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Coupling of taxonomic diversity and morphological disparity in Devonian trilobites?
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Morphological disparity and taxonomic richness are two major aspects of evolution used to understand biodiversity changes. These metrics are often decoupled in time, particularly during the early history of clades. To assess the pervasiveness of this pattern during the postacme of a clade, both morphological disparity and taxonomic diversity of the welldocumented Devonian trilobites from North Africa were analysed. Morphospace occupancy and body size were estimated and compared to genus richness through time. This study highlights that, during the Early Devonian, morphological disparity of the pygidium and the cephalon strongly increased, whereas cranidium disparity remained low. Interestingly, the pygidium and cephalon morphological dynamics were decoupled. Taxonomic diversity also increased. Then, the Middle Devonian anoxic events affected the trilobite communities with simultaneous drastic loss of both morphologies and taxonomic richness. This coupling in diversity and disparity dynamics could be explained by either the intensity of extinctions or strong internal constraints. Finally, the weak Famennian recovery of both disparity and diversity did not reach the Early Devonian levels, thus making trilobites a 'dead clade walking' during their late evolutionary history. Devonian trilobite families are thus identified as 'Top-Heavy Clades', characterized by a diversity peak at the end of their history.

Introduction

Studying successful clades [START_REF] Alfaro | Nine exceptional radiations plus high turnover explain species diversity in jawed vertebrates[END_REF][START_REF] Benton | Exploring macroevolution using modern and fossil data[END_REF], such as the trilobites during the Palaeozoic, remains fundamental in macroevolution. Investigating and understanding such evolutionary success requires the consideration of taxonomic diversity, which estimates changes in the number of species through time, but also morphological disparity, which quantifies variation in morphology. The trilobites were probably among the most abundant marine macroinvertebrates during the Palaeozoic. Due to their high taxonomic diversity and their high morphological disparity, these arthropods constitute an important clade for documenting and testing macroevolutionary theories [START_REF] Eldredge | Punctuated equilibria: An alternative to phyletic gradualism[END_REF]Foote 1991b[START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF]. They appeared and diversified during the Cambrian Explosion (ca. 521 Ma), exhibiting an important evolutionary success to become one of the major groups of the early Palaeozoic.

However, the Hirnantian mass extinction (latest Ordovician), recognized as the first abiotic event, severely affecting them leading to a strong biodiversity decrease [START_REF] Adrain | Post-Cambrian trilobite diversity and evolutionary faunas[END_REF].

Whereas the trilobite taxonomic richness remained relatively stable in the Silurian, it changed importantly during the Devonian with, notably, a Pragian diversification followed by Middle and Late Devonian declines [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF][START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF]Bault et al., 2022a). These biodiversity decreases took place in an unstable environmental context including quick sea-level fluctuations, anoxic/hypoxic events and climate upheavals [START_REF] Walliser | Global events in the Devonian and Carboniferous[END_REF][START_REF] House | Strength, timing, setting and cause of mid-Palaeozoic extinctions[END_REF][START_REF] Joachimski | a. Devonian climate and reef evolution: insights from oxygen isotopes in apatite[END_REF][START_REF] Qie | Global events of the late Paleozoic (Early Devonian to middle Permian): a review[END_REF]). These environmental events mainly affected the marine faunas, including the trilobites [START_REF] Feist | The late Devonian trilobite crises[END_REF][START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF], and triggered major biotic crises such as the Kellwasser events and the Hangenberg event, and subsequently led to major ecosystem restructuring [START_REF] Raup | Mass extinctions in the marine fossil record[END_REF]Buggish 1991;[START_REF] Sepkoski | Patterns of Phanerozoic extinction: a perspective from global data bases[END_REF][START_REF] Bond | On the causes of mass extinctions[END_REF]. Trilobites showed a low diversity in the late Palaeozoic, except for the last diversification in the Tournaisian, and they completely disappeared at the end of the Permian [START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF]. Thus, the Devonian constituted a key period in the evolutionary history of trilobites with important increases and decreases of diversity.

At the macroevolutionary scale, the taxonomic component of the palaeobiodiversity has been used traditionally as the major metric for a long time [START_REF] Sepkoski | A kinetic model of Phanerozoic taxonomic diversity I. Analysis of marine orders[END_REF]. However, numerous studies have shown the relevance of considering morphological disparity [START_REF] Wills | Disparity as an evolutionary index: a comparison of Cambrian and Recent arthropods[END_REF][START_REF] Roy | Morphological approaches to measuring biodiversity[END_REF][START_REF] Foote | The evolution of morphological diversity[END_REF][START_REF] Hopkins | Morphological disparity[END_REF]Guillerme et al. 2020a) as an additional metric of biodiversity (e.g., Foote 1991a[START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF][START_REF] Roy | Morphological approaches to measuring biodiversity[END_REF][START_REF] Neige | Spatial patterns of disparity and diversity of the Recent cuttlefishes (Cephalopoda) across the Old World[END_REF][START_REF] Adams | Geometric morphometrics: ten years of progress following the 'revolution[END_REF]Adams et al. , 2013;;[START_REF] Hopkins | Decoupling of taxonomic diversity and morphological disparity during decline of the Cambrian trilobite family Pterocephaliidae[END_REF][START_REF] Minelli | Species diversity vs. morphological disparity in the light of evolutionary developmental biology[END_REF][START_REF] Jablonski | Developmental bias, macroevolution, and the fossil record[END_REF]. Morphological changes could even be a better proxy to understand extinction events [START_REF] Wan | Decoupling of morphological disparity and taxonomic diversity during the end-Permian mass extinction[END_REF]. Indeed, while selective extinction lead to morphological disparity losses, non-selective extinction do not necessarily have the same effect (Foote 1991a;[START_REF] Puttick | The complex effects of mass extinctions on morphological disparity[END_REF].

Taxonomic richness and morphological disparity are often decoupled, the decrease in diversity can occur before the morphological disparity drop [START_REF] Bapst | Graptoloid diversity and disparity became decoupled during the Ordovician mass extinction[END_REF] or, conversely, morphological disparity may decline before the taxonomic richness [START_REF] Wan | Decoupling of morphological disparity and taxonomic diversity during the end-Permian mass extinction[END_REF].

Interestingly, studies on trilobite morphology were one of the driving forces behind the development of disparity analyses, notably with the pioneering work of Foote [START_REF] Foote | Perimeter-based Fourier analysis: a new morphometric method applied to the trilobite cranidium[END_REF][START_REF] Foote | Nearest-neighbor analysis of trilobite morphospace[END_REF](Foote , 1991a)). However, most of these works were based on the cranidium only. Further developments also focused on morphological modularity [START_REF] Gerber | Mosaic heterochrony and evolutionary modularity: the trilobite genus Zacanthopsis as a case study[END_REF][START_REF] Webster | Modularity of a Cambrian ptychoparioid trilobite cranidium[END_REF][START_REF] Oudot | Phylogeny of some Devonian trilobites and consequences for the systematics of Austerops (Phacopidae)[END_REF]. Although trilobites quickly reached constant rates since the Cambrian after an initial period of high rate of morphological evolution [START_REF] Paterson | Trilobite evolutionary rates constrain the duration of the Cambrian explosion[END_REF], the peak of morphological disparity occurred in the Middle Ordovician, early in their evolutionary history (Foote 1991b[START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF]. Then, the morphological disparity decreased, rather slowly until the Late Devonian and then sharply until their disappearance at the Permian/Triassic boundary. Despite a slight increase of their morphological disparity during the Permian [START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF], no important increase has been observed in trilobites as a whole.

