
SUPPLEMENTARY MATERIAL 
 
Brief Discussion of Fossils not Used for Calibration 
Several fossils have not been included in the present study, because of their doubful taxonomic affinities and poor 
stratigraphic constraints. Relevant examples include:  

†Viviparus (?) albascopularis was described from the Australian Wallumbilla Formation (Early Cretaceous, 
Aptian, c. 125-112 Myr) by Etheridge (1902) representing the earliest record of a freshwater gastropod from Australia. 
Kear et al. (2003) later re-assessed this fossil and placed it within Notopala based on comparative morphology and 
morphometry. However, the single available specimen lacks its protoconch and lacks an intact aperture and thus several 
diagnostic traits cannot be assessed. Moreover, it has been found in marine deposits and was therefore reworked.  
 Fossils described by Hislop (1860) from the Indian Deccan Plateau Formation (Late Cretacous, Maastrichtian, 
70-65 Myr) have tentatively been assigned to the genus Bellamya (Hartman et al. 2008). Whereas these shells resemble 
the general habitus of smooth-shelled viviparids, they are much smaller than is typical for the family. Moreover, their 
preservation does not allow to evaluate diagnostic features which renders their placement within the Viviparidae is 
questionable. 
 Fossil viviparids have been also found in South America, namely †Viviparus wichmanni from the Late 
Cretaceous of Argentina (Doello-Jurado 1922) and †Paludina araucana from the Tertiary of Chile (Philippi 1887). 
However, their assignment to the Viviparidae remains questionable due to non-characteristic descriptions as already 
indicated by Prashad (1928). Moreover, the colonization of South America out of Laurasia during the Cretaceous is 
very unlikely according to Prashad (1928) and our palaeogeographical reconstructions (Fig. S6). 
 The North American Tulotomops (only known from the Upper Cretaceous) and Lioplacodes cannot be 
unambiguously assigned to Viviparidae. 
 
Remarks on Habitat Types for the Five Fossils Used to Time-Calibrate the Phylogeny 
Inference of the habitat of fossil taxa requires accurate knowledge of the depositional environment and relevant 
taphonomic processes. Moreover, the local occurrence of fossil assemblages may only poorly reflect the total 
geographical range of the taxon in question. We therefore took a conservative approach when inferring habitat types for 
fossil taxa.  
 
†Viviparus langtonensis (CP1) – habitat type: uncertain (‘LeA/LoA’) 
Freshwater-brackish (lagoon-like) habitat 
 
†Campeloma harlowtonense (CP2) – habitat type: probably lotic (‘LoA’) 
According to (Yen 1950), the associated fauna suggests that the origin of the Kootenai Formation was likely fluviatile. 
He also compared the Kootenai mollusc assemblage with the recent mollusc fauna of the Great Falls of the Potomac 
River, near Washington, D.C., USA and found several similarities. Although Yen (1950) further notes that a lacustrine 
origin should also be considered, a riverine origin seems most likely.  
 
†Margarya nanningensis (CP3) – habitat type: probably lentic (‘LeC’) 
Paleo-Lake Nanning 
 
Bellamya cf. unicolor (CP4) – habitat type: probably lotic (‘LoA’) 
Pickford (2004) suggested the Iriri Member of the Napak formation to be fluvio-paludal (i.e., slow-flowing or standing 
water) based on sedimentology, but interpreted the fossils as indicating a riverine environment rather than paludal 
conditions based on the presence of Etheria, the river oyster, which, however, can live in both fluvial and lacustrine 
conditions. 
 
†Neothauma hattinghi (CP5) – habitat type: uncertain (‘LeB/LoB’) 
Neothauma hattinghi was considered to have evolved in a large and probably shallow lake according to Van Damme 
and Pickford (1999). However, the habitat type was inferred based on the sculpture of the specimens only, and no other 
sedimentological evidence was provided. To avoid circular reasoning, we did not constrain the habitat type of this 
species. 
  



 
 
FIGURE S1. Distribution map of samples of Viviparidae collected in Asia/Australia. Note that a recent study has 
suggested to synonymize Heterogen with Cipangopaludina (Hirano et al. 2015).  



