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Abstract

Aim Antarctica today is too hostile to be inhabited by most organisms and is therefore excluded
from biogeographical analyses, despite hosting diverse fauna and flora in the recent past. We use
southern temperate stream-inhabiting beetles (Coleoptera: Elmidae) as a model to explore whether
Antarctica may be included in historical biogeographic reconstructions in a group absent from
Antarctica today, and its potential role in shaping the current distribution of stream inhabiting
insects.

Taxon Coleoptera, Elmidae.

Location Southern Hemisphere temperate regions and Antarctica.

Methods We included Antarctica in historical biogeographic analyses indirectly, as a component
of distance matrices specifying the relative positions of continents. or by specifying Antarctica as
a stepping-stone between remaining continents (in LEMAD). We used a newly constructed, dated,
phylogeny of Elmidae to test the performance of these constrained analyses under different
parameter settings and geographical scenarios.

Results The origin of austral clades of Elmidae post-date the separation of Gondwanan
landmasses. Antarctica can be implemented into historical biogeographic analyses via indirect
constraints to produce biologically relevant reconstructions when long-distance dispersal events
are highly penalised, the maximum number of areas per species is low, and expected extinction
rates are high (in LEMAD). Unconstrained models, including those without Antarctica, result in
simpler scenarios with fewer biogeographic events and better fit to data.

Main conclusions Antarctica can be included in historical biogeographic reconstructions under a
priori assumptions that (1) it was part of the ancient biogeography of the clade, (2) the taxon has
limited dispersal ability, making long-distance dispersal highly unlikely and (3) maximum range
size is limited. These assumptions may be biologically justified for many animal groups. Over-
water dispersal has been crucial in shaping the modern distribution of austral stream-inhabiting
beetles, likely facilitated by ocean currents and dispersal through Antarctica until the Oligocene.

KEYWORDS
Aquatic beetles, Elmidae, southern temperate zone, Gondwana, Antarctica, long-distance
dispersal, model comparison, geographical constraints.



1. INTRODUCTION

In the 1960s, the distribution of freshwater insects (Chironomidae midges) in the Southern
Hemisphere inspired Brundin (1966) to deduce past distributions from phylogenetic relationships,
leading to the establishment of a new paradigm in biogeography (Platnick & Nelson, 1978). The
step-by-step break-up of Gondwana, mirrored in the distributions of southern temperate plants and
animals, became a textbook example of vicariance biogeography. Later, dated molecular
phylogenies revealed a younger origin of many southern temperate lineages, suggesting that long-
distance dispersal has also been crucial in generating extant disjunctions (e.g., McGlone, 2005; de
Queiroz, 2005; Cowie & Holland, 2006; Boyer & Giribet, 2009; Buckley et al., 2020).
Biogeographical models, incorporating both dispersal and vicariance have been developed (Ree &
Smith, 2008; Matzke, 2014; Landis et al., 2018) and their implementation has revealed cases of
trans-oceanic dispersal from South America to New Zealand, even for freshwater insects (Krosch
et al. 2011, McCulloch et al. 2016). Although rare, chance cases of long-distance overwater
dispersal have been suggested to have been facilitated by circumpolar westerly winds, aiding the
movement of winged terrestrial adults of freshwater insects to new terrain (e.g., Close et al., 1978,
Gatehouse, 1997). Surprisingly, Antarctica has not been considered as a route between currently
inhabited landmasses.

Indeed, the role of Antarctica in Cenozoic biogeographic history has rarely been considered
for insects and other arthropods which are absent from the continent today, partly due to the lack
of Antarctic insect fossils, limited to fragments of beetles and dipterans from the mid-Miocene
(Lewis et al., 2008, Ashworth & Kuschel, 2003, Mahaney et al., 2012, Ashworth & Erwin, 2016,
Ashworth & Thomson, 2003). In contrast, abundant fossils of vertebrates and plants (reviewed by
Vega & Olalla-Taragga, 2020, see also Mors et al., 2020), microfossils from marine and lake
sediments (e.g., Anderson et al. 2011, McKey et al. 2016), and geochemical analyses (e.g., Rees-
Owen et al. 2018) all indicate that Antarctic paleoenvironments were suitable for many arthropod
taxa which likely persisted in the continent until relatively recently. Habitats as diverse as
paratropical to warm temperate forests, with frost-free polar winters during the Eocene, cold
temperate southern beech and conifer forests during the Oligocene, and localized tundra-like
shrubland during the early to mid-Miocene were present in Antarctica in the past. Oribatid mites
and collembolans inhabiting Antarctic ice-free refugia today are remnants of the endemic faunas
that inhabited these pre-glaciation forests (Mortimer et al., 2010, Convey etl al., 2020). Rivers fed
by glacial meltwater, habitats suitable for many aquatic insects, persisted in Antarctica at least
until the mid-Miocene (Denton & Sugden, 2005).

Whilst mass extinction may hinder the inclusion of Antarctica in biogeographical analyses,
groups for which a fossil record exists have proven otherwise. The subgenera Lophozonia and
Fuscospora of Nothofagus southern beeches were hypothesized to have dispersed between South
America, Australia and New Zealand during the Oligocene (Knapp et al., 2005, Cook & Crisp,
2005), and their presence in Antarctica in the late Eocene to Oligocene was later confirmed by
microfossils (Truswell & Macphail, 2009). Consequently, three dispersal routes were considered



in Cenozoic reconstructions: (1) through-Antarctica, with Antarctica as a stepping-stone between
other post-Gondwanan continents; (2) out-of-Antarctica, if Antarctica was the landmass where
the group originated, and (3) around-Antarctica, if there was direct dispersal between currently
inhabited landmasses, without Antarctic involvement. In the absence of fossils, Winkworth et al.
(2015) evoked an assumption for niche conservatism, postulating that both through-Antarctica
and around-Antarctica routes were involved in the history of plants with South America—Australia
and South America—New Zealand disjunctions. In other cases, trans-Antarctic dispersal between
Australia and South America was proposed for events dating back to times when these continents
were still connected to Antarctica (e.g., Sanmartin & Ronquist, 2004). In all these cases,
Antarctica was considered, but not directly included in biogeographical models.