However, at a smaller taxonomic scale, trilobites could show reversible trends of intraspecific variation leading to new morphological diversification caused by different factors [START_REF] Webster | A Cambrian peak in morphological variation within trilobite species[END_REF]. [START_REF] Hopkins | The environmental structure of trilobite morphological disparity[END_REF] showed that environmental conditions such as climate and bathymetry can affect available morphologies, but these effects can also change through time. In addition, trilobite morphologies are known to be affected by developmental constraints such as heterochrony or enrolment [START_REF] Hughes | The ontogeny of trilobite segmentation: a comparative approach[END_REF][START_REF] Gerber | Mosaic heterochrony and evolutionary modularity: the trilobite genus Zacanthopsis as a case study[END_REF][START_REF] Crônier | Morphological disparity and developmental patterning: contribution of phacopid trilobites[END_REF][START_REF] Oudot | Phylogeny of some Devonian trilobites and consequences for the systematics of Austerops (Phacopidae)[END_REF]).

In the Devonian, trilobites were abundant, diverse and well preserved. This is especially the case in North Africa where the conditions were favourable for their proliferation and scientist have been studying them for decades [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. Due to their richness, they constitute an invaluable fossil record [START_REF] Alberti | Trilobiten Des Jüngeren Siluriums sowie des Unter-und Mitteldevons[END_REF][START_REF] Alberti | Trilobiten des jüngeren Siluriums sowie des Unter-und-Mitteldevons III. [Trilobites from the lower Silurian and the Lower and Middle Devonian III][END_REF][START_REF] Lebrun | Fossiles du Maroc: Fossils from Morocco. Gisements emblématiques du Paléozoïque de l'Anti-Atlas[END_REF]. During the Devonian, North Africa was located in the northern margin of the Gondwana supercontinent, and most of the area was covered by epicontinental seas related to the Palaeotethys Ocean [START_REF] Guiraud | Phanerozoic geological evolution of Northern and Central Africa: an overview[END_REF]. A major Early Devonian diversification was observed in this area before a decline in the middle Givetian [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF] related to sea-level changes and anoxia [START_REF] Kaufmann | Facies, stratigraphy and diagenesis of Middle Devonian reef-and mudmounds in the Mader (eastern Anti-Atlas, Morocco)[END_REF]. During the same period, numerous morphological innovations and morphological changes were also observed in trilobites from North Africa [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF]). Comparing the diversity and disparity leads to the exploration of large-scale biodiversity fluctuations, both in terms of patterns and processes, through time [START_REF] Roy | Morphological approaches to measuring biodiversity[END_REF]) and space [START_REF] Neige | Spatial patterns of disparity and diversity of the Recent cuttlefishes (Cephalopoda) across the Old World[END_REF]. Therefore, the present study provides the first comparison between the taxonomic diversity and the morphological disparity of trilobites during the Devonian and known environmental fluctuations and global events [START_REF] Joachimski | a. Devonian climate and reef evolution: insights from oxygen isotopes in apatite[END_REF][START_REF] Becker | Devonian climate, sea level and evolutionary events: an introduction[END_REF]. The relationship between these two metrics was investigated more accurately by using an updated dataset at the regional scale, in the well-documented North African fossil record, and using the geological stage as the temporal resolution scale.

Material and methods

Data

Based on North African specimens (Fig. 1A) of trilobites illustrated in the literature, we compared the morphological dataset used in [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF] and the associated taxonomic dataset. Analyses were performed on three key structures concentrating most of the morphological variations, i.e., the cephalon, the cranidium and the pygidium [START_REF] Whittington | Treatise on Invertebrate Paleontology, Part O, Arthropoda 1, Trilobita, Revised[END_REF]. The cranidium being often more preserved than the whole cephalon, we focused on this part to improve our dataset. This study focused only on the central part of cranidium, that is the glabella and the occipital ring without the fixed cheek, named 'central cephalon' in [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF]. From the literature, we selected the specimens with complete structure with a sufficient resolution to be analysed. We only used dorsal views and the right side (or the left side by using mirror image if the preservation was better) for each structure.

Consequently, we analysed respectively 308 cephala, 943 cranidia and 604 pygidia for both diversity (i.e., taxonomic diversity) and disparity (i.e., morphological disparity) analyses.

Only one cephalon and 35 cranidia used in our study correspond to early juveniles, i.e., meraspid stages, the rest of the dataset corresponds to late juveniles or adults, i.e., holaspid stages. In order to account for the intraspecific variability, we studied all the specimens available with sufficient quality and not one specimen per species. The studied specimens represent 143 genera, 424 species and cover a period from the Ludlow to the Famennian (see supplementary material from [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF].
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Geometric morphometrics, morphospace, and disparity

The morphology of the three studied structures were investigated using geometric morphometrics with the acquisition of landmarks and semi-landmark coordinates (for a general overview of geometric morphometrics, see [START_REF] Adams | Geometric morphometrics: ten years of progress following the 'revolution[END_REF][START_REF] Zelditch | Geometric morphometrics for biologists: a primer[END_REF]. Twenty two landmarks and one semi-landmark curve (i.e. glabella outline) were used to digitize each shape from published 2D illustrations (for the full list of used references, see [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF]. Fifteen landmarks were digitized on the cephalon, 7 on the cranidium and 7 on the pygidium (Fig. 1B; for the description and definition of these landmarks, see Fig. S1; these landmarks correspond to key anatomical parts describing trilobite shapes and wellknown to change through time and between clades). Six landmarks and the semi-landmark curve are common between the cephalon and the cranidium (Fig. 1B). The curve was automatically converted into a series of 16 equally-spaced semilandmarks. The digitization was performed using the software TPSdig [START_REF] Rohlf | tpsDig, digitize landmarks and outlines, version 2.05[END_REF][START_REF] Rohlf | The tps series of software[END_REF]version 2.32).

To remove the effect of size, location and orientation, the landmarked configurations were classically superimposed/standardized by using a generalized Procrustes analysis [START_REF] Gower | Generalized procrustes analysis[END_REF][START_REF] Rohlf | Extensions of the Procrustes method for the optimal superimposition of landmarks[END_REF][START_REF] Bookstein | Morphometric tools for landmark data: geometry and biology[END_REF][START_REF] Higgins | The study of morphological variation in the hominid fossil record: biology, landmarks and geometry[END_REF][START_REF] Zelditch | Geometric morphometrics for biologists: a primer[END_REF]. The superimposed landmarks were projected to a linear tangent space at the full Procrustes mean [START_REF] Rohlf | Shape statistics: Procrustes superimpositions and tangent spaces[END_REF]. Sliding of semi-landmark curves was done by minimizing the Procrustes distance [START_REF] Gunz | Semilandmarks: a method for quantifying curves and surfaces[END_REF]. A principal component analysis (PCA) was performed to create a global morphospace, which depicts the relative shape similarity among studied trilobites (see [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF], Fig. S2). Each specimen was thus characterized by a reduced number of variables and plotted along principal component axes (PCs), representing decreasing percentages of the total shape variance.