 
 
FIGURE S2. Best Maximum Likelihood phylogram based on a RAxML analysis of the complete dataset (193 
sequences). Numbers on branches indicate bootstrap values based on 456 replicates. See main text for details.  



 
 
FIGURE S3. Bayesian consensus phylogram based on a MrBayes analysis of the complete dataset (193 sequences). 
Numbers on branches indicate posterior probabilities. See main text for details.  



 
 
FIGURE S4. Maximum-clade credibility (MCC) tree based on a BEAST analysis of the reduced dataset (76 sequences) 
using five fossil-calibration points. Numbers on branches indicate posterior probabilities; numbers at nodes denote 
mean ages. See main text for details. 
  



 
 
FIGURE S5. Brach-specific rates for nuclear 28S rRNA (upper panel), nuclear H3 (middle), and mitochondrial COI 
(lower panel) based on the BEAST MCC tree visualized in FigTree 1.4.2. The colour gradient across the branches 
denotes low (yellow) or high (red) mean rates. See Figure S4 for details. 
  



  
FIGURE S6. Comparison of posterior distributions obtained from the default BEAST analysis (using calibration points 
CP1-CP5) and the full prior distribution obtained the ‘sample from prior only’ analysis visualized in TRACER 1.5. See 
main text for details. 
  



 
 
FIGURE S7. General shell morphology of Viviparidae. Voucher specimens of each representative operational taxonomic 
unit (OTU) shown in the OTU-based tree of Viviparidae (see Table S1). Additional image sources: Anularya bicostata, 
Margarya oxytropoides and Tchangmargarya yangtsunghaiensis from Zhang et al. (2015); Bellamya crawshayi from 
Sengupta et al. (2009), Cipangopaludina ussuriensis from Gerstfeldt (1859); Cipangopaludina japonica from Van 
Bocxlaer and Strong (2016); and Cipangopaludina longispira from Hirano et al. (2015). Bellamya species were 
assigned to biogeographical clades identified in the study of Schultheiß et al. (2014). 



 

 
 

FIGURE S8. Genus- and clade-specific comparisons of standard shell measurements (height, width, and width-height 
ratio) obtained from the voucher images for each of the 74 OTUs shown in Fig. S6. Upper panels: width vs. height, 
middle panels: width-height ratio vs. height, and lower panels: boxplots per clade.  



 
 
FIGURE S9. Illustration of transition matrices used to identify the best-fit model for habitat and shell transitions. a) 
Matrices for habitat-independent shell transitions; b) Matrices for habitat-dependent shell transitions. Note that 
transitions implementing both a habitat and shell shift (e.g., ‘LeA’→‘LoB’) were not allowed a priori. Character states: 
‘LeA’ = lentic with shell type A (‘absent’), ‘LeB’ = lentic with shell type B (‘fine’), ‘LeC’ = lentic with shell type C 
(‘coarse’), ‘LoA’ = lotic with shell type A (‘absent’), ‘LoB’ = lotic with shell type B (‘fine’), and ‘LoC’ = lotic with 
shell type C (‘coarse’). Model specifications: ‘HabDep’ = habitat-dependent, ‘HabInd’ = habitat-independent, ‘Hab’ = 
habitat transition rate, ‘Shell’ = shell transition rate, ‘ARD’ = all rates different, ‘ER’ = equal rates, and ‘SYM’ = 
symmetric rates. 
  



 
 
FIGURE S10. Evaluation of taxon sampling on model robustness based on 250 replicates (see main text for details). 
Upper panel: ranked model-fit comparision of habitat-shell evolution models according to AIC values (see also Fig. S9 
and Table S8). Lower panel: estimated transition rates for the prevailing model of habitat-dependent asymmetric shell 
transition rates. Orange dots represent the transition rates estimated for the best-fit model in the unconstrained analysis 
that were used for simulations (see Table S8).  