In this study, we test whether Antarctica can be included in biogeographical analyses by
considering distances between landmasses as constraints for dispersal; a wide ocean gap being
more difficult to cross than a narrower one. Consequently, two dispersal events across short
distances (e.g. South America — Antarctica — Australia) may be more likely than a single event
across a larger distance (South America — Australia), at least in groups with limited dispersal
abilities. It has been proposed that oceanic barriers are hard, yet not impossible, to cross for
freshwater insects (e.g., Sanmartin et al., 2007; Toussaint et al., 2015; McCulloch et al., 2016;
Toussaint & Short, 2017). We test this assumption on a group of freshwater beetles, the stream-
inhabiting Elmidae. The family contains over 1,500 extant species worldwide, with both larvae
and adults being aquatic in most groups (Elliot, 2008; Jich et al., 2016). The southern temperate
fauna of Elmidae consists of 20 genera, including 14 endemic to a single continent. We use a newly
constructed phylogeny of the austral Elmidae to test (1) whether Antarctica may be included in
historical biogeographic reconstructions for a group absent today and unrecorded as fossils in
Antarctica, and (2) determine the potential role of Antarctica in shaping the current distribution of
stream inhabiting insects.

2. MATERIAL AND METHODS

Dated phylogeny of Elmidae. As a basis for the biogeographic analyses, we constructed a new
dated phylogeny of Elmidae that included most genera endemic to southern temperate regions of
South America, South Africa, Australia, and New Zealand. The final alignment included 90 taxa
and fragments of six genes (cox1, 16S, 18S, 28S, wingless, CAD, and arginine kinase; total length
5916 bp). Time tree analyses were performed in BEAST v2.6.3 (Bouckaert et al., 2019) using three
calibration schemes, all with tCrefohypsilara parva (Cai et al., 2018) implemented as a uniform
or lognormal prior to calibrate the split between the Elmidae and Heteroceridae+Limnichidae; two
analyses also adopted secondary calibrations from Zhang et al. (2018) and McKenna et al. (2019).
Undated topology analyses, using maximum likelihood (in 1Q-Tree 2; Minh et al., 2020) and
Bayesian inference (in MrBayes 3.2.7, Ronquist et al. 2012), were also run. Details on all analyses
are available in Supplementary Material 1.



Austral clade of Elmidae. The historical biogeographic analyses focussed on a single clade of
Elmidae, which groups all austral-endemic lineages except Austrolimnius, Ctenelmis, Elpidelmis
and Tropidelmis (Fig. 1G, red clade). We sampled 37 of 119 species of this clade (Table S5); all
major clades are continent-specific and we do not expect the missing species of these clades to
significantly affect ancestral range reconstructions. The three missing genera (‘Hydora’ laticeps,
Australara and Coxelmis) are expected not to affect ancestral reconstructions as they are
morphologically closely similar to other Australian genera included in the analysis, with ‘Hydora’
laticeps fitting the broadened concept of Stetholus by Barr & Shepard (2021). We prunned the
clade from the time tree dated with the fossil only (the first dating scheme in Table S4), and the
distribution of each terminal taxon was coded, following Carter & Zeck (1929), Spangler & Brown
(1981), Spangler & Staines (2002), Manzo (2013), Archangelsky & Brand (2014), Lambert et al.
(2015), Bilton (2017) and Barr & Shepard (2021) for described species; distributions of
undescribed taxa were based on our collecting and museum material examined. Distributional
ranges were coded as A — South Africa; B — southern South America; C — New Zealand; D —
Australia.

Rationale of biogeographical analyses. Antarctica hosted a rich fauna and flora until the
Miocene, likely including riffle beetles, and may have served as a stepping-stone between
remaining southern landmasses. We test whether Antarctica can be included in historical
biogeographic analyses, despite the absence of modern elmids and the lack a fossil record for them.
In this case, Antarctica cannot be included directly as an area at the tips of a phylogenetic tree.
However, it may be included indirectly in a matrix with distances between continents (distance
matrix) that modifies dispersal rates between areas, or in a matrix that specifies permitted dispersal
events (connectivity matrix). The presence of extinct lineages can be also modelled as part of the
biogeographical history of a group (Herrera-Alsina et al. 2022). We explored the impact of
including Antarctica indirectly in analyses using three methods of ancestral range reconstruction:
(1) BioGeoBEARS implementing the maximum likelihood (ML) versions of the DEC (Ree et al.,
2005; Ree & Smith, 2008), DIVA (Ronquist, 1997) and BayArea (Landis et al., 2013) models plus
their variants with founder-event speciation (+;j models) (Matzke, 2014); (2) RevBayes
implementing the Bayesian version of the DEC model (H6hna et al., 2016, Landis, 2022), and (3)
LEMAD, a GeoSSE-based analysis implementing the DEC and DIVA models (Herrera-Alsina et
al., 2022).