In order to quantify the morphological disparity through time based on the morphospaces, we used three disparity indices (Foote 1991a;[START_REF] Ciampaglio | Detecting changes in morphospace occupation patterns in the fossil record: characterization and analysis of measures of disparity[END_REF][START_REF] Wills | Morphological disparity: a primer[END_REF]Guillerme et al. 2020b). Indeed, disparity indices are essential to assess the different aspects of disparity changes [START_REF] Puttick | The complex effects of mass extinctions on morphological disparity[END_REF] and can be characterized in three categories: the size, the density and the position of the morphospace occupancy [START_REF] Wills | Morphological disparity: a primer[END_REF]Guillerme et al. 2020b). Here, computed indices related to the size of the morphospace occupancy are the sum of range (SoR) and the sum of variance (SoV). The SoR is an index of magnitude, corresponding to the total range of morphospace occupancy; it is sensitive to the sampling effort (Foote 1991a) and could be influenced by rare outlier morphologies [START_REF] Deline | The effects of rarity and abundance distributions on measurements of local morphological disparity[END_REF]. The SoV is an index based on the variance of the specimens' position in the morphospace (Foote 1991b[START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF], measuring the average morphological dissimilarity among specimens; it is rather independent of outlier morphologies but more sensitive to the amount of sampled data (Foote 1991a). The Nearest-Neighbour Distance (NND) measures the density of the morphospace, this index corresponding to the shortest Euclidean distance between two points of a distribution of points. These various disparity indices have been computed for each considered Devonian time bins (geological stages). In addition to these raw values, which can be biased by the irregular sample size of published trilobites among geological stages, we also computed for each index its rarefied disparity by repetitive random subsampling without replacement (1000 times) each time bin with the same number of specimens (confidence intervals are drawn at the 25 and 75 percentiles).

Environmental events are known to have an effect on the size of organisms, such as the size reduction known as the 'Lilliput Effect' [START_REF] Harries | What does the 'Lilliput Effect' mean? Palaeogeography[END_REF]. In a context of global environmental changes, we analysed whether size changes occurred in the Devonian. Here, specimen size was estimated as the natural logarithm of the centroid size (CS), which is the square root of the sum of squared distances of all the landmarks from the centroid. Evolution of trilobite (centroid) size through time is investigated with traditional box plots. These analyses were computed using R (v. 3.6.2; R Core Team 2019; https://cran.rproject.org/) and the 'geomorph ' (v. 3.2.1;Adams and Otárola-Castillo 2013) and 'epaleo' (v. 0.8.41;Monnet, unpub.) packages, as well as the 'PAST' software (version 3.24;[START_REF] Hammer | PAST: Paleontological statistics software package for education and data analysis[END_REF].

Taxonomic richness and comparison

The taxonomic richness of studied trilobites was estimated with the sample-in-bin diversity (SIB; for a detailed discussion on palaeobiodiversity metrics, see [START_REF] Foote | Origination and extinction components of taxonomic diversity: general problems[END_REF]Alroy, 2010a), which corresponds to the raw count of taxa actually documented. Diversity was measured here as genus richness at the stage level. [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF] worked at the genus and species levels. They showed similar diversity trends, implying no effects of the taxonomic rank used for our analyses. The shareholder quorum sampling (SQS, Alroy 2010b) was also used to estimate the sampling-corrected diversity.

The strength of correlation between diversity and disparity indices through time was tested by means of the Kendall's tau [START_REF] Kendall | A new measure of rank correlation[END_REF] and p values were adjusted in case of multiple correlation to avoid false positives. Correlations were made from the Ludlow to the Famennian except for the Frasnian, which is characterized by a lack of data, for raw diversity and disparity, and for each phenotypic structure (cephalon, cranidium, and pygidium) separately. Correlations were performed on both raw and detrended data to prevent false positives due to autocorrelations [START_REF] Ruta | Decoupling of morphological disparity and taxic diversity during the adaptive radiation of anomodont therapsids[END_REF]. We used generalized difference of time series to remove trends in time series data and eliminate autocorrelation by applying the method of G. T. Lloyd (see: https://graemetlloyd.com/methgd.html) Finally, comparison between morphological disparity and taxonomic richness during the Early Devonian diversification has been done following the bivariate method of Jablonski (2017). SIB, SoR and SoV have been standardized and are compared each other. Jablonski (2017) suggested that a higher increase of morphology than diversity suggests a less constrained developmental processes or exceptional ecological opportunities. This type 1 diversification is typical of 'early burst radiations'. Conversely, when the taxonomic diversification outstrips the morphological one, this type 3 diversification is rather a case of 'non-adaptive radiation'. An intermediate diversification exists with concordant morphology and diversity increase, this is the type 2 diversification.

Results

Taxonomic diversity

The taxonomic richness showed the same trend between the three studied structures (Fig. 2; tau > 0.93; p < 0.05). Inherited from the reduced diversity of the Silurian, the diversity in the Lochkovian remained low, although it increased slightly, especially for pygidia. A sharp diversification occurred in the Pragian with an important increase of taxa followed by a deceleration in diversity that is variably marked according to the studied structures (less marked in pygidia, more marked in cephala). Then the Emsian recorded the maximum diversity of mid-Palaeozoic trilobites, as illustrated by the impressive increase of the SIB index recorded through this stage (Fig. 2). Whatever the studied structure, the diversity began to decrease in the Eifelian before an even severe decline in the Givetian. Finally, the trilobites did not recover to their previous level of diversity despite a slight diversification in the Famennian. The diversity estimated with the SQS shows the same trends (Fig. S3).
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Size of the morphospace occupancy

The morphological disparity indices fluctuated differently according to the three studied structures (Fig. 3). Both raw data and rarefied values show the same trends. The rarefied SOR curves suggest little change in this metric over the period relative to the raw data. There was a low level of morphological extent in the Silurian characterized by very low values of SoR,

SoV. An impressive increase of SoR index is recorded during the Lochkovian and Pragian (more impressive for cephala than cranidia or pygidia), which reflects the filling of the morphospace. In the same time, SoV increased for the cephalon and the pygidium but not for the cranidium. While the SoR remained high during the Emsian for the three studied structures (Fig. 3a), only cephala were characterized by high values of SoV (Fig. 3b). A morphological disparity peak occurred either in the Pragian or the Emsian depending on the metrics and the structure studied. Then, there was a slight decrease of morphospace occupancy in the Eifelian except for pygidia. The cephala followed the pygidium trends considering the rarefied data. A substantial decrease of SoR index is subsequently recorded during the Eifelian-Givetian (more impressive for cephala than cranidia or pygidia). A low level of morphological disparity characterized the Givetian (all indices, SoR and SoV, show very low values; Fig. 3a,b): morphospace occupancy collapsed in the Givetian for all structures. Then, a moderate increase of the SoV is observed during the Frasnian for the three studied structures (Fig. 3b). A moderate decrease of the SoR index is recorded in cephala and cranidia, while an increase is recorded in pygidia (Fig. 3a). Nevertheless, in the absence of a sufficient number of specimens, this trend remains highly uncertain and should be treated with caution. In the Famennian, while the SoR continued to decrease for cephala compare to the Givetian (Fig. 3a), cranidia and pygidia show moderate increasing morphological disparity indices. SoV shows roughly similar trends (Fig. 3b).
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Density of the morphospace occupancy