 
 
FIGURE S11. Palaeogeographical maps including selected fossil representatives mentioned in the main text. a) 
†Viviparus langtonensis (calibration point, CP1); b) †Viviparus spp.; c) Valanginian stage during which the colonization 
of Laurasia intensified; d) †Campeloma harlowtonense (CP2); e) onset of India-Asia collision; f) onset of Asia-Australia 
collision, †Margarya nanningensis (CP3); g) Bellamya cf. unicolor (CP4, Early Miocene) and †Neothauma hattinghi 
(CP5); and h) the Last Glacial Maximum and the related global low sea level stand led to the interconnection of 
Southeast Asian islands. Modified from Scotese (2014a, 2014b, 2014c, 2014d). 
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TABLE S2. Main sequencing information for all COI sequences that were obtained by amplicon sequencing on a Roche 
454 GS FLX Titanium platform as indiciated with an asterisk in Table S1 (see main text for details). 
 

Taxon/Specimen 
(incl. collection number) 

Number or reads Coverage 

Angulyagra costata ZMB113429-1 Cebu 55 15-55 
Anularya bicostata ZMB193469-1 CHN 54 7-51 
Anularya mansuyi ZMB193466-3 CHN 68 15-65 
Anularya mansuyi ZMB193467-1 CHN 14 4-14 
Anularya mansuyi ZMB193467-5 CHN 19 6-19 
Celetaia persculpta ZMB192209a-1 Sulawesi 81 37-79 
Cipangopaludina chinensis ZMB192694-1 KOR 174 35-75 
Filopaludina filosa ZMB114012-1 THA 27 4-23 
Filopaludina luzonica ZMB113438-1 Luzon 95 14-62 
Filopaludina luzonica ZMB113439-1 Luzon 120 15-94 
Filopaludina martensi ZMB113176-1 THA 14 5-13 
Filopaludina martensi ZMB113178-2 LAO 36 16-34 
Filopaludina martensi ZMB114019-1 THA 123 5-112 
Filopaludina martensi ZMB114951-1 THA 33 6-32 
Filopaludina sumatrensis ZMB113175-1 THA 23 7-22 
Filopaludina sumatrensis ZMB114070-1 THA 17 1-17 
Margarya melanioides ZMB193463-2 CHN 22 6-22 
Margarya melanioides ZMB193463-8 CHN 16 5-16 
Mekongia rattei ZMB114956-1 LAO 44 12-43 
Mekongia rattei ZMB114958-1 LAO 25 5-24 
Sinotaia quadrata ZMB113416-1 Luzon 52 6-51 
Sinotaia quadrata ZMB113442-1 Luzon 66 7-58 
Sinotaia quadrata ZMB192735-1 JPN 16 4-15 
Sinotaia sp. ZMB193457-5 CHN 118 27-111 

 
 
TABLE S3. Fossils used to calibrate the molecular phylogeny (see also ‘Brief Discussion of Fossils not Used for 
Calibration’ above). 
 

Calibration 
point 

Fossil species 
Locality 
Formation 

Stratigraphic 
age (Myr) 

Reference 

CP1 †Viviparus langtonensis England, UK 
Inferior Oolite (Middle Jurassic, Bathonian) 

174-166 Hudleston (1896); Tracey et al. 
(1993) 

CP2 †Campeloma harlowtonense Montana, USA 
Kootenai Formation (Early Cretaceous, Aptian) 

121-112 Stanton (1903); Yen (1950) 

CP3 †Margarya nanningensis Guangxi, China 
Yongning Formation (Early? Oligocene) 

30-25 Quan et al. (2016); Tian et al. 
(2018) 

CP4 Bellamya cf. unicolor Napak, Uganda 
Iriri Member (Early Miocene) 

20-18.5 Pickford (2004) 

CP5 †Neothauma hattinghi Albertine Rift Valley, Uganda 
Kakara and Lower Oluka Formation (Middle/Late 
Miocene) 

11-10 Van Damme and Pickford (1999) 

 
 

TABLE S4. Synapomorphic shell features for the fossils used to calibrate the molecular phylogeny. 
 