Constraints by distance matrix. In BioGeoBEARS and RevBayes, we imposed Antarctica
indirectly in the distance matrix as the shortest distances between continents. The distance matrix
is specified for each time period separately to consider changes in the relative positions of
continents through time. We used five time periods: (1) 60—45 Ma: Africa adjacent to Antarctica
via the Kerguelen plateau, South America connected to Antarctica, Australia adjacent to
Antarctica, New Zealand isolated by ocean; (2) 45-35 Ma: Kerguelen Plateau smaller, leading to
the isolation of Africa, Australia no longer closely adjacent to Antarctica as it starts drifting
northwards; (3) 35-30 Ma: Australia separated from Antarctica by the South Tasman Rise, South
America adjacent to, but not connected by land to Antarctica; (4) 30—15 Ma: Antarctica not



completely glaciated, formation of the South Tasman Rise and Drake Passage open; (5) 15-0 Ma:
formation of the extensive ice sheets in Antarctica (Frey et al., 2000; Sanmartin & Ronquist, 2004;
Fuchs et al., 2006; Prebble et al., 2006; Lewis et al., 2008; Bénard et al., 2010; Anderson et al.,
2011; White et al., 2013; Reguero et al., 2014; van de Lagemaat et al., 2021). Despite having no
extant riffle beetle species, Antarctica (E) was coded in distance matrices. The distances between
continents at each period were estimated from online palacogeographical maps provided by
Scotese & Dreher (2012) and adapted based on studies focused on individual continents (Frey et
al., 2000; Bénard et al., 2010; White et al., 2013; Reguero et al., 2014; van de Lagemaat et al.,
2021). Distances are estimations but accurately reflect the relative positions of the austral
continents to each other (Figs 1A—E, Table S6).

Over-water dispersal of small animals with limited flight ability may primarily occur on
rafts of biological material floating on the sea surface (e.g., Yeh et al., 2018; de Quieroz, 2005)
and is hence affected by ocean currents. Rafts should move more frequently and more quickly in
the direction of the current, increasing dispersal success. We modelled the directional asymmetry
in dispersal rates caused by ocean currents by modifying between-area distances: those in the
direction of the current were multiplied by 0.75, resulting in shorter distances and higher dispersal
rates; those against the direction of the current were multiplied by 1.25. Multipliers were selected
arbitrarily (Table S7). Alternatively, Antarctica may not have played a role in the historical
biogeography of elmids, reflected in no-Antarctica scenarios. To maintain the same parameter
space, we used a feigned distance of 50,000 km of Antarctica from all other landmasses. Initial
tests revealed that this distance effectively scales dispersal rates from/to Antarctica to 0. No-
Antarctica scenarios with and without ocean currents were tested. In total, we compared four
different historical geographical models: Antarctica, Antarctica+currents, no-Antarctica, and no-
Antarcticatcurrents (Table 1). The same models, based on identical distance matrices and time
periods, were used for BioGeoBEARS and RevBayes analyses.
Distance scaling in BioGeoBEARS and RevBayes. Distances scale down dispersal rates between
areas, imposing lower dispersal rates between those separated by larger distances. The effect of
distances is parametrized in a slightly different way in BioGeoBEARS and RevBayes. In
BioGeoBEARS, the real dispersal rate = d * distance " x, with d being the base dispersal rate, and
x the distance scaling parameter. The distance scaling parameter x controls the effect of distances
on the real dispersal rate. When x = 0, distances have no effect, as real dispersal rate = base
dispersal rate equal for all dispersal events. When x < 0, dispersal rate decreases with increasing
distance; large distances are more strongly penalized when the value of x is far from 0. In models
with founder-event speciation (+), the distance matrix scales the j parameter in the same way. In
RevBayes, the effect of distances is parameterized as dispersal rate = exp (-distance * a), with a
being the distance scaling parameter (called distance scale in RevBayes output; Landis, 2022).
When a = 0, distances have no effect. When a > 0, dispersal rate decreases with increasing distance;
larger @ means stronger penalization of large distances.
Constraints by connectivity matrix. Time-stratified models and distance-based constraints are
not yet implemented in LEMAD. We therefore constrained dispersal events in the connectivity



matrix to induce Antarctica as a path between other landmasses (= strict stepping-stone model, Fig
1F). Such an approach is over-simplified and conservative, but allows us to implement extinction,
since LEMAD explicitly models the distribution of extinct lineages and considers it in ancestral
range reconstructions (Herrera-Alsina et al., 2022). If Antarctica hosted elmids in the past,
significant extinction must have taken place as a consequence of geological and climatic changes.
LEMAD also allows one to specify the sampling proportion per clade, whereas BioGeoBEARS
and RevBayes (extinction-free methods) assume that all modern lineages were sampled.
Maximum range size. The maximum number of areas inhabited by a single species (max_areas)
is an additional parameter in all historical biogeographic analyses. When lower than the total
number of areas, it restricts the possible area combinations and the size of the transition matrix. It
also indicates how widespread taxa may have been in the past. We tested three values of
max_areas: (1) max_areas =2 means that species were not distributed across more than two areas;
it corresponds to the current species distribution, as all modern species inhabit only a single area;
(2) max_areas = 5 allows a single species to be distributed across all landmasses; it is biologically
implausible since landmasses were largely separated throughout the history of the clade, but
represents the unconstrained scenario; (3) max _areas = 3 represents a less constrained, but
biologically still plausible, scenario.

BioGeoBEARS analyses. BioGeoBEARS implements the widest spectrum of models and its ML
analyses are relatively rapid computationally. We therefore used it as the first step in our analyses,
to explore models and their parameters. In the first set of analyses, we compared all six models
available (DEC, DIVALIKE and BAYAREALIKE and their +;j alternatives) for all four
geographical scenarios and all three max_areas parameters. In distance matrices, we divided the
distances in km by the shortest distance in the matrix as recommended in the BioGeoBEARS
manual (http://phylo.wikidot.com/biogeobears). The distance scaling parameter (x) was set free,
to be estimated during the ML search and allowed to have any value between -2 and 0. We
compared the models using AICc values and checked the estimated values of the x parameter
(distance scaling) and the j parameter (founder event speciation).