The NND used as indicator of the density of the morphological occupancy is strongly influenced by the sampling effort as underlined by the very different raw and rarefied disparity curves (Fig. 3c). This is the only index showing major discrepancy in between raw data and rarefaction data. Indeed, the number of specimens strongly influences the density of the morphospace. The raw values result from the heterogeneity in numbers of species and individuals per genus, whereas rarefied data result from the same number of considered specimens among stages. The raw NND index sharply decreased in the Lochkovian for both cephala and pygidia, while it increased for cranidia. As was the case for morphological occupancy indices, this density index shows an opposite trend for cranidia, for which it increased. Rarefied NND also increased for the cephalon, the cranidium and the pygidium. In the Pragian, the NND index shows very low raw values for the three studied structures suggesting an evolution from depopulated Lochkovian assemblages to reach Pragian ones.

Conversely the rarefaction data show exactly the opposite. Rarefaction and raw values persisted at a plateau during the Emsian and rEifelian, two periods where many specimens were encountered in North Africa. The raw NND index subsequently increased during the Givetian and the Frasnian, followed by a decrease in the Famennian, although rarefaction values indicate the opposite. As with the other indices, the lack of specimens in the Frasnian prevents us from drawing robust conclusions. We used raw values trends in the discussion part.

Size range

There was no significant size changes in any of the structures through the studied period (Kruskal-Wallis ANOVA: p<0.05), particularly regarding the cranidium (Fig. 4).

Nonetheless, some changes in the median centroid size and the interquartile distribution are observable. In the Silurian, the trilobites exhibited large cephala and cranidia but small pygidia on average as shown by their median centroid size (Fig. 4; see the thick lines); similarly, the range of documented sizes is larger for cephala and cranidia (Fig. 4a,b).

Subsequently, for cephala and cranidia, the median size decreased strongly in the Lochkovian, while, inversely, for pygidia it increased slightly (Fig. 4b): there was a loss of trilobites with larger cephala. In the Pragian, an increase in the median size began for cephala and for cranidia, and continued for pygidia: trilobites exhibited large morphologies than those found in the Silurian. No changes in size are noticed in the Emsian, and only a slight size reduction is recorded in the Eifelian. Major size changes are recorded in the Givetian with a more important size range towards large trilobites with large cranida and pygidia although the median size remains similar to the size recorded in the Emsian (Fig. 4b,c). In the Frasnian, only pygidia show a median size reduction. Nevertheless, compared to the Givetian, cephala and cranidia show an impressive reduction in the size range with the disappearance of the largest morphologies. Subsequently, in the Famennian, cephala and cranidia recorded an impressive reduction of the median size (not observed in pygidia) and show an extensive increase of their size range of the same order of magnitude as that observed in the Silurian or the Lochkovian (Fig. 4a,b).
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Correlation between diversity and disparity

The rank-based correlations between the various disparity and diversity indices are reported on Table 1. For cephala, diversity trends are highly and significantly correlated to disparity trends for SoR, SoV and NND (not SoV and NND according detrended data). For cranidia, disparity and disparity trends are insufficiently correlated using SoV and NND, except for SoR. For pygidia, disparity and disparity trends are almost uncorrelated, using SoR, SoV and NND, but the SoV is correlated to raw diversity trends (tau = 0.68; p < 0.05). Size of the trilobites was poorly and not significantly correlated to diversity whatever the structure studied (tau < 0.5; p > 0.05).

Table 1 near here

Diversification modes

The morphological disparity for the cephalon, the cranidium and the pygidium increased rather simultaneously during the Early Devonian diversification (Fig. 5). This places the Devonian trilobites of North Africa in the type 2 diversification of [START_REF] Jablonski | Approaches to macroevolution: 2. Sorting of variation, some overarching issues, and general conclusions[END_REF].

Nonetheless, the SoV of the cephalon and the cranidium showed higher variation than the taxonomic richness, suggesting a potential type 1 diversification (Fig. 5a,b). Conversely, the SoV of the pygidium increased less than the diversity index, indicating a link with the type 3 diversification (Fig. 5c).
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Discussion

Diversification: diversity vs. disparity

Both morphological disparity and taxonomic richness were very low at the end of the Silurian.

The low sampling characterizing the late Silurian makes the morphological trends uncertain in the beginning of the studied period. However, the rest of our biodiversification trends are quite robust with a good sampling through the Devonian. Thus, trilobites underwent two periods of diversification in the Devonian, at the regional scale of North Africa as at the global scale [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF][START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF][START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]): in the Early Devonian and in the Famennian (latest Devonian). However, these two periods of diversification varied in intensity and duration.

During the Early Devonian, morphological disparity slightly increased in the Lochkovian, but the most important rise in diversity and disparity occurred in the Pragian. This stage corresponded to the onset of the Early Devonian diversification [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF]Bault et al. 2022a), which arose from the basal Pragian regression that led to the development of shallow carbonate environments [START_REF] Chlupáč | Reflection of possible global Devonian events in the Barrandian area[END_REF]. The morphospace density also progressively increased in the Lochkovian and the Pragian, particularly for the cephala, suggesting the proliferation of taxa with rather similar shapes. This corresponded especially to the proliferation of some families such as proetids, tropidocoryphids, phacopids and scutelluids [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. Macroevolutionary studies showed that a simultaneous increase in diversity and morphological disparity can reflect an adaptive radiation [START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF][START_REF] Foote | The evolution of morphological diversity[END_REF].

