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Abstract

The marine—freshwater divide is a key determinant of the distribution and diversity of aquatic organisms.
Many clades that span the salinity gradient are disproportionately more diverse in the younger, short-lived, and
less abundant freshwater environments than they are in the marine realm, which covers most of the biosphere.
Differences in the rates of accumulation and loss of diversity between marine and freshwaters contribute to
these diversity imbalances. Assessing the salinity gradient together with other potential interacting variables
can provide important additional insights. Diatoms, a species-rich lineage of photosynthetic protists, display
a striking diversity imbalance across the marine—freshwater divide, but also between planktonic and benthic
habitats, making them an excellent system to study such interactions. We used a novel set of state speciation
and extinction models to show that the salinity—habitat interaction was important for diatom diversification
and that both planktonic and benthic lineages turnover faster in freshwaters. Lineages occupying the same
habitat (e.g., marine plankton) can diversify at substantially different rates in relation to the cumulative effect
of unobserved variables implicitly accounted for by our models. Traversals of the salinity gradient were
bidirectional, rejecting longstanding hypotheses about the permeability of the salinity barrier. The probability
of colonization of freshwater (and the plankton) does, however, vary across the diatom phylogeny, indicating
that phylogenetic diversity differs substantially between habitats (e.g., marine vs. freshwater plankton). Unlike
metazoans, diatoms both speciate and go extinct at a faster rate in freshwater, suggesting an association between
the rates of lineage and habitat turnover.

Introduction

Freshwater habitats comprise only about 2% of the biosphere, yet in lineages that span the salinity gradient
the magnitude of freshwater diversity is often comparable, or surpasses, species richness in the marine realm,
which covers 70% of Earth’s surface (Appeltans et al., 2012; Grosberg et al., 2012; Miller & Wiens, 2017; Mora
et al., 2011; Wiens, 2015). This is striking given that most such lineages originated in the oceans, and so—all else
equal—have had more time to accumulate diversity within their ancestral marine environment. Disconnects
between species richness and time for accumulation of diversity are found across animals [e.g., flatworms,
rotifers, molluscs, and ray-finned fish (Guinot & Cavin, 2015; Miller & Wiens, 2017, Wiens, 2015)] and specific
tests about diversification across the salinity divide have revealed that in amniotes, for example, marine
lineages have higher extinction rates (Miller & Wiens 2017, but see Vermeij et al. 2018), and in fish, freshwater
lineages diversify faster (Bloom et al., 2013). Overall, however, in animals there is not a clear consensus
about the underlying mechanisms (Miller & Wiens, 2017; Vermeij et al., 2018), whereas plants and fungi have
little to offer to the topic because they are so depauperate in marine systems (Appeltans et al., 2012; Mora
et al., 2011). Microbes, including protists, could help advance our understanding of diversification across the
marine—freshwater divide: they are diverse at both ends of the salinity gradient (Appeltans et al., 2012; Mora
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et al., 2011) and offer alternative perspectives due to their vastly different dispersal capabilities, population sizes,
and physiological features compared to animals. Moreover, studies of other groups have yet to consider that the
focal contrast (marine vs. freshwater) is almost certainly not the sole determinant of diversification dynamics,
but rather, these patterns are likely the product of many potentially interacting aspects of the habitats and traits
of different lineages (Beaulieu & O’Meara, 2016). Added layers of complexity might come, for example, from
latitudinal diversity gradients (Powell & Glazier, 2017) or subdivisions of marine and freshwater ecosystems
into planktonic (suspended) and benthic (substrate-associated) habitats (Signor & Vermeij, 1994), which have
long been recognized as important for the distribution and diversity of aquatic biota.

Our knowledge of microbial diversity lags far behind the extensive, and in many cases, near-complete,
species catalogs of macro-organisms (Appeltans et al., 2012; Larsen et al., 2017; Mora et al., 2011). Despite this,
patterns of imbalanced species richness across environmental gradients, including the marine—freshwater and
plankton-benthos divides, are well known in bacteria, protists, and zooplankton (Hart et al., 2003; Logares
et al., 2009; Lozupone & Knight, 2007; Rigby, 1997). In foraminifera and many zooplankton groups, planktonic
lineages are often derived and appear to have originated through one or a few rare colonizations by benthic
ancestors, followed by in situ diversification in the plankton (Darling et al., 2009; Hart et al., 2003; Rigby, 1997;
Rigby & Milsom, 1996; Signor & Vermeij, 1994). Reversals to the benthos occur rarely, if ever at all (Rigby &
Milsom, 1996). Similarly, most aquatic lineages are thought to be ancestrally marine and to have colonized
freshwaters infrequently (Cavalier-Smith, 2009; Lee & Bell, 1999; Logares et al., 2009, 2007; Lozupone & Knight,
2007). Such transitions are considered challenging, as migrants need to mitigate osmotic stress linked to
changes in cellular water potential, salt stress caused by increased uptake or loss of ions, and changes in the
ratios of intracellular ions (Kirst, 1990, 1996). As a result, freshwater colonizations among protists are generally
considered rare and phylogenetically deep events with broad evolutionary consequences (Cavalier-Smith, 2009;
Logares et al., 2009; Mann, 1999).

Diatoms are a species-rich lineage of eukaryotic algae that play important roles in the global cycling of
carbon and oxygen and form the base of many aquatic food webs (Armbrust, 2009; Bowler et al., 2010).
Diatoms span the marine—freshwater and plankton-benthos divides, though few data have been brought
to bear on characterizing the directions, patterns, and consequences of transitions across these and other
major environmental gradients. The history of plankton-benthos transitions in diatoms is just beginning to be
resolved. Transitions between habitats are infrequent relative to changes between colonial and solitary growth
forms, and colonial species are more likely to colonize the plankton (Nakov et al., 2015). Transitions between
substrate-associated and suspended habitats are possibly linked to the mode of sexual reproduction. The
numerous, flagellum-propelled male gametes of oogamous species might facilitate colonization of the plankton,
whereas the few, aflagellated gametes of isogamous lineages might hinder such invasions (Kooistra et al., 2009).
With respect to salinity, most diatom genera are restricted to either marine or freshwaters (Round et al., 1990),
and colonizations of freshwaters are considered infrequent and irreversible (Mann, 1999; Round & Sims, 1980).
Notwithstanding, reconstructions of the timing and direction of traffic across the salinity gradient have revealed
temporally spaced and bidirectional colonizations (Alverson, 2014; Alverson et al., 2007; Ruck et al., 2016).
Importantly, however, previous studies have either focused on relatively small clades, making it difficult to
derive broadly applicable conclusions (Beaulieu & O’Meara, 2018), or have not explored the interaction between
rates of diversification and habitat transitions, a key component of testing character-dependent diversification
(Maddison, 2006).