In the next step, we performed a series of more constrained analyses. +j models were found
incompatible with constraints imposed by distance matrices (see Results) and we therefore only
compared DEC, DIVALIKE and BAYAREA models. Since a free x parameter makes effective
model comparison impossible (see Reults), we fixed it to three values derived from the
unconstrained analyses: -0.45 (the mean of all non-zero x estimates), -1.12 (the mean of all non-
zero and not-close-to-zero x estimates) and -1.3 (the mean of all non-zero x estimates of models
including Antarctica). As in the first set of analyses, we ran all models for max_areas set to 2, 3
or 5, and compared models by their AICc values. For all models, we also checked ancestral range
reconstructions on five internal nodes, and marked those in which Antarctica was part of the
ancestral reconstructions. Input files, scripts and outputs of all analyses are available in
Supplementary Material 2.

RevBayes analyses. RevBayes implements the DEC model that can be expanded by adding the
jump dispersal parameter j (as in BioGeoBEARS) or the full sympatry parameter f (resulting in



the BayArea model, Landis, 2022). Since BayArea and +; models performed poorly in the
BioGeoBEARS analyses, we only tested DEC model for all four geographical scenarios and all
three values of max_areas as in BioGeoBEARS, the distance scaling parameter a being set free.
In analyses involving Antarctica, this resulted in a bimodal distribution of the parameter, with one
peak at 0 (= distances have no effect). Since a basic assumption of the analyses performed is that
distances have some effect on dispersal rates, we excluded a = 0 from analyses involving
Antarctica by setting a uniform prior distribution of a ranging from 0.0005 to 1. All analyses were
run for 30,000 generations, and the fit of the models to the data assessed based on marginal
likelihood values calculated with the stepping-stone algorithm (Xie et al., 2011). The convergence
of all analyses, effective sample size (ESS) >200 and the distribution and mean values of final
parameter estimates were checked in Tracer. Input and output files of all analyses are available in
Supplementary Material 2.

LEMAD analyses. We employed a constrained strict stepping-stone mode that assumes that
species must use Antarctica as an intermediate area to colonize other landmasses. The dispersal
mode was maintained throughout the history of the clade (connectivity matrix is available in
Supplementary Material 2). We compared two models (LEMADpec and LEMADpiva) under three
values of extinction rate: 0.023 (= the extinction rate estimated for the analysed clade using a birth-
death process: the bd ml function in DDD R package, Etienne et al., 2023), 0.046 (= twice the
estimated extinction rate) and 0.23 (= 10x the estimated extinction rate). We used higher than
estimated values since extinction is always underestimated in the standard birth-death models (Nee
et al., 1994) and compared models using AIC scores. For all analyses, we specified the percentage
of known species included in the analyses for six main lineages of the clade (Table S5). All
analyses were conducted in the LEMAD R package (Herrera-Alsina et al., 2022) using the scripts
and input data available in Supplementary Material 2.

Summarizing selected models. Following all analyses, we selected the two best-performing
BioGeoBEARS models to be discussed in detail: (1) the best performing model based on analyses
with distance scaling parameters kept free, and (2) the best performing model following three
assumptions we consider relevant for the austral clade of riffle beetles: (a) Antarctica and ocean
currents both affected the historical biogeography of these beetles, (b) long distance over-water
dispersal was very rare (i.e., x = -1.3), and (c) species were distributed across at most two
landmasses. We performed stochastic mapping with 100 simulations to estimate the frequency of
anagenetic dispersal events between landmasses and the total number of events expected in the
history of the clade, in case it followed both selected models. We also show complete results of
ancestral range reconstructions for these two scenarios.

3. RESULTS

Austral clades of Elmidae. All analyses revealed three austral clades of Elmidae (Figs 1G, S1-
S3). The largest one (posterior probability pp=0.87—1.0, ultra-fast bootstrap UFB=76—87) contains



all austral elmid genera except Austrolimnius, Ctenelmis, Elpidelmis and Tropidelmis. The South

African taxa were recovered as two early branching clades, non-African genera forming a strongly

supported clade (pp=1.0, UFB=99) sister to Peloriolus + Leielmis. The monophyly of Hydora is

strongly supported (pp=1.0, UFB=100), sister to a clade of southern South American and

Australian taxa. The southern South American and Australian genera form strongly supported

sister clades (pp=0.91-1.0, UFB=99). Time tree analyses revealed very similar node ages for all

three dating schemes (Table S4, Figs S4—S6). The age estimates from the analysis only using the
fossil calibration was used in all subsequent analyses.

Testing distance-based scenarios. When all six BioGeoBEARS models are compared for three

values of the max_areas parameter, with the distance scaling parameter x set free (Table 2), we

observed that:

(1) In analyses with Antarctica, the addition of a j parameter (founder event speciation) resulted
in relative distances between landmasses (distance matrix) being ignored as x was estimated to
be 0; consequently, these models never revealed Antarctica in ancestral ranges.

(2) Scenarios excluding Antarctica always fit the data better than scenarios with Antarctica,
revealing a weak penalization of long distances (mean estimated x = 0.43). No-Antarctica with
max_areas = 5 fits the data best but, reconstructs unreasonably wide distributions across all
five landmasses. A no-Antarctica scenario with max_areas = 3 is the best fitting model with
biologically relevant ancestral range estimates, revealing a wide ancestral range of Africa +
South America + Australia for the two basalmost nodes (Fig. 2A).