Calibration 
point 

Fossil species Synapomorphic shell features Reference 

CP1 †Viviparus langtonensis Shells of Viviparidae possess a high shell spire and a thick periostracum and 
thus differ from those of Ampullariidae and Cyclophoridae (all belonging to 
the Architaenioglossa) 

Simone (2004) 

CP2 †Campeloma harlowtonense Shells of Lioplacinae are thick and turreted with an outer lip being 
subangulated, sinuous or incurved at the base. In Campeloma, the outer lip 
of the aperture is nearly straight in lateral profile (as the fossil), whereas it is 
strongly sinuous in Lioplax 

Gill (1863); Thompson (1999) 

CP3 †Margarya nanningensis Shells of Margarya have a produced, 'Melania'-like spire, are composed of 
scalariform and rapidly increasing whorls and are sculptured with prominent 
spiral ribs (keels) 

Nevill (1877) 

CP4 Bellamya cf. unicolor Protoconchs of Bellamya are pointed and carinated Van Damme and Pickford (1999) 
CP5 †Neothauma hattinghi Protoconchs of Neothauma are smooth and obtuse Van Damme and Pickford (1999) 

 
 

  



TABLE S5. Comparison of divergence time estimates for the nodes corresponding to the five fossil calibration points 
obtained from the original and modified BEAST analyses using a reduced set of CPs. Grey-marked divergence times 
refer to nodes that were not fossil-constrained. 
 

Fossil 
calibration point 

Full set of CPs 
(CP1-CP5) 

Reduced set of CPs 
(CP1 only) 

Reduced set of CPs 
(CP3-CP5 only) 

CP1 
mean (95% HPD) 

 
175.4 (166.0, 192.9) My 

 
174.9 (166.0, 192.8) 

 
155.6 (84.0, 239.2) My 

CP2 
mean (95% HPD) 

 
121.2 (112.0, 137.9) My 

 
101.1 (53.7, 147.2) My 

 
99.2 (49.2, 164.2) My 

CP3 
mean (95% HPD) 

 
27.0 (25.0, 31.0) My 

 
8.9 (3.0, 16.7) My 

 
26.9 (25.0, 30.7) My 

CP4 
mean (95% HPD) 

 
20.6 (18.5, 24.3) My 

 
24.8 (12.3, 40.0) My 

 
20.4 (18.5, 24.0) My 

CP5 
mean (95% HPD) 

 
12.4 (10.0, 15.7) My 

 
12.1 (4.3, 21.2) My 

 
12.3 (10.0, 15.4) My 

 
 
TABLE S6. BIOGEOBEARS results table. Best-fit models are printed in bold. ‘LnL’ = log likelihood, ‘Nparams’ = 
number of parameters, ‘d’ = dispersal rate, ‘e’ = extinction rate (i.e., range contraction), ‘j’ = jump dispersal weights, 
‘AIC’ = Akaike information criterion. 
 

Analysis Model LnL Nparams d e j AIC AIC 
unconstrained DEC+J -141.0 3 0.0005 0 0.0071 288.0 0 
 DIVALIKE+J -142.2 3 0.0006 0 0.0081 290.4 2.4 
 BayAreaLIKE+J -146.8 3 0.0004 0 0.0122 299.6 11.6 
 DEC -148.0 2 0.0009 0.0008 0 300.0 12.0 
 DIVALIKE -151.3 2 0.0010 0 0 306.6 18.6 
 BayAreaLIKE -181.5 2 0.0008 0.0099 0 367.0 79.0 
fossil-constrained DEC+J -151.8 3 0.0006 0 0.0097 309.6 0 
 DIVALIKE+J -152.8 3 0.0006 0 0.0098 311.6 2.0 
 BayAreaLIKE+J -153.3 3 0.0004 0 0.0138 312.6 3.0 
 DIVALIKE -162.8 2 0.0012 0.0015 0 329.6 20.0 
 DEC -172.5 2 0.0020 0.0110 0 349.0 39.4 
 BayAreaLIKE -194.9 2 0.0017 0.0114 0 393.8 84.2 



TABLE S7. Standard shell parameters for each voucher specimen shown in Fig. S7 as well as shell and habitat type 
assigned to each OTU and fossil species used to time-calibrate the phylogeny. Shell types: A = ‘sculpture absent’, B = 
‘fine’, C = ‘coarse’ including noduled spirals. Habitat type: ‘Le’ = lentic and ‘Lo’ = lotic. 
 