Here we characterize diatom evolution across the plankton-benthos and marine—freshwater divides using
a large, time-calibrated phylogeny representative of the full breadth of extant diatom diversity. To account
for variation in the rate of diversification and colonizations across environments, we employed a hidden
state speciation and extinction modeling framework (HiSSE; Beaulieu & O’Meara 2016) modified for multiple
characters. In doing so, we were able to jointly estimate rates of colonization and diversification across multiple
environments and account for possible interactions between the focal characters (i.e., marine plankton, marine
benthos, freshwater plankton, and freshwater benthos). We discuss the implications of our findings for diatom
ancestry, diversification, and phylogenetic diversity across the ecologically important marine—freshwater and
plankton-benthos divides.
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Materials and Methods o

Phylogeny and diversity data We used a time-calibrated phylogeny of 1,151 diatoms (Nakov et al., 2018)—the &
largest available phylogenetic tree of diatoms that covers their known phylogenetic and ecological breadth. We &
scored 1,132 out of the 1,151 species for two characters: “habitat” (plankton or benthos) and ”“salinity” (marine e
or freshwater) based on taxonomic compilations (Hasle & Syvertsen, 1996; Lobban et al., 2012; Round et al., &
1990), previous work on character evolution (Alverson et al., 2007; Nakov et al., 2015; Ruck et al., 2016), or &
direct observations of culture or field samples. %

Given a total estimated diatom diversity of up to 100,000 species (Mann & Vanormelingen, 2013), this
phylogeny, although the most taxonomically inclusive to date, still falls well short of the full diatom diversity.
To account for this under-sampling in our diversification analyses, we estimated sampling fractions for each
environment, e.g., the fraction of sampled marine species from the total number of marine species described o
to date. Data for salinity (marine—freshwater) were obtained from DiatomBase (Kociolek et al., 2017), which s
reports the total estimated number of species per genus and the total estimated number of marine species per o
genus, allowing for a straightforward calculation of the number of non-marine (freshwater) species. Similar o
data were not available for planktonic and benthic lineages, so we used the primary taxonomic literature to o
record the number of species per genus occurring in the plankton or benthos. Based on these numbers, we then o
derived a per-genus fraction of planktonic species and multiplied the total estimated genus-level diversity by 10
this fraction to obtain an estimate of the number of planktonic and benthic species per genus. We summed 1
these numbers across genera from the entire phylogeny to approximate the diatom-wide estimates of species 10
richness in each environment. 103

Evolutionary models Hypotheses about associations between lineage diversification and discretely coded 104
traits or environments are often tested using state speciation and extinction models (-SSE; Beaulieu & O’Meara 105
2016; FitzJohn et al. 2009; Goldberg et al. 2011; Maddison et al. 2007). These models jointly estimate the rates 10
of evolution of a focal character (i.e., transitions between states) and rates of diversification (i.e., speciation 1o
and extinction) and can therefore account for potential interactions between these two factors. In one of these 10
models, the binary state speciation and extinction (BiSSE; FitzJohn et al. 2009; Maddison et al. 2007), each 10
character state has its own speciation and extinction rates that are different from the parameters associated with 1o
the other state. This property provides a natural way to disentangle whether an imbalanced ratio of diversity
between habitats reflects differences in diversification, or alternatively, asymmetry in rates of colonization 1
between alternative habitats (Maddison, 2006; Maddison et al., 2007). 13

An assumption of the BiSSE model is that the rates of speciation, extinction, and transition are shared by all 1.
lineages occupying a particular environment (Beaulieu & O’Meara, 2016; Maddison et al., 2007). For example, us
with a BiSSE model we can test whether marine and freshwater diatoms diversified at different rates, but with 116
the constraint that all marine and all freshwater lineages share the same rate. Whether this assumption is -
reasonable depends on the phylogeny and how the diversification regimes have been defined. In our case, us
with a phylogeny representing about 200 million years (My) of evolutionary history, known rate variation in = 1
diversification related to life history traits (Nakov et al., 2018), and broadly defined diversification regimes 10
(e.g., tropical and polar oceans are grouped within the same “marine” regime), it is appropriate to assess and 1z
accommodate expected rate variation within our focal regimes. 122

Two approaches within the SSE family of models can be used to detect and account for heterogeneity in 1
diversification on a phylogeny while co-estimating the transition rates between character states. They both use 1+
hidden (unobserved) states to implicitly account for the many potential factors, aside from the focal characters, 1z
that may have influenced diversification and character transition rates (Beaulieu & O’Meara, 2016; Caetano et al., 12
2018). First, hidden state speciation and extinction models (HiSSE; Beaulieu & O'Meara 2016) extend the BiSSE s
model by allowing two hidden states within each state of the focal character, but still assume that diversification 12
is character-dependent. Second, character-independent models (CID) remove the link between diversification 12
and the focal character entirely and associate diversification rates only to hidden (or unobserved) traits. By 10
allowing rate variation independent of the focal character, the CID models represent non-trivial null models 1
for testing hypotheses of state dependent speciation and extinction (Beaulieu & O'Meara, 2016; Caetano et al., 12
2018). In other words, for cases in which diversification rates vary across the phylogeny, parameter-rich SSE 13
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models might be favored even when the diversity patterns are not tied to the characters singled out for study
(Beaulieu & O’Meara, 2016; Caetano et al., 2018; Rabosky & Goldberg, 2015). Evaluation of CID models, in turn,
allows more realistic assessments of whether variation in diversification rates across the diatom phylogeny was
related to habitat, salinity, or other unobserved characters.