(3) Antarctica is revealed as part of ancestral ranges only in DIVALIKE models for all three values
of max_areas and in DEC models with max _areas =35, 1.e., in a narrow part of parameter space.
In all these cases, the distance scaling parameter x is estimated as very low (-1.35 to -1.01),
indicating a strong penalization of long-distance dispersal.

(4) Under biologically relevant settings of max_areas =2 or max_areas = 3, analyses with the free
x parameter result in very similar AICc values for all models tested, preventing an effective
comparison of model fit to the data.

Distance-based models with fixed x values. The above analyses indicate that it may be difficult
to estimate the x parameter from data; the parameter in fact characterizes the dispersal abilities of
the analysed group and may be hence selected a priori. To test this idea, we ran an additional set
of analyses with x fixed to three values derived from previous analyses: -0.45 (a mean of all non-
zero x estimates), -1.12 (a mean of all x estimates which are not close to 0) and -1.3 (a mean of
non-zero x estimates for scenarios with Antarctica). These values represent a weak, moderate and
strong penalization of long-distance dispersal (Fig. 2F). The results (Table 3) show that:

(1) For biologically revelant settings of max _areas = 2 or max_areas = 3, Antarctica is only
revealed in ancestral range estimates under moderate to strong penalization of long-distance
dispersal.

(2) The DIVALIKE model is more prone to reveal Antarctica in ancestral ranges.

(3) Analyses with max_areas = 5 tend to include Antarctica in ancestral ranges more frequently,
predicting very wide ancestral ranges across all five landmasses at the basal-most nodes of the
tree (Fig. 21).

(4) In all cases, models without Antarctica perform better than models including this land mass.



Distance-based analyses in RevBayes. Results of RevBayes analyses with a free distance scaling
parameter a largely correspond to those obtained in BioGeoBEARS (Table 4). All analyses with
Antarctica revealed a higher value of @ (mean value a=0.003), i.e. a strong penalization of dispersal
over long distances, whereas all analyses without Antarctica estimated much lower values (mean
a=0.0003), i.e. weak penalization of long-distance dispersal events. All analyses with Antarctica
revealed Antarctica as part of ancestral range reconstructions. The marginal likelihood values
favoured no-Antarctica models for max_areas = 3 and max_areas = 5, with the ancestral ranges
corresponding to those revealed for no-Antarctica scenarios in BioGeoBEARS (Fig. 2B). For
max_areas = 2, the best performing scenario was Antarctica+currents, with Africa revealed as the
ancestral range for the two basal-most nodes and Antarctica as the ancestral range for the most
recent common ancestors of all modern single-continent clades (Table 4, Fig. 2D).

Distance scaling in BioGeoBEARS and RevBayes. We compared the real dispersal rates for
values of distance scaling parameters estimated in previous analyses in BioGeoBEARS (x = -0.43,
x =-1.12 and x = -1.3 for weak, moderate and strong penalization of long distance dispersal) and
RevBayes (a = 0.003 for strong penalization of long distance dispersal, a = 0.0003 for weak
penalization). Both methods revealed scaling parameters indicating similarly low dispersal values
at very long distances (>2,000 km), with the parametrization used in RevBayes showing a slower
decline of dispersal rates for smaller distances but stronger penalization of very large distances
than the parametrization used in BioGeoBEARS (Fig. 2F).

The effect of maximum range setting. Antarctica was revealed for deeper nodes only with lower
max_areas values. When max_areas = 5, Antarctica was always revealed only for the very basal
nodes, as part of very wide ancestral ranges containing all or nearly all landmasses involved in the
analysis (Figs 2G-I).

LEMAD analyses with max_areas = 3 revealed Antarctica in ancestral ranges in the LEMADpgc
model with the highest value of extinction rate (0.21). This model was also revealed as the best-
fitting one (Table S12). It reveals a wide ancestral range of Antarctica + South America + Australia
for the most recent common ancestor of all non-African lineages of the austral clade (Fig. 4e).
Model runs with max_areas = 2 estimated Antarctica as part of the ancestral ranges of all internal
nodes, along with extremely high rates for vicariance speciation, indicating possible bias.
Comparison of the prefered scenarios. We selected two models for the final comparison: (1) the
best performing model that suggested no effect of Antarctica on the historical distribution of the
clade (Figs. 2A-B), and (2) the best performing model when a set of strict a priori assumptions
was applied: max_areas = 2, dispersal across long distances is strongly penalized (x = -1.3), and
both Antarctica and ocean currents influenced the historical biogeography of the clade (Fig. 2C—
D). The no-Antarctica model revealed a lower average number of dispersal events (mean 36.17
per simulaton based on 100 stochastic sampling trees), and very few anagenetic dispersal events
(mean 1.16 per simulation) which are almost completely limited to South America — New Zealand
and South America — Australia. The Antarcticatcurrents model based on a strict set of a priori
assumptions suggests a more dynamic historical scenario with a higher number of dispersal events
(mean = 42.18 per simulation) and more anagenetic dispersals (mean = 6.18 per simulation). The



spectrum of possible anagenetic dispersal events is much wider, with the most frequent ones being
Africa — Antarctica, Antarctica — South America, Antarctica — Australia and South America —
New Zealand. Interestingly, both scenarios agree on the long-distance dispersal from South
America to New Zealand.

