusual exoskeletal morphologies that might be 
considered uncommon or not typical of a generic trilobite body plan. Each character has the form 
of “Do any species have…”. Each character was assigned two states, one that indicated that no 
congeneric species showed the described morphological feature (0) or that at least some of the 
congeneric species showed the described morphological feature (1). Some characters are logically 
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dependent on the presence of an anatomical character. For example, the character “Do any species 
have stalked eyes?” is dependent on the presence of eyes. For genera where all observed species 
lacked eyes, but we remain unsure if ALL species lacked eyes, we coded this character as “?”. In 
the instance where we had some certainly that ALL species lacked the feature in question, we 
coded this character as inapplicable (“—”). We also used the “?” token for characters which we 
could not code because of missing data (for example, if the thorax was unknown for all observed 
species, we were unable to determine if any species had macropleural spines on the thorax).  

Although it may seem subjective, this method of character selection is just as rigorous as more 
standard character selection for disparity or phylogenetic analysis, in that the process is suited to 
the purpose of the study and necessarily seeks a finite number of descriptions of morphology that 
are believed to be informative to that purpose. Because living fossil concepts are based on general 
features, we chose characters that describe traits not expressed by species with “generic” body 
plans (for example, Elrathia kingii (Meek, 1870), Supplementary Figure 2). We also sought 
characters that were easily identifiable. These traits -- or a particular expression of the traits -- may 
characterize groups, but their presence is not necessarily limited to those groups. For example: 

Character 1: Do any species have macropleural spines on the thorax? Macropleural spines are 
spines that extend from the pleural (outside) ends of one thoracic tergite in the thorax. The rest of 
the thorax has either short or no pleural spines. The tergite which bears the macropleural spine 
may be, but is not necessarily, wider sagittally than other thoracic tergites. Species with equally 
long spines extending from many or all thorac segments would not be considered to have 
macropleural spines. Examples of species with macropleural spines include Shumardia 
(Conophrys) salopenesis (Fortey and Owens, 1991, fig. 8n) and Olenellus (Paedeumius) transitans 
(Palmer and Repina, 1993, fig. 3.3). 

Some characters describe increased complexity within a category of trait. For example: 

Character 15: Do any species have complex surface sculpture on the dorsal exoskeleton? Here we 
defined a threshold for considering scuplture to be complex or not.  Small, evenly-distributed 
granulation or pitting is considered "simple" sculpture whereas reticulate sculpture, organized 
tubercles/granulation/spines, fingerprint patterns, and irregularly shaped granulation is considered 
"complex." Aponileus laikaae (Adrain et al., 2012, Plate 3) is an example of complex sculpture. 

Some characters are structured to capture anything besides the generic expression of the trait. For 
example: 

Character 32: Do any species have anything but a semi-circular pygidium? This character focuses 
on the overall shape of the lateral and posterior margin of the pygidium and how smoothly curved 
it is, disregarding small indentations at the sagittal axis or spines. This sort of trait can be difficult 
to code consistently, but no more so than categorical characters describing pygidial shape that have 
been used for phylogenetic analysis (for example, “semi-circular” vs “triangular” vs 
“subquadrate”). 

Supplementary Dataset 4 contains character descriptions and codings as well as observed species 
and literature consulted for each genus. The matrix also includes notes to prevent conflation of 
characters where this might have been a problem. For example: 
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Character 31: Do any species have complex structures at the anterior part of the cephalon? 
Examples of such structures include pits within the anterior border furrow (e.g., Cernuolimbus 
arcticus, Hopkins, 2011, fig. 1.5) or fenestra (e.g., Odontocephalus aegeria, Whiteley et al, 2002, 
Plate 123). Taxa with fringed cephala (Character 10) may have pitting that extends to the anterior 
part of cephalon, but would only be coded positively for this character (Character 31) if the 
expression at the anterior part is different from the rest of the fringe (e.g., Dionide magnifica, 
Owen and Bruton, 1980, Plate 6, fig. 1). 