Species (OTU) Height (mm) Width (mm) Width/height Shell type Habitat type 
Angulyagra_costata 31.6 25.6 0.81 B Le/Lo1 
Angulyagra_polyzonata 21.5 15.3 0.71 B Le/Lo1 
Anularya_bicostata 61.4 43.3 0.71 C Le 
Anularya_mansuyi 52.8 31.7 0.60 C Le 
Anulotaia_sp 12.2 11.0 0.90 B Lo 
Bellamya_cf_capillata_Congo 14.9 12.4 0.83 A Lo 
Bellamya_cf_capillata_Northern 25.2 18.0 0.71 A Lo 
Bellamya_cf_capillata_Okavango 17.0 13.7 0.81 A Lo 
Bellamya_cf_capillata_Southern 17.0 13.9 0.82 A Lo 
Bellamya_cf_capillata_Zambezi 18.0 13.8 0.77 A Lo 
Bellamya_cf_monardi_Northern 22.0 15.9 0.72 A Lo 
Bellamya_cf_unicolor_Victoria 8.0 6.8 0.85 A Le 
Bellamya_crawshayi_Mweru 21.5 16.4 0.76 B Le 
Bellamya_jucunda_Victoria 22.0 15.5 0.70 A Le 
Bellamya_monardi_Okavango 17.0 15.2 0.89 A Lo 
Bellamya_pagodiformis_Mweru 20.0 15.9 0.80 B Le 
Bellamya_robertsoni_Malawi 30.0 24.8 0.83 A Le 
Bellamya_rubicunda_Victoria 19.0 15.1 0.79 A Le 
Bellamya_trochlearis_Victoria 17.0 11.8 0.69 B Le 
Bellamya_unicolor_Victoria 17.0 12.5 0.74 A Le 
Campeloma_decampi 36.8 22.6 0.61 A Lo 
Campeloma_decisum 21.6 15.4 0.71 A Lo 
Campeloma_geniculum 18.7 14.1 0.75 A Lo 
Campeloma_limum 24.4 17.8 0.73 A Lo 
Campeloma_parthenum 42.8 28.0 0.65 A Lo 
Campeloma_regulae 19.6 13.8 0.70 A Lo 
Celetaia_persculpta 35.1 32.8 0.93 C Le 
Cipangopaludina_ussuriensis 45.5 33.7 0.74 B Lo 
Cipangopaludina_chinensis 52.6 39.3 0.75 A Lo 
Cipangopaludina_japonica 67.5 45.6 0.68 A Lo 
Cipangopaludina_wisseli 63.9 50.9 0.80 A Le 
Filopaludina_bengalensis 24.1 17.2 0.71 A Lo 
Filopaludina_decipiens_javanica 25.6 18.2 0.71 A Le/Lo1 
Filopaludina_doliaris 16.1 11.8 0.73 A Le 
Filopaludina_filosa 20.4 14.7 0.72 A Lo 
Filopaludina_javanica 24.8 18.3 0.74 A Le/Lo1 
Filopaludina_luzonica 29.1 21.6 0.74 B Le 