4. DISCUSSION

4.1. Involving Antarctica in biogeographical analyses: are constrained models useful?
Our analyses reveal that distance-constrained models can, under some parameter settings, result in
the inclusion of Antarctica as part of a taxon’s ancestral range. However, constrained models
nearly always fit the data less well than unconstrained (with free distance-scaling parameters and
an unlimited number of areas per species) or less constrained models (with weak penalization of
dispersal over long distances). The best-fitting models always favour no-Antarctica scenarios that
generally predict fewer biogeographic events per clade, and fewer anagenetic dispersal events than
those involving Antarctica (compare dispersal frequencies in Figs 3A and 3B, see also Fig. S7).
Since anagenetic dispersal is penalized in constrained models, it is not surprising that scenarios
with more dispersal events (= with Antarctica considered) are strongly disadvantaged. However,
is such a comparison of models with and without Antarctica justified? It is indisputable that
Antarctica was present between other austral landmasses and that it was biologically suitable for
the survival of the elmids until the middle Miocene (e.g., Cordamine & Kergoat, 2021; Denton &
Sugden 2005). We argue that instead of testing whether Antarctica played a role in Gondwanan
biogeographic history, constrained models may be useful to explore Zow Antarctica was involved.
When Antarctica was included in the distance matrix, it was not always part of the ancestral
range reconstruction, further confirming that no-Antarctica models may be superfluous. We
demonstrate that by using extinction-free methods (BioGeoBEARS and RevBayes), Antarctica is
revealed as part of ancestral ranges only when penalization of long-distance dispersal is high. This
is also a reason why RevBayes reveals Antarctica more frequently: long-distance dispersal is
penalized more harshly under the RevBayes parametrization than BioGeoBEARS (Fig. 2F). Our
analyses revealed that in BioGeoBEARS, the distance-scaling parameter (x), which drives the
penalization of long distance dispersal, cannot be easily estimated from the data. When set freely
to estimate, x strongly interferes with the j parameter (founder event speciation) and is often
optimized to provide nearly identical likelihood values across all compared models. Similar
problems appeared in RevBayes, with values of the distance-scaling parameter (@) fluctuating
between 0 (= no constraints) and 0.003 (= strong constraints) during the same MCMC run under a
wide a prior. From a biological point of view, penalization of long-distance dispersal reflects the
dispersal abilities of the taxon under study. The distance-scaling parameter may therefore be a
clade-specific characteristic of dispersal ability, indicating that it should be kept constant in all
models compared for the same clade. A considerable obstacle is how to estimate its values for low,
moderate and high penalization of long-distance dispersal (i.e. high, moderate and low dispersal
abilities), since these will differ between groups and geographical settings of analyses. Here, we



adopted x values across the range revealed in unconstrained analyses in BioGeoBEARS, and
excluded 0 from the a prior in RevBayes.

Two additional parameters affect ancestral range reconstructions based on our analyses:
the maximum range size (max_areas) (Figs 2G-I), and the extinction rate (only in LEMAD, other
analyses assume zero extinction; see Table S12). The max_areas parameter is frequently set a
priori (e.g., Ree & Smith, 2008; Matzke, 2014; Landis et al., 2018) to reflect the biology of the
taxon and its geographical setting. Under an unconstrained maximum range size, Antarctica is
frequently included within a very wide ancestral range at basalmost nodes, indicating that a partly
constrained search may be biologically more relevant for many groups. In LEMAD analyses,
Antarctica was only revealed under a high extinction rate, further indicating the importance of
including extinction as a parameter in historical biogeographical models (Herrera-Alsina et al.,
2022). Time-stratified and distance-constrained models are not yet implemented in LEMAD and
may not be feasible. We hence only allowed dispersal through Antarctica, which is clearly
unrealistic; additional less restrictive models should be developed and tested.

4.2. Historical biogeography of the austral clade of riffle beetles

Considering the limited capacity of stream-inhabiting animals to cross oceanic barriers
(Bilton et al., 2001; Unmack, 2001; Rahel, 2007; Cox et al., 2016), we expected that austral elmids
would form continent-endemic lineages originating from before the break-up of Gondwana.
Instead, we discovered large continent-endemic clades whose origins significantly postdate the
initial break-up of the supercontinent (Fig. 1G). These continent-endemic subclades of the austral
clade analysed here originated during the Eocene—Oligocene, when all post-Gondwanan
landmasses were already separated by ocean (e.g., Sanmartin & Ronquist, 2004). Chance trans-
oceanic dispersal events are the only explanation for such a pattern, corresponding to findings in
other freshwater insects (e.g. chironomid midges: Krosch et al. 2011; stoneflies: McCulloch et al.
2016).

Reconstructing the biogeography of the members of the largest elmid austral clade, we
considered the following a priori assumptions: (1) elmids are poor dispersers, justifying the strong
penalization of long-distance transoceanic dispersal; (2) all modern species have very limited
ranges (single landmass) and a limited maximum range size (max_areas = 2) is therefore most
likely; and (3) Antarctica and associated circumpolar ocean currents were in existence over the
entire evolutionary history of the clade (e.g. Lawver & Gahagan 2003). The best-fitting model
under these assumptions (Fig 3B) reveals an African origin of the clade and colonization of
Antarctica during the Eocene. The Kerguelen and Crozet Plateaus, the remnants of a potential
Cretaceous land bridge that remained partly linked as a chain of islands until the Eocene (Hay et
al., 1999), may be the most likely route for this ‘out-of-Africa’ dispersal. Dispersal events from
Africa to other southern landmasses postdating Africa’s separation in the Cretaceous have been
reconstructed for several other insect groups (e.g., Kayaalp et al., 2017; Toussaint & Short, 2017;
Benda et al., 2019; Baird et al., 2021; Bilton et al., 2023). Subsequently, Antarctica likely served
as a source of colonizers to Australia and South America, corresponding to the long-persisting



proximity of both landmasses. Interestingly, the model revealed an extremely low probability of
an Antarctic origin of the New Zealand lineage (Hydora). Direct long-distance dispersal from
South America appears more likely (Fig. 3B), despite the opposite direction of circumpolar
currents, corresponding to the results of unconstrained model (Fig. 3A). Interestingly, when an
opposite direction for ocean currents was considered (a mistake in early stages of our analyses!),
it significantly improved the fit of the models to the data. Possibly, the subtropical current of the
Southern Pacific Gyre, tracking from South America to New Zealand at lower latitudes, may have
affected the distribution of cold temperate insects including Hydora and not only the subtropical
groups (e.g., Matos-Maravi et al., 2018). A New Zealand—Chilean disjunct distribution is known
in other freshwater insects (Chironomidae, Hydrophilidae and Plecoptera: Krosch et al., 2011;
McCulloch et al., 2016; Seidel et al., 2020), but all are also present in the New Zealand
Subantarctic Islands apart from Hydora (Michaux & Leschen, 2005; Michaux, 2009).