We fit a total of five models for each binary character: (1) a “trivial null” model (number of parameters, k=3,
Fig. 1A) with one parameter controlling the turnover rate (defined as speciation+extinction, which measures
the rate of any event, birth or death, occurring per unit time) for both observed states, and one parameter
controlling the rate of character transitions (e.g., marine — freshwater); (2) a BiSSE model (k=5, Fig. 1A) with
separate turnover rates estimated for lineages living in alternate environments and asymmetric transitions
between environments (e.g., marine — freshwater # freshwater — marine); (3) a HiSSE model (k=13) with
separate turnover rates for each combination of observed and hidden states and eight transition rates for
changes between states (e.g., marine hidden state A — marine hidden state B)—this model disallowed dual
transitions in which both the observed and hidden state changed (e.g., marine hidden state A — freshwater
hidden state B; Fig. 1A); (4) a CID2 model (k=6) with two turnover rate parameters similar to the BiSSE model,
but unlinked from the observed character states; and (5) a CID4 model (k=8) with as many as five diversification
parameters matching the complexity of HiSSE (Fig. 1A). In all cases, we kept the extinction fraction (defined as
extinction/speciation, which measures the ratio of death and birth events per unit time) constant across states.

For the combined habitat+salinity character, we extended the HiSSE and CID model framework to handle a
four-state case [i.e., marine-plankton (MP), marine-benthos (MB), freshwater-plankton (FP), and freshwater-
benthos (FB)]. In this analysis, we again fit a “trivial null” model that assumed no variation in diversification
and a multistate speciation and extinction model (MuSSE; FitzJohn 2012) that linked diversification rates
to the four character states, but assumed no variation within regimes (Fig. 1B). We then fit two multistate
speciation and extinction models with hidden traits, MuHiSSE, and seven miltistate character-independent
models (MuCID) with increasing numbers of hidden traits (MuCID2 through MuCIDS; Fig 1B). The most
complex MuCID8 model had eight parameters for turnover and one for extinction fraction, matching the
complexity of the MuHiSSE model, but with diversification parameters unlinked to the observed character
states (Fig. 1B). For both types of models, we allowed the transition rates between alternative environments
to differ (e.g., MB — MP # MP— MB), and again we disallowed dual transitions (e.g., MB — FP). The two
MuHiSSE models differed in how they handle transitions between the hidden states. In the first one, we
assumed one rate for all transitions (e.g., MB hidden state A — MB hidden state B = FP hidden state A — FB
hidden state B), while in the second one we allowed separate rates of transition from hidden state A to B and
hidden state B to A (e.g., MB hidden state A — MB hidden state B # MB hidden state B — MB hidden state A;
Fig 1B).

In all cases, whether or not we allowed a separate estimate of turnover rate for each state, the extinction
fraction was always fixed across observed and hidden states. It is important to note, however, that while
extinction fraction is constrained among states, converting turnover and extinction fraction into speciation and
extinction does not preclude separate birth and death rate for each state (Beaulieu & O’Meara, 2016). We also
accounted for incomplete sampling by incorporating the sampling fractions described above directly into our
diversification analyses (Beaulieu & O’Meara, 2016; FitzJohn, 2012). This approach assumes random sampling
of each observed character state. For all binary and multistate models, we performed > 50 maximum likelihood
optimizations, each initiated from a distinct starting point.

Results and Discussion

Diatom diversification across the marine—freshwater and plankton-benthos divides

Diatom diversity data showed strong disparities in species richness across both the marine—freshwater and
plankton-benthos contrasts (Kociolek et al., 2017; Mora et al., 2011). Approximately 70% of the species were
freshwater and 83% were benthic. These imbalanced diversity ratios suggested that diversification rates might
be related to one or both of the focal characters. Indeed, BiSSE models that linked diversification and character
transition rates to the alternate environments provided a much better fit than models that assumed one rate
across the tree (Fig. 2A,B). Freshwater and benthic lineages, as expected given the diversity ratios, had rates
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€3 3 €2 2 2 2
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BiSSE Tt 1 2 MuSSE Tt 1 1 2 2
€3 3 € 3 3 3 3
M1 F1 M2 F2 MP1 MB1 FP1 FB1 MP2 MB2 FP2 FB2
ClID2 11 1 2 2 MuCID2 T f 1 1 1 2 2 2 2
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€5 5 5 5 5 5 5 5 €9 9 9 9 9 9 9 9 = 9 9 9 9
M1 F1 M2 F2 MP1 MB1 FP1 FB1 MP2 MB2 FP2 FB2
HiSSE t©1 2 3 4 MuHiISSE t©t 1 2 3 4 5 6 7 8
€5 5 5 5 €9 9 9 9 9 9 9 9

Figure 1. Character-dependent and character-independent diversification models for binary (A) and multistate (B)
codings of salinity and habitat. Column names in A correspond to coding for salinity (M=marine, F=freshwater) and
the numbers 1—4 (e.g., M1, M2, F1, F2) represent the hidden states. Models for habitat (plankton-benthos) were the
same. Column names in B correspond to the combined salinity+habitat states (MP=marine—-plankton, MB=marine-
benthos, FP=freshwater—plankton, FB=freshwater-benthos) and the numbers 1-8 represent the hidden states. Parame-
ters denoted with T and € (rows) are net turnover (speciation+extinction) and extinction fraction (extinction/speciation),
respectively. Here we show only the diversification parameters, but full model diagrams that include the character
transition rates are shown in Fig S1.

of speciation and extinction (i.e., net turnover rate) that were 2.6 and 4.3 times faster, respectively, than their
marine and planktonic counterparts. The ratio of extinction to speciation (the extinction fraction) was high
in both analyses— 0.85 for the marine-freshwater and 0.92 for the plankton-benthos contrast. Both of these
environmental gradients, according to the BiSSE models, appear to have been important in shaping the diversity
of diatoms.