Readers may notice that species of Proetus Steininger, 1831, the type genus for the family 
Proetidae, did not express any of the unusual traits described by the 37 characters. As we did not 
use Proetus as a model for developing the characters, this was a natural outcome of the data 
collection process. There are also two other genera (Olenaspella Wilson, 1956, and Niobe 
(Niobella) (Reed, 1931)) from different orders where no species were observed to express any of 
the unusual traits.  

18% of the taxa were coded for only the cephalon and pygidium (thorax unknown in observed 
species). In the interest of avoiding large amounts of missing information, we did not include any 
characters describing the ventral morphology. Similarly, we also excluded characters describing 
the non-skeletal anatomy of trilobites, such as appendages. Interestingly there appears to be much 
less variation in soft-body anatomy than there is in the exoskeleton of trilobites, even as ongoing 
discoveries plus the application of new imaging technologies continue to expand our knowledge 
of variation in appendages, including in the position of setae for grooming (Hou et al., 2023), the 
shape of gill filaments (Hou et al., 2021; Siveter et al., 2021), the relative size of branches and 
podites across species (Ramsköld and Edgecombe, 1996; Holmes et al., 2020; Hou et al., 2021), 
and the relative size of appendages within species (Pérez-Peris et al., 2021; Losso and Ortega-
Hernández, 2022). It is possible that our understanding of appendage variation is biased by the fact 
that only a fraction of known species have soft-tissue remains (e.g., Hughes, 2003; Lerosey-Aubril 
et al., 2011; Hopkins et al., 2017), but based on the record available to us, over 270 million years 
of evolution, trilobites were characterized by a single pair of antennae followed by series of mostly 
homogenous biramous pairs of walking legs with respiratory structures and no modification of 
appendages into specialized mouthparts.  

 

Analysis of character matrix 

The unusual nature of the character design limits the types of analyses or comparisons that may be 
made using this data. For example, a genus with a large proportion of “1” scores may be considered 
to express a large number of unusual traits. Because not all congeneric species may express that 
trait, we can also consider this to be a tentative assessment of how disparate species might be 
within the genus, although this interpretation must be made with caution since it is not readily 
apparent if a score of “1” indicates that all or only some of the species express that trait. What is 
more important for our study is the average proportion of “1”s within orders, which summaries the 
extent to which genera have species that deviate from the typical trilobite body plan. We calculated 
the proportion of “1”s within each genus as the number of “1”s divided by the number of characters 
that could be coded as either “0” or “1”; values range from 0 to 1. Because genera with the same 
proportion of “1”s may express different combination of traits, we compared the average 
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proportion of “1”s within orders to the average pairwise distance among genera within orders. The 
latter summaries the extent to which genera within orders deviate consistently with other genera. 
For example, two genera may have both the same number and same combination of “1”s, in which 
case their pairwise distance would be low, or the same number but different combination of “1”s, 
in which case their pairwise distance would be high. Pairwise distance was calculated using the 
arcsine square root of Gower’s distance as implemented in the Claddis package for R (Lloyd, 
2016); values range from 0 (no dissimilarity) to 1 (maximal dissimilarity). The arcsine square root 
transformation is applied because it can be helpful for making proportional data more normally 
distributed and is the default for Gower’s distance in Claddis (Lloyd 2016). For this dataset, 
applying the transformation did not change the results. Although some characters have logical 
dependency, they are not designed within a hierarchical framework and so distance metrics that 
have been developed to handle hierarchical characters (e.g., Hopkins and St John, 2018) are not 
necessary.  

We also produced maps which show the presence of character combinations in each geologic 
period (Supplementary Figure 4). For all character combinations expressed by Permian trilobites, 
we determined the earliest geologic period in which that character combination was expressed. 
The lower right off-diagonal gives the character state combinations possessed by Permian 
proetides. (Because state-pair matrices are symmetrical, all relevant information is in the off-
diagonal of each matrix.) The upper left off-diagonal gives the combinations possessed by older 
(Cambrian through Carboniferous) trilobites.  