Filopaludina_martensi 33.7 28.4 0.84 B Lo 
Filopaludina_polygramma 20.7 15.8 0.76 A Lo 
Filopaludina_sumatrensis 18.6 13.9 0.75 A Le/Lo1 
Filopaludina_tricostata 27.5 20.0 0.73 B Le 
Heterogen_longispira 70.7 45.5 0.64 B Le 
Idiopoma_sp 22.0 15.9 0.72 A Lo 
Larina_cf_strangei 11.6 10.9 0.94 A Lo 
Larina_lirata 13.2 12.6 0.95 B Lo 
Lioplax_cyclostomaformis 19.0 12.3 0.65 A Lo 
Lioplax_subcarinata 19.1 12.8 0.67 A Lo 
Margarya_melanioides 48.0 32.0 0.67 C Le 
Margarya_oxytropoides 54.2 40.5 0.75 C Le 
Mekongia_rattei 24.0 18.0 0.75 A Lo 
Mekongia_sp 32.6 27.8 0.85 A Lo 
Neothauma_tanganyicense 26.2 22.0 0.84 A Le 
Notopala_ampullaroides 22.6 19.0 0.84 A Lo 
Notopala_essingtonensis 19.5 16.1 0.83 A Lo 
Notopala_sp1 20.4 16.9 0.83 A Lo 
Notopala_sp2 18.1 14.2 0.78 A Lo 
Rivularia_auriculata 24.2 16.5 0.68 A Le 
Sinotaia_aeruginosa 22.0 16.0 0.73 A Le 
Sinotaia_quadrata 29.2 18.6 0.64 A Le/Lo1 
Sinotaia_sp 25.9 16.9 0.65 B Lo 
Taia_sp 31.2 20.3 0.65 C Le 
Tchangmargarya_yangtsunghaiensis 50.2 34.6 0.69 C Le 
Torotaia_cf_gilliana 40.8 28.6 0.70 B Le 
Torotaia_cf_lanaonis 32.1 24.2 0.75 B Le 
Torotaia_cf_mainitensis 41.2 31.1 0.75 C Le 
Torotaia_cf_mearnsi 43.2 32.5 0.75 B Le 
Torotaia_cf_mindanensis 44.4 32.4 0.73 A Le 
Trochotaia_trochoides 19.9 21.7 1.09 B Le 
Tulotoma_magnifica 32.2 28.3 0.88 C Lo 
Viviparus_ater 37.0 27.6 0.75 A Le 
Viviparus_cf_contectus 32.0 26.0 0.81 A Le 
Viviparus_georgianus 22.8 20.3 0.89 A Lo 
Viviparus_subpurpureus 19.5 15.5 0.79 A Lo 
Viviparus_viviparus 36.2 26.7 0.74 A Lo 
†Viviparus langtonensis (CP1) – – – A Le/Lo2 | Le/Lo2 
†Campeloma harlowtonense (CP2) – – – A Le/Lo2 | Lo2 
†Margarya nanningensis (CP3) – – – C Le/Lo2 | Le2 
Bellamya cf. unicolor (CP4) – – – A Le/Lo2 | Lo2 
†Neothauma hattinghi (CP5) – – – B Le/Lo2 | Le/Lo2 