To assess the amount of variation in diversification and transition rates within the marine vs. freshwater
and plankton vs. benthos regimes, we also evaluated character-dependent (HiSSE) and character-independent
(CID) models that included hidden states, i.e., factors other than our focal characters that might have influenced
diversification. For both characters, hidden state models provided a significantly improved fit relative to the
BiSSE models, highlighting substantial variation in the rates of diversification within and transitions between
regimes (Fig. 2A,B; Table S1). The HiSSE model was favored for salinity, while CID4 was best for habitat, in
both cases with Akaike weights of w = 0.999 (Fig. 2A-B; Table S1). The HiSSE model for salinity showed that
in one hidden state, freshwater lineages speciated, but also went extinct, nearly 12 times faster than marine
lineages, while in the other, turnover in marine lineages was three times faster (Table S2). For habitat, under the
CID4 model, waiting times to either a speciation or extinction event across the four character-independent rate
classes varied between nearly 53 and 0.4 My (Table S3).

In addition to estimating the most likely parameter values for predefined regimes, hidden state models
also allow the reconstruction of the most likely hidden state occupied by each species. Averaging per-species
diversification parameters, weighted by the probability of hidden states, provides a measure of rate variation
within regimes. In other words, even when character-dependent diversification is supported, it is unlikely that
all lineages assigned to a regime have diversified at the same rate, and this variation will be reflected in the
hidden state reconstructions. Averaged over hidden states, waiting time to turnover events (either speciation or
extinction in My) ranged between 2.1 and 8.5 My (mean across species £ SD, 6.0£2.1 My) in marine lineages
and between 1.2 and 6.2 My (2.851+1.43 My) for freshwater species (Fig. 2D). The ranges for turnover in
planktonic (4.75+3.46 My) and benthic (4.9413.48 My) species were overlapping, with a minimum of 0.5 My
and maximum of 12.3 My (Fig. 2E). For both binary characters, these tests highlighted broad variation in
turnover rate within regimes (Fig. 2D,E).
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Figure 2. Freshwater diatom lineages diversify faster than marine in both planktonic and benthic habitats. Shown
are model selection and turnover rate variation for binary coding of salinity (A, D), binary coding of habitat (B, E)
and four-state coding of the combined salinity+habitat characters (C, F). Panels A-C Show the Akaike information
criterion scores (AICc, corrected for sample size) of state speciation and extinction (SSE) and character-independent
(CID) models against the number of diversification parameters (turnover + extinction fraction). The best model—
always one that accounts for unconsidered factors—is indicated by boldface text. Panels D-F show the differences
between and variation within diversification regimes of net turnover (speciation + extinction). Circles and error bars
are means and standard deviations while the density curves show the distributions of rates after averaging over hidden
states. Parameters are shown as waiting times (inverse of rate), measured in millions of years (My).

Refined diversification regimes that combine salinity and habitat

One way to account for this variation is to combine salinity and habitat into a single four-state character:
marine-plankton, marine-benthos, freshwater—plankton, and freshwater—benthos. With this approach, we
can specifically test for differences between, for example, the plankton and benthos, while allowing for the
possibility that planktonic lineages in fresh vs. saline waters also differ in diversification. As an example
of why such an interaction might be appropriate, consider the age and longevity of freshwater lakes that
support planktonic communities. The formation and lifespan of most lakes is linked to Earth’s glaciation
cycles, with only a few dozen long-lived tectonic basins whose formation predates the last interglacial (ca.
130-115 thousand years ago, Hampton et al. 2018; Mackay et al. 2010). As the majority of freshwater lakes
are geologically recent and have relatively short lifespans, freshwater planktonic lineages might be under
drastically different environmental pressures relative to the marine planktonic species from environments that
have existed continuously since the formation of the oceans. An indication of these potential differences in
diversification dynamics can be gleaned from the nearly wholesale change in relative abundance or composition
of planktonic communities in sedimentary records from ancient lakes that closely follow glaciation and drought
cycles (Cohen et al., 2007; Edlund & Stoermer, 2000; Mackay et al., 2010; Stone et al., 2011).

Another example of the importance of the salinity + habitat interaction is the size and connectivity of marine
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vs. freshwater populations. Diatoms in marine environments have fewer physical barriers to migration and 2
are generally expected to have broader geographic distributions and higher rates of gene flow (Palumbi, 1992, 2
1994), which together might result in lower speciation and extinction rates compared to freshwater diatoms 2
inhabiting discontinuous and irregularly distributed habitats. Still, gene flow can be limited among marine 2
diatom populations due to isolation by distance (Casteleyn et al., 2010) or ecology (Whittaker & Rynearson, 2
2017), sometimes even at small spatial scales (Godhe & Hérnstrom, 2010; Rynearson & Armbrust, 2004; Sjoqvist  2x
et al., 2015), which suggests that population subdivision might be even stronger in freshwater lineages (Evans 2
et al., 2009; Vanormelingen et al., 2008). This lends further support to the hypothesis that species turnover 2
proceeds at different paces in, for example, lineages of marine plankton vs. freshwater plankton. 23

To assess diversification rate differences across the four habitat + salinity regimes, we implemented a 2
multistate variant of the HiSSE model (MuHiSSE, Caetano et al. 2018), with a separate turnover parameter for 2
each of the four states and two hidden states within each combination. To guard against false-positive selection 2
of these highly parameterized models, we designed and tested a set of multistate character-independent 2
(MuCID) models with increasing numbers of diversification parameters, up to a MuCID model with eight 2
hidden traits that matches the complexity of the MuHiSSE model [eight turnover and one extinction fraction 2o
that can be transformed into eight speciation and eight extinction rates (Beaulieu & O’Meara, 2016); Fig. 1B]. 2«

Data for the combined salinity + habitat states mirrored disparities in species richness observed for the 2
individual binary traits. Marine plankton accounted for 11%, marine benthos 20%, freshwater plankton 6%, and 2
freshwater benthos 63% of diatom species. Many marine planktonic lineages have much deeper fossil records 2
than benthic lineages (Sims et al., 2006), and freshwater lineages are generally nested within, and younger than, 2
their marine counterparts (Alverson, 2014; Ruck et al., 2016). A superficial look at these raw diversity numbers 2
suggests that younger lineages are disproportionately more diverse than older ones, perhaps due to different 2«
diversification dynamics within these habitats. Indeed, we found strong support for a MuHiSSE model (Akaike 2:
weight, w=0.999) in which each of the four character states had separate diversification parameters and all 2
transitions between states were free (Fig. 1B, 2C, Table S4). 250