S. CONCLUSIONS

The Cenozoic cooling of Antarctica, culminating in massive glaciation of the continent, caused the
extinction of nearly all organismal groups present there in the past. Consequently almost all
information about their presence in Antarctica was obliterated, making Antarctica a ghost
continent that is typically either ignored in biogeographic analyses (e.g., Krosch et al. 2011,
McCulloch et al. 2016), or simply assumed to have functioned as a land bridge in untested
Gondwanan ‘biogeographical narratives’ (e.g., van den Ende et al. 2017, Gatti et al. 2021; see also
Crisp et al. 2011). Extrinsic (geological) or intrisic (biological) factors can, however, be evoked to
include Antarctica directly into biogeographic models. For example Winkworth et al. (2015)
assummed evolutionary niche conservatism to show that both direct and trans-Antarctic dispersals
were most likely responsible for modern patterns of plant distribution in the Southern Hemisphere.
Here we use realistic assumptions, derived from the biology and distribution of modern riffle
beetles (limited dispersal abilities and range sizes), as well as from geological history (relative
position of continents and the direction of ocean currents through time). We demonstrate that by
applying these assumptions, Antarctica can actually be included in recently developed
biogeographical modelling frameworks and, within the parameter space limited by these
assumptions, compared to alternative models.

On the other hand, our analyses reveal some caveats for this approach as it can be currently
implemented. Without the above assumptions, unconstrained models with high or unlimited
dispersal abilities and favouring few direct dispersal events between currently inhabited
landmasses always outperform constrained models, at least for our model group, the riffle beetles.
The assumptions required to include Antarctica into biogeographical models should be
investigated in other taxa — they may be justified for some groups and geological settings, but not
for others. We also show that the performance of the distance-constrained models tested here
depends strongly on the function describing dispersal probability across distance. Using a negative
exponential function (as in BioGeoBEARS and RevBayes) may not ideally reflect the dispersal-



distance relationship and may be hard to model (Nathan 2006); real data are unfortunately not
available for most animal groups, however. Despite such problems, partly related to the rare and
random character of both dispersal and extinction (e.g., Crisp et al. 2011), the stepping-stone
models tested here are clearly capable of inferring biologically plausible biogeographical
scenarios. They should be further tested for different groups of organisms and methodologically
refined.
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Table 1. Summary of geographical scenarios used in BioGeoBEARS and RevBayes analyses.

[single or double column table, depends how it fits better the layout]

Geography scenario

Distances to

Distances between

Antarctica landmasses
Antarctica real real
Antarctica + currents real current-wise: x0.75
counter-current: x1.25
no Antarctica 50,000 km
no Antarctica + currents 50,000 km current-wise: x0.75

counter-current: x1.25

Table 2. Results of BioGeoBEARS analyses with the distance-scaling parameter x set free. The values of
the j parameter (founder event speciation) and x (distance scaling parameter: the more negative, the more
long-distance dispersal is penalized) were estimated from the data. Analyses revealing Antarctica as part of
ancestral distributions are marked in grey. Best fitting models are marked in bold (for models without j)
and bold italics (for +j models). [double column table].

Scenario model npar max_areas =2 max_areas =3 max_areas =5
j X AICc j X AICc j X AICc
Antarctica DEC 3 0 0 45.61 0 -0.05 39.68 0 -1.30 45.59
DIVALIKE 3 0 -1.04 53.48 0 -1.35 45.05 0 -1.50 40.46
BAYAREALIKE 3 0 0 62.3 0 0 61.84 0 -1.08 63.53
DEC+/ 4 0.0089 0 39.3310.0056 0 37.3210.0053 0 36.97
DIVALIKE+) 4 0.0120 0 41.36 10.0120 0 41.12 10.0110 0 40.89
BAYAREALIKE+) 4 0.0120 0 42.2 10.0120 0 42.2 10.0120 O 42.2
Antarctica DEC 3 0 0 45.61 0 0 39.63 0 -1.12  45.54
+ currents DIVALIKE 3 0 -1.01 54.05 0 -1.33  45.09 0 -1.36  41.23
BAYAREALIKE 3 0 -0.04 6241 0 -0.06 61.97 0 -1.29  63.53
DEC+/ 4 0.0089 0 39.3310.0056 0 37.3210.0053 0 36.97
DIVALIKE+) 4 0.0120 0 41.36 10.0120 0 41.12 ]10.0110 0 40.89
BAYAREALIKE+) 4 0.0120 0 42.2 10.0120 0 42.2 10.0120 O 42.2
[no Antarctica |DEC 3 0 -0.45 45.26 0 -0.53 39.42 0 -0.53  38.97
DIVALIKE 3 0 -0.55 45.11 0 -1.45 4297 0 -1.54 40.61
BAYAREALIKE 3 0 -0.41 61.98 0 -1.09 61.43 0 -0.92 61.18
DEC+j 4 0.0840 -0.38 38.99]0.0470 -0.35 37.15]0.0400 -0.34 36.82
DIVALIKE+) 4 0.1500 -0.44 40.72 |0.8500 -1.00 75.27 10.9500 -1.00 73.77
BAYAREALIKE+;) 4 0.1100 -0.40 41.59|0.1300 -0.43 41.59]0.1300 -0.43 41.59
[no Antarctica |DEC 3 0 -0.32 4543 0 -0.34  39.6 0 -0.38 39.08
+ currents DIVALIKE 3 0 -0.39 45.52 0 -1.43  42.89 0 -1.27 40.94
BAYAREALIKE 3 0 -0.25 62.19 0 -0.86 61.71 0 -0.74  61.42
DEC+j 4 0.0390 -0.24 39.18 |0.0200 -0.20 37.2510.0230 -0.24 36.89
DIVALIKE+) 4 0.0920 -0.34 40.98 |0.9500 -1.00 65.99 10.1200 -0.39 40.43
BAYAREALIKE+;) 4 0.0600 -0.27 41.94 |0.0620 -0.28 41.94 [0.0620 -0.28 41.94