Furthermore, an increase in disparity is generally linked to an increase in ecological differentiation [START_REF] Cole | Selectivity and the effect of mass extinctions on disparity and functional ecology[END_REF]. However, [START_REF] Bapst | Graptoloid diversity and disparity became decoupled during the Ordovician mass extinction[END_REF] emphasized the necessity to perform more detailed analyses to confirm this hypothesis. In the case of North Africa trilobites, clades rapidly colonised new environments and diversified both in terms of diversity and disparity with the expanding of epicontinental seas [START_REF] Morzadec | Les Trilobites Asteropyginae du Dévonien de l'Anti-Atlas (Maroc) [Asteropyginae trilobites from the Devonian of the Anti-Atlas (Morocco)][END_REF][START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. Such colonisation can correspond to the empty ecospace hypothesis [START_REF] Erwin | Early introduction of major morphological innovations[END_REF][START_REF] Ciampaglio | Determining the role that ecological and developmental constraints play in controlling disparity: examples from the crinoid and blastozoan fossil record[END_REF][START_REF] Hughes | Clades reach highest morphological disparity early in their evolution[END_REF][START_REF] Novack-Gottshall | General models of ecological diversification. II. Simulations and empirical applications[END_REF]. Indeed, exceptional ecological opportunities could even lead to a higher rate of morphological evolution during a diversification (i.e., Type 1 diversification, Jablonski 2017). Moreover, phenotypic plasticity could boost diversity increase with new environmental opportunities, although its role on disparity remaining uncertain [START_REF] Minelli | Species diversity vs. morphological disparity in the light of evolutionary developmental biology[END_REF]). However, Devonian trilobites were rather in a case of concordant morphological and taxonomical diversification (i.e., Type 2 diversification, Jablonski 2017, Fig. 5), an intermediate diversification between 'early burst diversification' and 'non-adaptive radiation' [START_REF] Jablonski | Approaches to macroevolution: 2. Sorting of variation, some overarching issues, and general conclusions[END_REF]. The decoupling between the body size and the genus diversity also suggests that the Devonian diversification was not adaptive [START_REF] Ramírez-Reyes | Decoupling in diversification and body size rates during the radiation of Phyllodactylus: Evidence suggests minor role of ecology in shaping phenotypes[END_REF]). Nevertheless, it implied a radiation favoured by new environmental niches, such as shallow and siliciclastic environments [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF][START_REF] Morzadec | Les Trilobites Asteropyginae du Dévonien de l'Anti-Atlas (Maroc) [Asteropyginae trilobites from the Devonian of the Anti-Atlas (Morocco)][END_REF]). Some novelties appeared such as spines [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF]). Thus, although the trilobite size increased not significantly in the Pragian, cephala and pygidia seemed to enlarge.

With the persistence of favourable environments, particularly in North Africa, the trilobites continued to diversify until they reached a diversity peak in the Emsian [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF][START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. During this period of intense taxonomic diversification, the morphological disparity still increased for both cephalon and cranidium. An increase of the morphospace size (SoR) shows that it corresponds to the appearance of new morphologies on the edges of the pre-existing morphospace [START_REF] Ricklefs | Ecological and evolutionary inferences from morphology: an ecological perspective[END_REF][START_REF] Roy | Morphological approaches to measuring biodiversity[END_REF]. It corresponds in particular to the development of morphologies with both sagittal and genal spines [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF]). Indeed, the diversification of scutelluids contributed to the extension of the morphospace occupancy with the development of long sagittal pygidia with a small rachis [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. This proliferation of morphologies with spines among Early Devonian trilobites was interpreted as a potential response to increasing nektic predation [START_REF] Brett | Durophagous predation in Paleozoic marine benthic assemblages[END_REF] in the frame of the Devonian Nekton Revolution [START_REF] Klug | The Devonian nekton revolution[END_REF]). However, a decrease of ecological opportunities can slow-down the rate of morphological evolution [START_REF] Mahler | Ecological opportunity and the rate of morphological evolution in the diversification of Greater Antilles Anoles[END_REF][START_REF] Hopkins | Decoupling of taxonomic diversity and morphological disparity during decline of the Cambrian trilobite family Pterocephaliidae[END_REF]. Trilobites having invaded most of the ecological niches appearing in the Pragian [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF], it may explain the lower increase in disparity in the Emsian (or even the decrease depending on the structure and the metric observed). Indeed, the pygidium reached its maximum disparity in the Pragian, while the cephalon continued to differentiate until the Emsian. Trilobites still diversified morphologically but particularly on the cephalon.

Hence, the morphological disparity of the pygidium and the cephalon became decoupled. This explains why both cephalon and cranidium were closer to the Type 1 diversification of [START_REF] Jablonski | Approaches to macroevolution: 2. Sorting of variation, some overarching issues, and general conclusions[END_REF], whereas for the pygidium the morphological diversification was lower than the taxonomic one. A larger cephalon diversification was possible because the cephalon was devoted to a wider range of morphofunctional tasks, including feeding habits [START_REF] Fortey | Feeding habits in trilobites[END_REF] and visual ability [START_REF] Clarkson | The evolution of the eye in trilobites[END_REF][START_REF] Schoenemann | An overview on trilobite eyes and their functioning[END_REF]). Nevertheless, it can be claimed that the cephalon morphology was more constrained because it supported key functional structures and perform key tasks [START_REF] Agrawal | Tradeoffs and negative correlations in evolutionary ecology[END_REF].

The second period of diversification that occurred in the Famennian [START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF][START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF] was less intense than the Early Devonian diversification. This stage follows the low-sampled Frasnian stage, making morphological disparity trends in the Late Devonian difficult to interpret. Nevertheless, the Famennian peak of taxonomic richness occurred after a period of low diversity due to the Kellwasser events, a series of rapid sealevel changes and anoxia causing mass extinction of marine organisms [START_REF] Feist | The late Devonian trilobite crises[END_REF][START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF][START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF][START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. Unlike the Early Devonian diversification, in which five orders contributed to the diversity peak, only two orders (i.e., Phacopida and Proetida) participated in the Famennian diversity peak. No new morphologies developed during the Famennian recovery, except a slight increase of cranidium and pygidium disparities. The decrease in the morphospace density suggests a clustering trend among the Famennian trilobites [START_REF] Foote | Nearest-neighbor analysis of trilobite morphospace[END_REF][START_REF] Wills | Morphological disparity: a primer[END_REF]. The absence of a disparity burst after the Kellwasser mass extinction indicate that biological constraints such as competing clades did not disappear [START_REF] Oyston | What limits the morphological disparity of clades? Interface focus[END_REF]. A recovery with few innovations was also reported in other clades like graptolites [START_REF] Bapst | Graptoloid diversity and disparity became decoupled during the Ordovician mass extinction[END_REF].

Extinction: diversity vs. disparity

The diversity strongly dropped during the Middle Devonian of North Africa. At the global scale, the Middle Devonian ecosystem faced several extinction events such as the Eifelian Choteč and the Kačák events and the Givetian Taghanic event [START_REF] Walliser | Global events in the Devonian and Carboniferous[END_REF][START_REF] House | Strength, timing, setting and cause of mid-Palaeozoic extinctions[END_REF].

Sea-level rise and anoxic/hypoxic conditions characterized these events [START_REF] Kaufmann | Facies, stratigraphy and diagenesis of Middle Devonian reef-and mudmounds in the Mader (eastern Anti-Atlas, Morocco)[END_REF][START_REF] House | Strength, timing, setting and cause of mid-Palaeozoic extinctions[END_REF]. At the North African scale, these successive events led to the loss of many genera and families within trilobites [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. This decrease began in the Eifelian to reach a minimum of diversity in the Givetian. The morphological disparity was not affected immediately and most of the morphospace occupancy persisted in the Eifelian. Nevertheless, the increased extinction in the Givetian also strongly disturbed morphological disparity.

Therefore, although the Choteč event greatly affected other invertebrate faunas in the Moroccan area [START_REF] Becker | The global Chotec Event at Jebel Amelane (western Tafilalt Platform)-preliminary data[END_REF], the following Kačák and Taghanic events had a stronger effect on trilobite morphologies. In particular, the Taghanic event corresponded to a global faunal overturn due to rapid eustatic changes and overheating pulses, which affected Moroccan trilobites [START_REF] Aboussalam | The global Taghanic Biocrisis (Givetian) in the eastern Anti-Atlas, Morocco[END_REF]. Noteworthy, this delay in the morphological disparity loss compared to taxonomic diversity was not specific to trilobites.