Support for a character-dependent model indicated that the interaction between habitat and salinity was 2
important, especially for freshwater lineages where the difference in turnover between planktonic and benthic 2
lineages was substantial. Under the MuHiSSE model, the maximum likelihood estimates and 2 log likelihood 25
support regions indicated that marine lineages from the plankton and benthos diversified under similar rates 2
in both hidden states (Table S5). For freshwater lineages, the differences in net turnover between planktonic 2
and benthic lineages were stronger and the estimated parameters had non-overlapping 2 log likelihood support 2
regions (Table S5). Averaged over hidden states, turnover in freshwater habitats was 2—3 times faster than in 2
marine environments (Fig. 2F). The relatively high global extinction fraction € = 0.77 (Table S5), estimated here 2
from extant species only, was similar to calculations made from Cenozoic marine fossils € = 0.75 (Nakov et al., 2
2018). 260

The overwhelming support for models that include hidden traits shows that the focal factors alone (salinity 2
and habitat) do not explain all of the variation in diversification rates across the phylogeny, even after 2
partitioning the data into four groups. This further underscores the need to account for the multitude of 2
environmental, ecological, and trait factors that were not explicitly considered, but whose cumulative effect on 2
diversification might be comparable to the effects of salinity and habitat. This can be illustrated by comparing 2
the differences in diversification between environments to the differences between hidden states within an 2
environment. For example, marine planktonic lineages reconstructed in the second hidden state had a waiting 2
time to a turnover event (i.e., a speciation or extinction event) of about 1.6 My. This was comparable to marine 2
benthic lineages in the same hidden state (1.7 My), but was several times shorter than marine planktonic 26
lineages in the first hidden state (10.3 My; Fig. 3; Table S5). In other words, the alternative suspended vs. 2n
substrate-associated habitats conferred a smaller difference in diversification compared to differences conferred an
by unobserved factors approximated by the hidden states (Fig 3). o

It is worth considering what some of these unmeasured factors might be. For example, differences in age, 2
size, depth, and longevity between lakes of glacial, tectonic, and volcanic origin might be driving some of the 2
variation within freshwaters. Likewise, the drastic contrast in conditions experienced by diatom communities 25
in nutrient-rich marine polar waters vs. oligotrophic oceanic gyres might partially explain hidden state s
components within marine lineages. Crampton et al. (2016) found that peaks in species turnover of marine 2
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Figure 3. Waiting times (in million years, My) to speciation, extinction, and character transitions. The source envi-
ronment is denoted with two-letter abbreviation on the y axis. For speciation (1) and extinction () the color of the
end-point circle matches the source environment. For transition rates (g), the color and abbreviation at the end-point
circle denote the destination of colonization. Numbers along the lines are the waiting times. Transitions with rates in-
distinguishable from zero (and infinity waiting times) are shown with dashed lines and open circles. Left and right side
panels correspond to the two hidden states in the hidden-state multistate speciation and extinction model (MuHiSSE).
Abbreviations: FB, freshwater-benthos; FP, freshwater-plankton; MB, marine-benthos; MP, marine-plankton.

Antarctic diatoms coincided with cooling of southern latitudes and expansion of ground and sea ice. Five such
pulses above the baseline turnover have been inferred over the past 15 My (Crampton et al., 2016), contributing
to relatively fast turnover within Antarctic diatom communities. Similar fluctuations in turnover are unlikely to
have occurred in tropical ocean regions where temperature has been relatively constant over the past 15 My
(Powell & Glazier, 2017). Therefore, it is possible that a portion of the variation captured by the hidden states
might also be related to latitude. In this regard, diatoms are among the few lineages with a reverse latitudinal
diversity gradient, which is thought to be a product of asymmetric range expansion toward higher latitudes
(Powell & Glazier, 2017).

Within-regime variation in rates of diversification could also stem from traits that covary with diversity
patterns in diatoms, e.g., motility of vegetative cells is also associated with a faster rate of diversification (Nakov
et al., 2018). A comparison between motile and non-motile lineages showed that the probability of occupying
the second hidden state—where net turnover was much faster (Fig. 3)—was higher in motile lineages (ANOVA,
pio.0o1) and suggested that motility might be an important factor not directly considered by our SSE models.
It is important to reiterate that this post hoc exploration of potential hidden variables is not meant as a way
to draw conclusions about other factors not directly tested here, but only as an illustration of the many other
variables that may have contributed toward diatom diversification in addition to the marine-freshwater contrast.
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Diatom ancestry, absorbing habitats, and phylogenetic diversity

Ancestral state reconstructions supported a marine planktonic environment for the most recent common
ancestor of diatoms, but they quickly colonized the marine benthos (see also Kooistra et al., 2007). The oldest
benthic lineages were estimated to be about 180-175 My old (Fig. 4A). Colonizations of freshwater did not
occur until much later—the oldest extant lineages to gain foothold in the freshwater plankton date back to
120-130 Mya, some 60 My after the origin of diatoms (Fig. 4A). Apart from a few isolated cases that have not
left a substantial mark on present day diversity (e.g., Ellerbeckia, Terpsinoe, and Pleurosira), diatoms did not
diversify within the freshwater benthos until after the evolution of anisogamous sexual reproduction and axial
cell symmetry in the pennate diatom lineage (Fig. 4A). Marine benthic ancestry was inferred for the MRCA of
the pennate clade, and within it, the clade of actively motile raphid diatoms (Fig. 4A). Overall, although our
reconstructions supported a planktonic ancestry for diatoms, it is clear that the marine benthos has been the
center stage of diatom evolution, seeding diversity across a range of environments (e.g., the marine plankton
and freshwater benthos) throughout their evolutionary history (Fig. 4A).