1 species found in both habitat types, 2 ambiguous; see also ‘Remarks on Habitat Types for the Five Fossils Used to Time-Calibrate the Phylogeny’ 
above. 

  



TABLE S8. AIC comparison of shell-habitat estimation based on the transition models shown in Fig. S9. Model 
specifications: ‘HabDep’ = habitat-dependent, ‘HabInd’ = habitat-independent, ‘Hab’ = habitat transition rate, ‘Shell’ = 
shell transition rate, ‘ARD’ = all rates different, ‘ER’ = equal rates, and ‘SYM’ = symmetric rates. 
 

Analysis Model LnL Nparams AIC AIC 
unconstrained HabDep-HabER-ShellARD -97.7 13 221.4 0.0 
 HabDep-HabARD-ShellARD -97.1 14 222.2 0.8 
 HabDep-HabER-ShellSYM -104.9 7 223.9 2.5 
 HabDep-HabARD-ShellSYM -104.4 8 224.9 3.5 
 HabInd-HabER-ShellARD -106.6 7 227.2 5.8 
 HabInd-HabARD-ShellARD -105.8 8 227.5 6.1 
 HabDep-HabER-ShellER -111.5 3 228.9 7.6 
 HabDep-HabARD-ShellER -110.9 4 229.9 8.5 
 HabInd-HabER-ShellSYM -113.0 4 234.0 12.6 
 HabInd-HabARD-ShellSYM -112.1 5 234.3 12.9 
 HabInd-HabER-ShellER -119.8 2 243.7 22.3 
 HabInd-HabARD-ShellER -119.0 3 244.0 22.6 
fossil-constrained HabDep-HabER-ShellARD -105.3 13 236.6 0.0 
 HabDep-HabARD-ShellARD -104.7 14 237.4 0.8 
 HabInd-HabER-ShellARD -114.0 7 242.1 5.5 
 HabInd-HabARD-ShellARD -113.2 8 242.5 5.9 
 HabDep-HabER-ShellSYM -114.8 7 243.6 7.0 
 HabDep-HabARD-ShellSYM -114.0 8 243.9 7.3 
 HabDep-HabARD-ShellER -121.1 4 250.2 13.6 
 HabDep-HabER-ShellER -122.1 3 250.2 13.6 
 HabInd-HabER-ShellSYM -123.9 4 255.8 19.2 
 HabInd-HabARD-ShellSYM -123.1 5 256.1 19.5 
 HabInd-HabER-ShellER -131.1 2 266.3 29.7 
 HabInd-HabARD-ShellER -130.3 3 266.6 30.0 
fossil-constrained HabDep-HabER-ShellARD -106.6 13 239.2 0.0 
(uncertain habitats) HabDep-HabARD-ShellARD -105.9 14 239.9 0.7 
 HabInd-HabER-ShellARD -114.4 7 242.7 3.6 
 HabInd-HabARD-ShellARD -113.5 8 243.0 3.9 
 HabDep-HabER-ShellSYM -116.0 7 246.0 6.9 
 HabDep-HabARD-ShellSYM -115.2 8 246.5 7.3 
 HabDep-HabER-ShellER -123.3 3 252.5 13.3 
 HabDep-HabARD-ShellER -122.4 4 252.7 13.6 
 HabInd-HabER-ShellSYM -124.2 4 256.4 17.2 
 HabInd-HabARD-ShellSYM -123.4 5 256.7 17.5 
 HabInd-HabER-ShellER -131.4 2 266.9 27.7 
 HabInd-HabARD-ShellER -130.6 3 267.2 28.0 

 
 
TABLE S9. Transition rates obtained for the best-fit models (see Table S6 for details). Elevated transition rates are 
marked in grey, transition rates marked with a ‘–’ were not allowed a priori. Character states: ‘LeA’ = lentic with shell 
type A (‘absent’), ‘LeB’ = lentic with shell type B (‘fine’), ‘LeC’ = lentic with shell type C (‘coarse’), ‘LoA’ = lotic 
with shell type A, ‘LoB’ = lotic with shell type B, and ‘LoC’ = lotic with shell type C. 
 

Analysis Transition rates 
unconstrained  LeA LoA LeB LoB LeC LoC 
HabDep-HabER-ShellARD LeA -7.39 0.04 7.35 – 0 – 
 LoA 0.04 -0.05 – 0.01 – 0 
 LeB 8.78 – -8.88 0.04 0.06 – 
 LoB – 0.13 0.04 -0.17 – 0 
 LeC 0 – 0.02 – -0.06 0.04 
 LoC – 0 – 0.28 0.04 -0.32 
fossil-constrained  LeA LoA LeB LoB LeC LoC 
HabDep-HabER-ShellARD LeA -4.05 0.03 4.02 – 0 – 
 LoA 0.03 -0.06 – 0.03 – 0 
 LeB 4.64 – -4.75 0.03 0.08 – 
 LoB – 0.26 0.03 -0.29 – 0 
 LeC 0 – 0.03 – -0.07 0.03 
 LoC – 0 – 0.27 0.03 -0.31 
fossil-constrained (uncertain habitat)  LeA LoA LeB LoB LeC LoC 
HabDep-HabER-ShellARD LeA -8.36 0.04 8.32 – 0 – 
 LoA 0.04 -0.06 – 0.02 – 0 
 LeB 10.00* – -10.11 0.04 0.07 – 
 LoB – 0.23 0.04 -0.27 – 0 
 LeC 0 – 0.03 – -0.07 0.04 
 LoC – 0 – 0.25 0.04 -0.29 

* Note that the maximum value for rates was fixed to 10 to fit the models in the fossil-constrained analyses.  
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