Within the macrobenthos, diplobathrid crinoids showed the same pattern with only a slight morphological disparity loss in the Eifelian despite an important diversity decrease and, then, followed by the major morphospace collapse occurring later [START_REF] Cole | Selectivity and the effect of mass extinctions on disparity and functional ecology[END_REF].

Henceforth, the Middle Devonian events led to several shape losses among trilobites resulting in a strong reduction of both morphological range and variance. These changes indicate a nonrandom extinction [START_REF] Ciampaglio | Detecting changes in morphospace occupation patterns in the fossil record: characterization and analysis of measures of disparity[END_REF]. This pattern contrasts to the early Palaeozoic decline during which extinctions were not morphologically selective, leading to the decoupling of disparity and diversity (Foote 1991a[START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF][START_REF] Hopkins | Decoupling of taxonomic diversity and morphological disparity during decline of the Cambrian trilobite family Pterocephaliidae[END_REF]. The shape losses among trilobites correspond especially to the disappearance of trilobites with genal spines such as the aulacopleurid Cyphaspides or the asteropygin Mrakibina [START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF][START_REF] Morzadec | Les Trilobites Asteropyginae du Dévonien de l'Anti-Atlas (Maroc) [Asteropyginae trilobites from the Devonian of the Anti-Atlas (Morocco)][END_REF][START_REF] Chatterton | Species of the Devonian aulacopleurid trilobite Cyphaspides from Southeastern Morocco[END_REF].

During the Late Devonian diversity and disparity patterns are more difficult to analyse because of a lack of data in the Frasnian. North African trilobites seem to decrease their morphological disparity during the Late Devonian Kellwasser extinction events, which were one of the five major extinction events in the life history on Earth [START_REF] Raup | Mass extinctions in the marine fossil record[END_REF][START_REF] Buggisch | The global Frasnian-Famennian "Kellwasser Event[END_REF][START_REF] Mcghee | The Late Devonian Mass Extinction: The Frasnian/Famennian Crisis Columbia Univ[END_REF][START_REF] Racki | A volcanic scenario for the Frasnian-Famennian major biotic crisis and other Late Devonian global changes: More answers than questions?[END_REF]. The cephalic morphologies were the most affected in North Africa, notably with the disappearance of the remaining spiny shapes such as the genera Gondwanaspis or the trilobites with large cephalic shields such as harpetids [START_REF] Feist | Trilobites from the latest Frasnian Kellwasser Crisis in North Africa (Mrirt central Morocan Meseta)[END_REF]. The density of morphologies seemed not strongly affected by this decrease, suggesting only marginal or lateral extinctions (Foote 1991a;[START_REF] Korn | Extinction space-a method for the quantification and classification of changes in morphospace across extinction boundaries[END_REF]. Consequently, not all the trilobite taxa were affected in the same way. In North Africa and also at the global scale, the most impacted taxa were member of the orders Lichida, Odontopleurida, Harpetida and Corynexochida, which disappeared before the Famennian [START_REF] Feist | The late Devonian trilobite crises[END_REF][START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF][START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]).

In addition to extinction, ecological constraints can also limit morphological disparity [START_REF] Oyston | What limits the morphological disparity of clades? Interface focus[END_REF]. Thus, a long-term eustatic rise associated to rapid transgressions affected the Middle and Late Devonian faunas [START_REF] Johnson | Devonian eustatic fluctuations in Euramerica[END_REF]Kaufman 1998;[START_REF] House | Strength, timing, setting and cause of mid-Palaeozoic extinctions[END_REF]) and led to a decrease of the trilobite speciation rate by increasing geographic range [START_REF] Abe | The nature of evolutionary radiations: a case study involving Devonian trilobites[END_REF]. The morphological disparity was also partly linked to environmental heterogeneities or changes [START_REF] Hopkins | The environmental structure of trilobite morphological disparity[END_REF][START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF], a harmonization of environment may led to a decrease in the morphological disparity. This trend was not compensated by local variations in the environment (Bault et al. 2022c). On the over hand, ecological stresses induced by unfavourable environmental changes could lead to increasing intraspecific variability [START_REF] Crônier | Intraspecific bimodal variability in eye lenses of two Devonian trilobites[END_REF]. Such ecological stresses could also be caused by the development of potential predators in the second half of the Devonian leading to selective extinction [START_REF] Brett | Durophagous predation in Paleozoic marine benthic assemblages[END_REF][START_REF] Johnson | Predators as Agents of Selection and Diversification[END_REF]. We can notice the indirect disappearance of the spines that have become ineffective [START_REF] Brett | Durophagous predation in Paleozoic marine benthic assemblages[END_REF][START_REF] Bault | Morphological disparity trends of Devonian trilobites from North Africa[END_REF]). Non-random extinction in North African trilobites is consistent with standard environmental changes, whereas catastrophic events such as the end-Permian extinction were non-selective [START_REF] Villier | Morphological disparity of ammonoids and the mark of Permian mass extinctions[END_REF]. In addition, a potential saturated taxonomic richness could favour such a decline, while the diversity reached its maximum during the Emsian [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]. Selfregulation during a period of high diversity has been previously reported among trilobites (López-Villalta 2016).

Size

Changes in body size of organisms through time, either with a sudden decrease following an extinction event (known as the 'Lilliput effect' [START_REF] Girard | Size variations in conodonts in response to the upper Kellwasser crisis (upper Devonian of the Montagne Noire, France)[END_REF][START_REF] Twitchett | The Lilliput effect in the aftermath of the end-Permian extinction event[END_REF][START_REF] Harries | What does the 'Lilliput Effect' mean? Palaeogeography[END_REF], or with a long-term increase (known as the 'Cope's rule' ;[START_REF] Stanley | An explanation for Cope's Rule[END_REF][START_REF] Alroy | Cope's rule and the dynamics of body mass evolution in North American fossil mammals[END_REF][START_REF] Heim | Cope's rule in the evolution of marine animals[END_REF] have been documented repeatedly in the fossil record [START_REF] Bell | Patterns In Palaeontology: Trends of body-size evolution in the fossil record-a growing field[END_REF]). On the one hand, a Lilliput effect was recorded for different crises and different clades [START_REF] Twitchett | The Lilliput effect in the aftermath of the end-Permian extinction event[END_REF][START_REF] Song | Evolutionary dynamics of the Permian-Triassic foraminifer size: evidence for Lilliput effect in the end-Permian mass extinction and its aftermath[END_REF][START_REF] Brom | The Lilliput effect in crinoids at the end of the Oceanic Anoxic Event 2: a case study from Poland[END_REF][START_REF] Berv | Genomic signature of an avian Lilliput effect across the K-Pg extinction[END_REF][START_REF] Wiest | Terrestrial evidence for the Lilliput effect across the Cretaceous-Paleogene (K-Pg) boundary[END_REF] among other) among which are some arthropods [START_REF] Forel | Precocious sexual dimorphism and the Lilliput effect in Neo-Tethyan Ostracoda (Crustacea) through the Permian-Triassic boundary[END_REF][START_REF] Chu | Lilliput effect in freshwater ostracods during the Permian-Triassic extinction[END_REF][START_REF] Martínez-Díaz | Lilliput effect in a retroplumid crab (Crustacea: Decapoda) across the K/Pg boundary[END_REF]. On the other hand, it has not yet been reported among trilobites, although a decrease in size already affected trilobites at a regional scale, for example in Norway during the Late Ordovician [START_REF] Sigurdsen | Body size trends in the Ordovician to earliest Silurian of the Oslo Region[END_REF]). In the Devonian, such decrease in size was reported in other clades during the early Givetian [START_REF] Bosetti | An earliest Givetian "Lilliput Effect" in the Paraná Basin, and the collapse of the Malvinokaffric shelly fauna[END_REF][START_REF] Comniskey | Taphonomic aspects and the Lilliput Effect on Devonian discinoids of the Paraná Basin, Apucarana Sub-basin, Brazil[END_REF][START_REF] Zhuravlev | Frasnian-Famennian (Upper Devonian) transition in the northern hemisphere (NE Laurussia and NE Siberia)-an overview[END_REF]. Eifelian-Givetian and Famennian corresponded to two post-crisis periods for North African trilobites [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF] but no important size decrease occurred. In contrast, Givetian trilobites were among the largest Devonian trilobites with the presence of the genera Hypsipariops and Drotops [START_REF] Struve | Die Riesen-Phacopiden aus dem Maieder, SE-marokkanische Prae-Sahara [The giant phacopids from the Maider, SE Moroccan Prae-Sahara[END_REF].