. Parmales
A = Marine-Benthos leptocylindroids
Marine-Plankton melosiroids

200 mm Freshwater—-Benthos coscinodiscoids
Freshwater—Plankton multi
Salinity uncertain-Benthos polar
160+ diatoms
attheya
i araphid 1
120+ araphid 2
Time |
(Mya)
80+
40 l
N |
Melo Chae Eupo Thal Frag Nitz Navi Pinn Cymb Suri
B o Centric grade Araphid grade Raphid clade
40+ ‘ W
. 80+
Time |
(Mya) 120 Net turnover
l Jl (0,0.237]
] = (0.237,0.473]
[H m (0.473,0.71]
1601 1 = (0.71,0.947)
] = (0.947,1.18]
= (1.18,1.42]
200

Figure 4. Ancestral state reconstructions of environments (marine-plankton, marine-benthos, freshwater-plankton,
and freshwater-benthos, A) and net turnover (speciation + extinction, B). The high-turnover freshwater lineages are
predominantly benthic among motile raphid pennate diatoms (e.g., Suri and Cymb) and predominantly planktonic
within the non-motile centric and araphid grades (e.g., Frag, Thal, and Melo). The inset in A highlights ancestral
reconstructions along the backbone of the tree showing marine-planktonic ancestry of all diatoms followed by an
early colonization of the benthos. Abbreviations: Mya, millions of years ago; Melo, Melosirales; Chae, Chaetocerotales;
Eupo, Eupodiscales; Thal, Thalassiosirales; Frag, fragilaroids; Nitz, Bacillariales; Navi, naviculoids; Pinn, pinnulariids;
Cymb, Cymbellales; Suri, Surirellales; Parm, Parmales; Lept, Leptocylindrales + Corethrales; Cosc, Coscinodiscales +
Rhizosoleniales.
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A long-held view in diatom ecology and evolution is that colonizations of freshwater are infrequent and
irreversible events (e.g., the Rubicon hypothesis of Mann 1999), suggesting that the modern freshwater flora
has been assembled from a small set of phylogenetically diverse colonizers (rarity), and that once adapted
to freshwaters, these lineages rarely, if ever, cross back to their ancestral marine habitat (irreversibility). The
freshwater diatom flora is without question a composite of phylogenetically distant lineages that trace back to
independent colonization events (Fig. 4), but the extent to which freshwater lineages have seeded diversity in
the marine environment has not been tested at the level of all diatoms and in a framework that accounts for the
interaction between rates of colonization and diversification.

The hypothesis of a unidirectional (marine-to-freshwater only) bridge across the salinity barrier implicates
freshwaters as absorbing, meaning that marine colonists invade, adapt, and specialize to the point that
transitions back to the ocean are unlikely. In modeling terms, this would translate as asymmetric transition
rates, with the rates of transition from marine to fresh waters far exceeding the reverse. By simultaneously
estimating the diversification and transition rates, our models provided a powerful test of this hypothesis,
and accounting for rate heterogeneity within regimes allows for the possibility that salinity is a Rubicon in
some, but not all, diatom lineages. Our analysis of the binary marine vs. freshwater data revealed that waiting
times for marine-to-freshwater colonizations were indeed dependent on hidden factors. In some lineages,
freshwater colonizations took about five times longer than the reverse, whereas in others the waiting time for
marine-to-freshwater transitions was about half the waiting time of freshwater-to-marine transitions. Under the
MuHiSSE model, which further allowed for the possibility that marine-to-freshwater transitions differ between
the plankton and benthos, in all but one case marine-to-freshwater colonization took longer to occur than
the reverse freshwater-to-marine transitions (Fig. 3). It therefore appears that traditional notions about the
nature of the salinity barrier in diatoms, specifically the irreversibility of freshwater colonizations, are largely
unsupported by the data and might apply only to a subset of diatoms where recolonization of marine habitats
is slower but not impossible (Fig. 3).

Transition rates in the different hidden states also suggested that certain types of colonizations have
drastically different probabilities. For example, take the contrast in rates of outflow from the marine and
freshwater plankton between the first and second hidden states. For some lineages, the plankton represented
an absorbing habitat, where they might have diversified, but transitions away from this habitat were extremely
rare or impossible (Fig. 3). Yet, in other lineages, outflow from the freshwater plankton was among the most
common type of transition (waiting times of 97 and 32 My; Fig. 3). These transition rates, combined with
the broad variation and bimodal distribution of turnover in freshwater plankton (Fig. 2F), imply that for
some lineages the freshwater plankton is an absorbing state, where following colonizations, lineages diversify
but do not emigrate, but for others, the freshwater plankton is a transient state, with a retention time much
shorter than any other state. Moreover, when we consider the somewhat short-lived nature of freshwater
planktonic habitats over deep geologic timescales, these findings suggest an explanation regarding the very low
fraction of diatom diversity found in the freshwater plankton and the relatively narrow phylogenetic breadth of
these communities. The few lineages that have diversified substantially in the freshwater plankton are almost
entirely restricted to it and have been largely sourced from the marine plankton (e.g., the genus Aulacoseira
within marine planktonic Melosirales or cyclostephanoid diatoms within the ancestrally marine planktonic
Thalassiosirales). In turn, for the vast majority of the remaining lineages, colonizations of freshwater plankton
were sporadic and did not lead to substantial species diversification (Fig. 4). This is in contrast to the much
more phylogenetically diverse marine plankton, which has been colonized repeatedly by many marine benthic
lineages (Fig. 4; see also Kooistra et al. 2007), harbors a considerable diversity of araphid (e.g., Asterionellopsis
and Thalassiosinema) and raphid diatoms (e.g., Fragilariopsis and Pseudo-nitzschia; Fig. 4), and as suggested by
the rates of outflow from the freshwater plankton, is also recolonized by freshwater planktonic lineages (Fig.
3). These observations, combined with the non-uniform recruitment to the freshwater plankton—several old
and species-rich marine planktonic lineages have not crossed into freshwaters or remain disproportionately
more diverse in saline waters (e.g., Rhizosoleniales, Coscinodiscales, and Chaetocerales; Fig. 4; Kooistra et al.
2007)—also suggest that marine planktonic diatom assemblages are phylogenetically and functionally more
diverse compared freshwater planktonic communities.

10/19

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356


https://doi.org/10.1101/406165
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/406165; this version posted August 31, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-ND 4.0 International license.