Although we focus on Permian proetides, the Devonian represents the last stand for two other 
order, the Phacopida and Lichida, which both were quite diverse during the Devonian. We 
therefore repeated the comparison using only Devonian members of the Proetida, Phacopida and 
Lichida in order to examine how “living fossil-ish” each order was by then (Supplementary Figure 
5). Only the Lichida display any new character state combinations during the Devonian. Like the 
Permian proetides, Devonian proetides possess no state pairs that first appear after the Silurian. 
The Devonian Phacopida are even more exteme, as they possess no state pairs that first appear 
after the Ordovician. However, all three orders including the Lichida possess largely character 
state combinations that first appear in the Cambrian. 
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2 Supplementary Figures and Tables 

Supplementary Table 1. Results of np-MANOVA. d = distance; UCL = upper 95% confidence 
limit. Z-scores and p-values are based on 1000 random permutations using a residual 
randomization in permutation procedures (RRPP) (Collyer and Adams, 2018).  
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Supplementary Figure 1. Two different depictions of trilobite generic diversity over the 
Paleozoic. A. Within-stage generic diversity of trilobites based on Sepkoski dataset (Sepkoski, 
2002) and compiled on 12 Jan 2023 from the Sepkoski’s Online Genus Database constructed and 
maintained by Shanan Peters (http://strata.geology.wisc.edu/jack/). No changes were made to 
any taxonomic names or first and last appearances. The timescale was updated to that of 
Gradstein et al. (2020). B. Stage-slice boundary-crosser richness (see Foote 2000) given data 
from the Paleobiology Database downloaded on 12 Feb 2023. Cambrian-Silurian stage-slices are 
based on Bergström et al. (2009), Cramer et al. (2011) and Rasmussen et al. (2019). Post-
Silurian stage-slices as well as updated chronostratigraphic assignments for formations and 
members in PBDB collections are from Wagner (2020-2021) and subsequent updates (see 
Congreve et al., 2021). Gray histograms provide the numbers of orders present in each stage-
slice. See Supplementary Dataset 3 for supporting RData files and R scripts.  
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Supplementary Figure 2. Schematic showing the major body regions of the biomineralized 
exoskeleton, based on Elrathia kingii (Meek 1870). The cephalon, or head shield, is comprised 
of a variable number and type of articulated sclerites. In the vast majority of trilobites, a dorsal 
suture divided the cephalon into the cranidium and the librigenal; additional sutures separated the 
dorsal sclerites from any ventral sclerites. The post-cephalic region is the trunk, which was 
comprised of the thorax and the pygidium (tail shield). The thorax itself was comprised of some 
number (here 13) of articulating sclerites, traditionally referred to as thoracic segments, but 
arguably better described as tergites in comparison to other arthropods. Modified from Hopkins 
(2017). 
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Supplementary Figure 3. Boxplots showing the proportion of unusual traits within orders 
(upper panel) and within geologic periods (lower panel).  
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Supplementary Figure 4. Character state-pairs possessed by the coded Permian proetides 
(lower right) contrasted with character state-pairs possessed by the coded representatives of the 
Cambrian through Carboniferous (upper left).  
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Supplementary Figure 5. Character state-pairs possessed by the coded Devonian members of 
the Proetida, Phacopida and Lichida. Colors reflects when state-pairs first appeared among all 
trilobites. Only Devonian lichides display “new” character state combinations. However, the 
preponderance of character state combinations are first sampled among Cambrian trilobites for 
all three orders.  
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3. Description of supplementary datasets 

Supplementary Dataset 1. Datasets and R scripts for morphometric analysis.  

Supplementary Dataset 2. List of the most common trilobite genera within each order within 
each geologic time period based on occurrences in the Paleobiology Database. See 
Supplementary Material for description of sampling protocol and for information about the 
trilobite taxonomic scheme used. See Supplementary Dataset 3 for scripts and other supporting 
files for generating this list. 

Supplementary Dataset 3. RData files and Rscripts in support of diversity through time plots 
(Supplementary Figure 1), taxon sampling (Supplementary Dataset 2), and analysis of character 
matrix (Supplementary Dataset 4).  

Supplementary Dataset 4. Character descriptions and codings for all sampled genera as well as 
information about the observed species and litera consulted for coding purposes.  

Supplementary Datasets 1, 2, and 3 are archived at AMNH Digital Repository 
[https://doi.org/10.5531/sd.paleo.10].  

Supplementary Dataset 4 is archived at morphobank.org, Project 4204 
[https://morphobank.org/permalink/?P4204]. 
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