Their disappearance after the Taghanic transgression corresponded to the only period characterized by size reduction within Devonian trilobites [START_REF] Crônier | Morphological disparity and developmental patterning: contribution of phacopid trilobites[END_REF]. In a context of sealevel rise, presence of large trilobites could have resulted from the invasion of deep environments like North African Ordovician trilobites [START_REF] Saleh | Large trilobites in a stress-free Early Ordovician environment[END_REF]. However, in this case, these phacopids represent assemblages adapted to unstable, high-energy environments of shallow internal platforms, explaining their disappearance after the Taghanic transgression.

In the Eifelian and in the Famennian, the average size decreases, but only slightly and not significantly, and large trilobites remained present. Hence, it appears that no 'Lilliput effect' affected North African trilobites in the Middle and Late Devonian events. However, our stage-based study might not be precise enough to identify such a pattern.

Coupling in diversity and disparity patterns?

At the global scale, the Early Devonian represents the second most important period of diversification of trilobites, after the initial Cambrian radiation [START_REF] Adrain | A global species database of Trilobita: progress, results, and revision of the Treatise[END_REF]. This bimodal evolutionary radiation was not unique, being found in other taxa (i.e., dinosaurs, crinoids) and periods (i.e., Mesozoic and Cenozoic) [START_REF] Romano | Multiphase morphospace saturation in cyrtocrinid crinoids[END_REF][START_REF] Romano | Disparity versus diversity in ankylosaurid dinosaurs: explored morphospace indicates two separate evolutive radiations[END_REF]. The Devonian diversification was different to the early Palaeozoic diversification which was characterized by decoupled diversity and disparity [START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF]). On the one hand, the Cambrian-Ordovician was the early evolutionary history of trilobites, and the increase of their diversity corresponded to the appearance and the development of new orders [START_REF] Fortey | Trilobite systematics: the last 75 years[END_REF][START_REF] Paterson | Trilobite evolutionary rates constrain the duration of the Cambrian explosion[END_REF]. On the other hand, the Devonian diversification occurred at low taxonomic ranks (family and below) within orders, which already existed since the early Palaeozoic [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF]Bault et al., 2022a). Devonian morphologies were less constrained during their ontogenetic development during the Cambrian than during the Devonian [START_REF] Mcnamara | The role of heterochrony in the evolution of Cambrian trilobites[END_REF][START_REF] Hughes | Morphological plasticity and genetic flexibility in a Cambrian trilobite[END_REF][START_REF] Hughes | The evolution of trilobite body patterning[END_REF]. In addition, trilobites exhibited greater morphological variation early in their evolutionary history [START_REF] Webster | A Cambrian peak in morphological variation within trilobite species[END_REF]). These differences could explain why morphological innovations stopped increasing at the same time as diversity during the Devonian. Additionally, the trilobite moulting behaviour showed the same decreasing pattern with the disappearance of ventral sutures and the increasing importance of the cephalon moulting to the detriment of the other moulting characteristics [START_REF] Drage | Quantifying intra-and interspecific variability in trilobite moulting behaviour across the Palaeozoic[END_REF]. Thus, the concordant increase in diversity and disparity observed during the Early Devonian differs from the 'early burst' diversification model, which is characterised by higher rates of disparity as observed during the Cambrian-Ordovician (i.e., Type 1 diversification of Jablonski (2017)).

Because a higher level of constraint limits innovations [START_REF] Oyston | What limits the morphological disparity of clades? Interface focus[END_REF], the morphological disparity did not increase after the Emsian diversity peak. This pattern was already reported among trilobites during the Ordovician diversification when Phacopida showed simultaneous morphological and taxonomical changes [START_REF] Foote | Discordance and concordance between morphological and taxonomic diversity[END_REF]. This coupled diversity and disparity dynamics has been documented in other marine organisms during the Palaeozoic such as the diplobathrid crinoids [START_REF] Cole | Selectivity and the effect of mass extinctions on disparity and functional ecology[END_REF].

The early Palaeozoic and the Devonian also differ according to their post-acme diversity patterns. In the Early Palaeozoic, after its taxonomic richness peak, trilobite diversity decreased progressively before a stronger decline in the Hirnantian [START_REF] Adrain | Post-Cambrian trilobite diversity and evolutionary faunas[END_REF][START_REF] Sheehan | The late Ordovician mass extinction[END_REF][START_REF] Fan | A high-resolution summary of Cambrian to Early Triassic marine invertebrate biodiversity[END_REF]. Conversely, trilobite diversity decreased sharply in the Devonian [START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF]Bault et al. 2022a). This dynamic was not specific to trilobites because the crinoid and conodont diversifications were also interrupted abruptly by the Devonian extinction events [START_REF] Ginot | Global climate changes account for the main trends of conodont diversity but not for their final demise[END_REF][START_REF] Cole | Selectivity and the effect of mass extinctions on disparity and functional ecology[END_REF]).