Summary

One of the most prominent features of aquatic biodiversity is the disparity in species richness between marine
and freshwater habitats. Marine habitats are geologically old, have existed continuously since the formation
of the oceans and amount to > 99% habitable water on Earth. In turn, freshwater habitats are much younger
and have shorter lifespans dictated by glaciation, droughts, or tectonic events. Surprisingly, in lineages with
substantial diversity across the salinity gradient, the younger and derived freshwater clades are often more
diverse than their marine counterparts. How these diversity patterns were shaped is unclear, with contrasting
evidence for faster diversification in freshwater on one side (Bloom et al., 2013) and faster extinction in marine
environments on the other (Miller & Wiens, 2017). Advancing our understanding of this topic can benefit
from consideration of microbial lineages, which are commonly diverse at both ends of the salinity gradient, as
well as from multifactor approaches, which can help disentangle the effect of salinity from other important
contributing factors. Diatoms, a species-rich and ecologically important clade of eukaryotic algae, are ideally
suited to these questions because they mirror the marine—freshwater disparity in species richness observed in
many animal groups but have different population, dispersal, and physiological properties consequential for
colonization and diversification across the salinity gradient.

We used a diatom phylogeny encompassing the full breadth of their extant diversity, together with species
richness data across the marine—freshwater gradient, to evaluate how transitions between habitats with different
salinities might have influenced diversification. Our analyses also incorporated data for the plankton-benthos
divide, another important environmental contrast with a similarly imbalanced diversity ratio, in a modeling
framework that controlled for possible interactions between habitat and salinity and accounted for the effects
of other possible unobserved factors. Current data suggest that unlike many other aquatic lineages (Darling
et al., 2009; Hart et al., 2003; Rigby, 1997; Rigby & Milsom, 1996; Signor & Vermeij, 1994), diatoms were
ancestrally planktonic, but colonized the benthos early on in their evolution, such that most of their diversity
was subsequently seeded by repeated emigration from the marine benthos (see also Kooistra et al., 2007).
Marine-to-freshwater transitions are reversible, challenging longstanding hypotheses about the nature of the
salinity barrier in diatoms. While the marine plankton was sourced from a diverse set of marine benthic, and
to a lesser extent, freshwater planktonic lineages, freshwater planktonic habitats were colonized by a much
narrower pool of mainly marine planktonic lineages, suggesting that the marine planktonic assemblages are
phylogenetically and functionally more diverse than their freshwater counterparts.

Overall, we found a strong support for an association between diatom diversification and the marine—
freshwater divide, however, unlike various animal groups (Bloom et al., 2013; Miller & Wiens, 2017), freshwater
diatoms—either planktonic or benthic—both speciated and went extinct faster than marine lineages. More
generally, our results show that diversity patterns in diatoms, and presumably other lineages, are unlikely
attributable to a few, commonly broadly defined regimes. Support for character-dependent diversification can,
in some cases, be overshadowed by broad variation in diversification rates arising from unconsidered factors
whose individual or aggregate effects might equal or surpass the influence of factors traditionally considered
most important. We illustrate how considering multiple possibly interacting characters might provide a more
refined understanding of diversification in old, widespread, and species-rich clades.
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Supporting Information

Supplementary table 1

Table S1. Comparison of character-dependent and character-independent models for the interaction be-
tween salinity and diversification or habitat and diversification. The models favored by AIC are in bold.
Abbreviations: npd, number of diversification parameters (turnover + extinction fraction); npt, number of
transition rate parameters; wAICc Akaike weight.

Character Model npd npt LogL AlCc AAICc  wAICc
Salinity HiSSE 8 3 -5310.42 10647.16 0 0.999
Marine - Freshwater CID4 8 8 -5354.43 10725 77.84 <0.001
CID2 4 3 -5422.5  10857.07 209.91  <0.001
BiSSE 4 2 -5484.45 10978.95 331.79  <0.001
Null 2 1 -5591.24 11190.49 543.33 <0.001
Habitat CIDg 8 3 -5170.4  10356.93 O 0.999
Plankton - Benthos  HiSSE 8 8 -5189.03  10404.38  47.45 <0.001
CID2 4 3 -5266.67 10545.42 188.5 <0.001
BiSSE 4 2 -5394.85 10799.75 442.82  <0.001
Null 2 1 -5563.33 11134.66 777.73  <0.001

Supplementary table 2

Table Sz. Parameter estimates for the best model (hidden-state speciation and extinction, HiSSE) for salin-
ity (marine vs. freshwater). The numbers next to character states indicate the hidden states. The top four
rows show the transition rates, and bottom two rows the net turnover rate (speciation + extinction) and
extinction fraction (extinction/speciation).

Marine 1 Freshwater 1  Marine 2 Freshwater 2

Marine 1 NA 0.0223 0.0659 0
Freshwater 1 0.0002 NA o} 0.0023
Marine 2 0.0045 0 NA 0.0006
Freshwater 2 0 0.0718 0.0003 NA
Net turnover 0.4389 0.1425 0.0571 0.6744
Extinction fraction 0.6562
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Supplementary table 3

Table S3. Parameter estimates for the best model (character-independent with four hidden states, CID4) for
habitat (plankton vs. benthos). The numbers next to diversification rates indicate the hidden states. The
top three rows show the transition rates, and bottom five rows the net turnover rate (speciation + extinction)
and extinction fraction (extinction/speciation).

Rate

Plankton-to-Benthos 0.0015
Benthos-to-Plankton 0.0011
Between hidden states  0.0075

Net turnover 1 0.0189
Net turnover 2 2.5562
Net turnover 3 0.1448
Net turnover 4 0.5265

Extinction fraction 1-4 0.9712

Supplementary table 4

Table S4. Comparison of character-dependent and independent models for the interaction between di-
versification and the combined salinity+habitat states. The favored model is in bold. Abbreviations: npd,
number of diversification parameters (turnover + extinction fraction); npt, number of transition parameters;
wAICc Akaike weight.