Table 3. AICc scores of BioGeoBEARS analyses comparing four historical scenarios using different
settings of the max_areas parameter (= maximum range size) and different values of the distance scaling
parameter x (more negative = greater penalization of long distance dispersal). Analyses revealing Antarctica
as part of ancestral distributions are marked in grey. The best fitting model for each scenario + parameter

settings are marked in bold, the best fitting model across historical scenarios is underlined. [double column
table]

distance scaling x =-0.45 x=-1.12 x =-1.30
max_areas 2 3 5 2 3 5 2 3 5
Antarctica DEC 44.35|37.9540.19| 48.5 |40.65|43.13]50.51 | 42.06 |43.22
DIVALIKE 45.65146.49 | 43.8 |50.98 | 43.5 | 39.2 |50.66 |42.75 | 38.41
BAYAREALIKE |61.18| 60.9 |61.15]65.94|62.81|62.54]68.35|63.73 | 62.48
Antarctica DEC 44.65|38.22 |40.48 | 49.3 |41.55|43.16]51.37|43.18|43.05
+ currents DIVALIKE 46.29|46.97|42.97|51.48|43.48 |39.55]|51.21 | 42.73 | 38.93
BAYAREALIKE |61.58|61.08|61.15]67.19]|63.13|61.15]69.87| 64.1 |61.15
[no Antarctica |DEC 42.88|37.04|36.59|43.68|37.39|36.95|44.11|37.59 | 37.15
DIVALIKE 42.77|41.54139.58|43.47 |40.74|38.55]43.94 | 40.64 | 38.38
BAYAREALIKE |59.61(59.02| 58.9 ]60.54|59.06| 58.8 ]61.03|59.09|58.79
|no Antarctica |DEC 43.1237.27|36.72|44.42 | 38.09 | 37.35]45.01 | 38.43 | 37.64
+ currents DIVALIKE 43.16|41.64|39.57| 44.3 | 40.7 |38.65] 44.7 |40.57|38.55
BAYAREALIKE ]59.94(59.23|59.07]61.57|59.38|59.02]62.27|59.37 | 58.98

Table 4. Comparing historical scenarios using the Bayesian implementation of the DEC model in
RevBayes, with different settings of the maximum range size. a = distance scaling parameter, mLnL =
marginal likelihood. Analyses revealing Antarctica as part of ancestral distributions are marked in grey.
Best fitting models are marked in bold. [double column table]

Geographic scenario max_areas =2 max_areas =3 max_areas =5

a mLnL a mLnL a mLnL
Antarctica 0.00249  -30.74227 | 0.00269  -29.75953 0.00302  -29.41060
Antarctica + currents 0.00336  -27.31885 | 0.00334  -29.66452 | 0.00332  -28.20040
no Antarctica 0.00029  -29.00398 | 0.00035  -26.73954 | 0.00036  -26.50425
no Antarctica + currents |  0.00027  -30.31861 0.00028  -26.40672 | 0.00037  -26.60339
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Fig. 1. Input of the biogeographic analyses. A—E, distances between continents (in km) for five time periods used in
BioGeoBEARS and RevBayes analyses (see also Tables S6 and S7). F, the strict stepping-stone model used in
LEMAD analyses, with only the dispersal through Antarctica allowed. G, dated phylogeny of Elmidae showing tree

austral clades revealed in our analyses,

the red subclade is used for all subsequent biogeographic analyses (see Figure

S4 for a detailed view). Inset beetle: Hydora sp. from New Zealand, one of the representatives of the red austral clade

analyses in this paper.
[two-column figure]
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Fig. 2. Ancestral range reconstructions for basal nodes of the austral clade of riffle beetles using different methods,
models, and a priori assumptions. A-B, best performing models with free dispersal scaling parameter (A, in
BioGeoBEARS; B, in RevBayes). C-E, best performing models with Antarctica (C, in BioGeoBEARS; D, in
RevBayes; E, in LEMAD). F, penalization of dispersal rates over long distances as parametrized in BioGeoBEARS
(blue) and RevBayes (red) for scaling parameter values estimated in our analyses (top = the complete range of dispersal
rates; bottom = same graph with dispersal rates <0.1 shown). G-I, the effect of different maximum range size
(max_area) on ancestral range reconstruction. [double column figure]
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Fig. 3. Ancestral range reconstructions and dispersal frequencies estimated based on 100 stochastic sampling
simulations for two selected best performing models: A, best performing no-Antarctica model (BioGeoBEARS, with
free dispersal scaling parameter, same as in Fig. 2A). B, best performing model under a priori assumptions of two
areas max, strong penalization of dispersal across long distances and both Antarctica and sea currents considered
(same as in Fig. 2C). [double column figure]