Consequently, the potential protracted increase in disparity during the Devonian could be prevented by extinction events and, consequently, the coupling between changes in diversity and disparity could be an artifactual pattern. [START_REF] Gould | The shape of evolution: a comparison of real and random clades[END_REF] defined an index to identify if the clades were more diverse before, after or midway through their evolutionary history. Although the early Palaeozoic clades, including trilobites, showed greater diversity in their early evolutionary history and are characterized as 'bottom-heavy' clades [START_REF] Gould | Asymmetry of lineages and the direction of evolutionary time[END_REF], North African trilobites showed an increase in both diversity and morphological disparity in the Devonian. This diversification was unusual because of diversification at low taxonomic ranks, especially within families and subfamilies such as phacopids, proetids or acastids, which appeared in the Ordovician more than 35 Myr before [START_REF] Adrain | A synopsis of Ordovician trilobite distribution and diversity[END_REF]. Evolutionary rates are often higher in the early history of clades [START_REF] Hughes | Clades reach highest morphological disparity early in their evolution[END_REF]) because of a progressive slowdown due to an important morphological space saturation [START_REF] Foote | Morphological disparity in Ordovician-Devonian crinoids and the early saturation of morphological space[END_REF][START_REF] Villier | Assessing the robustness of disparity estimates[END_REF], decrease of ecological opportunities through time [START_REF] Erwin | Early introduction of major morphological innovations[END_REF][START_REF] Foote | The evolution of morphological diversity[END_REF]) and internal constraints [START_REF] Wagner | Exhaustion of morphologic character states among fossil taxa[END_REF][START_REF] Oyston | What limits the morphological disparity of clades? Interface focus[END_REF]. However, the evolutionary rates varied through time, and other patterns such as ecomorphological shifts occurred [START_REF] Hopkins | Dynamic evolutionary change in post-Paleozoic echinoids and the importance of scale when interpreting changes in rates of evolution[END_REF].

Dynamics and macroevolutionary patterns

Subsequently, a strong decline of diversity and morphological disparity occurred in the second part of the Devonian. Most of the trilobite families disappeared before the Carboniferous with the exception of proetids (Lerosey-Aubril and Feist 2012). Hence, most Silurian and later clades had higher taxonomic richness midway through their history, and are characterized as symmetrical clades, or later through their history and are characterized as top-heavy clades [START_REF] Gould | Asymmetry of lineages and the direction of evolutionary time[END_REF]).

After the peak of both diversity and disparity in the Emsian, trilobites strongly declined and never reached their previous taxonomic and morphological richness. The Middle Devonian extinctions occurred at both regional and global scale at low taxonomic ranks among trilobites [START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF][START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF]). However, the demise of several families and orders occurred later, in the Frasnian [START_REF] Feist | The late Devonian trilobite crises[END_REF]. Some extinctions led to evolutionary bottlenecks with a reduction of the morphological and taxonomic diversification afterwards, like the Late Devonian extinction [START_REF] Sallan | End-Devonian extinction and a bottleneck in the early evolution of modern jawed vertebrates[END_REF][START_REF] Cole | Selectivity and the effect of mass extinctions on disparity and functional ecology[END_REF]. The disappearance of taxa can trigger new diversification events leading to increase ecological opportunities [START_REF] Erwin | Early introduction of major morphological innovations[END_REF][START_REF] Erwin | Lessons from the past: biotic recoveries from mass extinctions[END_REF]. With regard to the trilobites in particular, the Devonian extinctions hampered the subsequent great diversification (Lerosey-Aubril and Feist 2012) and the new opportunities were not sufficient to reverse this trend, as for Early Triassic anomondonts [START_REF] Ruta | Decoupling of morphological disparity and taxic diversity during the adaptive radiation of anomodont therapsids[END_REF]. The time span between the numerous genus extinctions in the Middle Devonian and the demise of most of the families in the Late Devonian indicates that trilobite families are 'dead clades walking' (DCW [START_REF] Jablonski | Survival without recovery after mass extinctions[END_REF].

Only the order Proetida, which showed another important diversification later, in the Tournaisian [START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF]Bault et al. 2022a), did not exhibit a DCW pattern. Because Phacopida survived more than one stage after the Middle Devonian extinction, they were not strictly a DCW [START_REF] Jablonski | Survival without recovery after mass extinctions[END_REF] but they showed a similar pattern.

Nevertheless, [START_REF] Barnes | Dead clades walking are a pervasive macroevolutionary pattern[END_REF] extended the concept to longer duration, impacts of mass extinction having longer influence than expected. This is partly due to the long-term impact of selective extinctions on the trait distributions of later species [START_REF] Puttick | The complex effects of mass extinctions on morphological disparity[END_REF]. Although trilobites slightly recovered after the Kellwasser events [START_REF] Feist | Post-Kellwasser event recovery and diversification of phacopid trilobites in the early Famennian (Late Devonian)[END_REF], they remained poorly diversified in the Famennian in North Africa (Fig. 2, [START_REF] Bault | Trilobite biodiversity trends in the Devonian of North Africa[END_REF] as well as at the global scale [START_REF] Chlupáč | Devonian trilobites-evolution and events[END_REF]Bault et al. 2022a). On the contrary, many clades recovered strongly in the Famennian, among which many nektic organisms [START_REF] Klug | The Devonian nekton revolution[END_REF]) and some benthic organisms such as echinoderms [START_REF] Waters | A re-evaluation of Famennian echinoderm diversity: implications for patterns of extinction and rebound in the Late Devonian[END_REF]. Other taxa such as brachiopods [START_REF] Baliński | Frasnian-Famennian brachiopod extinction and recovery in southern Poland[END_REF][START_REF] Curry | Stratigraphic distribution of brachiopods[END_REF] were less affected and remained quite diverse despite extinction as they recovered quickly. In addition, no strong increase of the trilobite morphological disparity occurred in the Famennian. Hence, the Late Devonian events led to bottleneck periods for the trilobites but also for other organisms such as diplobathrid crinoids, which vanished in the Carboniferous after having come close to extinction in the Devonian [START_REF] Cole | Selectivity and the effect of mass extinctions on disparity and functional ecology[END_REF]. This trend suggests that trilobites were a major clade during the first half of the Palaeozoic but not at the end-Palaeozoic although they survived until the Permian with few periods of diversification [START_REF] Lerosey-Aubril | Quantitative approach to diversity and decline in Late Palaeozoic trilobites[END_REF].

Conclusion

Trilobites proliferated in North Africa during the Devonian. As globally, there was an important Early Devonian diversification, which led to both an increase of taxonomic richness and morphological disparity. Several innovations occurred (development of spines for instance), facilitated by favourable environmental conditions and fluctuating ecological conditions. Because the Early Devonian diversification involved families already existing for several million years, most of the Devonian trilobite families had a bottom-heavy dynamic characterized by a late diversification. Coupled increases in diversity and morphological disparity are not common in the fossil record and can be explained by higher morphological constraints in the late evolutionary history of the clade. However, this coupling could result from the multiple extinction events, which occurred in the Middle and Late Devonian and prevented the long-term increase in disparity. Indeed, the Middle and Late Devonian events affected North African trilobites and the diversity decreased since the Eifelian. At the same time, there was an important loss in morphologies, but the majority of losses occurred later, in the Givetian. A lateral extinction occurred with the preferential disappearance of genera located at the edge of the morphospace. This pattern indicates non-random extinctions in the context of environmental changes, including sea-level variations. After the Kellwasser events, another diversification occurred in the Famennian, of a less intensity. However, despite strong morphological variations throughout the Devonian, trilobites conserved a relative uniform size and no real 'Lilliput effect' occurred after extinctions. Because the trilobites survived for a long time at low level of diversity in the Middle and the Late Devonian, we can consider them as a 'dead clade walking'. 
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