Model npd npt LoglL AICc AAICc wAICc
MuHiSSE full 9 18  -5521.224 11096.45 O 0.999

MuHiSSEred ¢ 17  -5539.579 11131.16 34.71 <0.001
MuCIDS8 full 9 16  -5562.629 11175.26 78.81 <0.001
MuClIDy7 full 8 15  -5562.682 11171.36 74.91 <0.001
MuCIDé6 full 7 14  -5562.692 11167.38 70.93 <0.001
MuClIDs full 6 13  -5562.699 11163.4  66.95 <0.001
MuClIDy4 full 5 12 -5563.632 11161.26 64.81 <0.001
MuCIDs3 full 4 11 -5566.861 11163.72 11163.72 <0.001
MuClIDz2 full 3 10  -5572.266 11170.53 11170.53 <0.001
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Supplementary table 5

Table S5. Parameter estimates and 2 log likelihood support region (in brackets) for the best model (hidden state miltistate speciation and extinction, MuHiSSE)

for the combined salinity + habitat character states [marine-plankton (MP), marine-benthos (MB), freshwater-plankton (FP, and freshwater-benthos (FB)]. The

numbers next to character states indicate the hidden states. The top eight rows show the transition rates, and bottom two rows the net turnover rate (speciation +
extinction) and extinction fraction extinction/speciation).

MP1 MB1 FP1 FB1 MP2 MB2 FP2 FB2
MP1 NA 0.0000 [0.0000- 0.0001 [0.0001- © 0.0028 [0.0027- o
0.0007] 0.0006] 0.0031]
MB1 0.0008 [0.0007- NA 0 0.0016 [0.0015- 0.0028 [0.0027- ©
0.0010] 0.0017] 0.0031]
FP1 0.0000 [0.0000- © NA 0.0000 [0.0000- 0 0.0028 [0.0027-
0.0008] 0.0010] 0.0031]
FB1 0 0.0038 [0.0037- 0.0014 [0.0013- NA 0 0.0028 [0.0027-
0.0041] 0.0015] 0.0031]
MP1 0.0648 [0.0623- o NA 0.0026 [0.0025- 0.0043 [0.0039- ©
0.0695] 0.0027 0.0049]
MB1 0.0648 [0.0623- © 0.0030 [0.0029- NA 0 0.0110 [0.0104-
0.0695] 0.0033] 0.0114]
FP1 0 0.0648 [0.0623- 0.0102 [0.0096- O NA 0.0312 [0.0299-
0.0695] 0.0109] 0.0331]
FB1 0 0.0648 [0.0623- o0 0.0023 [0.0022- 0.000 [0.0000- NA
0.0695] 0.0025] 0.0007]
Turn. 0.0976 [0.0919- 0.0977 [0.0926- 0.2039 [0.1869- 0.1702 [0.1601- 0.6149 [0.5809- 0.5602 [0.5439- 1.4199 [1.3468- 0.9866 [0.9548-
0.1084] 0.105] 0.2204] 0.1838] 0.6597] 0.60003] 1.5127] 1.0566]
Ext. frac 0.7709 [0.7567-0.7853]
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Supplementary Figure 1

Binary character models
Null BiSSE CID2 CiD4 HiSSE

M F M F M1 F1 M2 F2 M1 F1 M2 F2 M1 F1 M2 F2 M3 F3 M4 F4
M - 1 M - 2 Mt - 3 5 - Mt - 2 3 - M - 2 3 - 3 - 3 -
F1 - F1 - Ft.1 - - 7 Ft1 - - 3 FP1 - - 3 - 3 - 3
T2 2 T3 4 M2 2 - - 8 M2 3 - - 2 M3 - - 2 3 - 3 -
€3 3 €5 5 F2 - 4 6 - F2 - 3 1 - FR - 3 1 - - 8 - 38

T 10 11 12 T4 4 5 5 M3 3 - 3 - - 2 3 -
€13 13 13 13 €6 6 R -3 - 3 1 - - 3
M3 - 3 - 3 - - 2
F4 - 3 - 38 - 38 1 -
T4 4 5 5 6 6 7 7
€8 8 8 8 8 8 8 8

Multistate character models
Null MuSSE MuHiSSE

MP MB FP FB MP MB FP FB MP1 MB1 FP1 FB1 MP2 MB2 FP2 FB2
MP - 3 5 — MP - 3 5 _ MPI - 3 5 - 18 - - _
MB 1 - - 7 MB 1 - - 7 MBI 1 - - 7 - 18 - -
FP 2 - - 8 FP 2 - - 8 FP1 2 - - 8 - - 18 -
FB - - FB - 4 6 - FB1 - 4 6 - - - - 18
T9 9 9 9 T 9 10 11 12 MP2 17 - - - - 11 13 -

€ 10 10 10 10 € 13 14 15 16 MB2 - 17 - - 9 - - 15
FP2 - - 17 - 10 - - 16
FB2 - - - 17 - 12 14 -

T 19 20 21 22 23 24 25 26
€ 27 27 27 27 27 27 27 27

MuCID2 MuCID8

MP1 MB1 FP1 FB1 MP2 MB2 FP2 FB2 MP1 MB1 FP1 FB1 XX MP8 MB8 FP8 FB8

MP1 - 3 5 - 10 - - - MP1 - 3 5 - 16 - - -
MB1 1 - - 7 - 10 - - MB1 1 - - 7 - 16 - -
FP1 2 - - 8 - - 10 - FP1 2 - - 8 - - 16 -
FB1 - 4 6 - - - - 10 FB1 - 4 6 - - - - 16

MP2 9 - - - - 3 5 - XX

MB2 - 9 - - 1 - - 7 MP8 9 - - - - 3 5 -
FP2 - - 9 - 2 - - 8 MB8 - 9 - - 1 - - 7
FB2 - - - 9 - 4 6 - FP8 - - ) - 2 - - 8
T 1" 11 1 1 12 12 12 12 FB8 - - - 9 - 4 6 -

€ 13 13 13 13 13 13 13 13 Yy 17 | 17 | 7| i | e 24 24 24 24

€ 256 25 25 25 @ - 25 25 25 25

Figure S1. Character-dependent and character-independent diversification models for binary (top) and multistate (bot-
tom) codings of salinity and habitat. Column names for binary models correspond to coding for salinity (M=marine,
F=freshwater) and the numbers 1—4 (e.g.,, M1, M2, F1, F2) represent the hidden states. Models for habitat (plank-
ton-benthos) were the same. Column names for multistate models correspond to the combined salinity+habitat states
(MP=marine-plankton, MB=marine-benthos, FP=freshwater—plankton, FB=freshwater-benthos) and the numbers 1-8
next to character states represent the hidden states. Parameters denoted with T and € (rows) are net turnover (specia-
tion+extinction) and extinction fraction (extinction/speciation), respectively.
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