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Abstract

Many biodiversity studies focus on explaining high tropical species richness, but
an equally dramatic yet understudied pattern involves the divergent richness of
land, sea and freshwater. Here, we reveal the origins of these richness differences
among habitats across animals and plants. Most plant and animal species are
terrestrial, although these habitats cover only ~28% of Earth's surface. Marine
habitats have fewer species over a larger area (~70%). Freshwater habitats have
relatively high richness and exceptional phylogenetic diversity given their tiny area
(2%). The relative richness of habitats is related to variation in diversification rates.
Based on ancestral reconstructions of habitat, we find that most marine species
are descended from marine ancestors and most terrestrial species from freshwater
ancestors. Yet, most extant animal richness in freshwater is derived from terrestrial
ancestors. Overall, our results reveal the origins of fundamental but neglected
biodiversity patterns, and highlight the conservation importance of freshwater

habitats.

KEYWORDS

INTRODUCTION

Understanding patterns of biodiversity is a central chal-
lenge in ecology and evolutionary biology. Yet, studies
of this topic have often focused on one particular biodi-
versity pattern: the higher species richness of the tropics
relative to the temperate zone. The differences in rich-
ness among the three major habitat types on Earth (ma-
rine, freshwater and terrestrial) are no less dramatic but
are far less understood. Several authors (e.g. Grosberg
et al., 2012; May, 1994; Mora et al., 2011) have noted that
most of Earth's surface is covered by ocean (~70%) but
terrestrial and freshwater habitats together have a far
higher percentage of Earth's macroscopic species rich-
ness (~80%).

Few studies have tested the causes of these patterns,
especially in terms of the processes that directly cause
richness gradients: speciation, extinction and dispersal
(Ricklefs, 1987). For example, a previous study found
faster rates of diversification (speciation minus extinc-
tion) in predominately terrestrial animal phyla than
in largely marine ones (Wiens, 2015a), but patterns in

animals, diversification, freshwater, marine, plants, species richness, terrestrial

plants and freshwater were not addressed. There have
also been important reviews of when each habitat was
colonised by different groups of plants and animals, and
related topics (Benton, 2010; Labandeira, 2005; Martin-
Closas, 2003; Miller & Labandeira, 2002; Vermeij, 2017;
Vermeij & Dudley, 2000; Vermeij & Grosberg, 2010).
However, no studies have quantitatively examined the
relative roles of diversification and dispersal among
habitats in explaining richness patterns in all three hab-
itats (marine, terrestrial and freshwater) across both
animals and plants.

Freshwater diversity is especially intriguing and
understudied. Freshwater habitats cover only ~2% of
Earth's surface but have similar species richness to ma-
rine habitats, at least for animals (Grosberg et al., 2012;
Reid et al., 2019; Wiens, 2015a). Furthermore, although
animals and plants likely arose in marine environments
(e.g. Grosberg et al., 2012; Wiens, 2015a), the origins of
freshwater diversity are far less clear. For example, it
remains unclear whether most freshwater species are
descended from marine or from terrestrial ancestors.
Surprisingly, the origins of most terrestrial plant and
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animal diversity (i.e. predominantly from freshwater vs.
marine ancestors) are also unresolved.

Here, we use phylogenetic approaches to analyse
the origins of extant species richness of plants and an-
imals in marine, terrestrial and freshwater habitats.
We first quantify richness patterns among habitats for
plants and animals. We also examine patterns of phylo-
genetic diversity, and how they are shaped by different
clades in different habitats. Next, we test whether the
relative richness of habitats is explained by differences
in diversification rates (i.e. more species in habitats in
which species proliferate more rapidly), colonisation
frequency (more species in habitats that were colonised
more frequently) or colonisation times (more species in
habitats that were colonised earlier). Finally, we quan-
tify the sources of richness in each habitat. Specifically,
we address whether most terrestrial species are derived
from freshwater or marine ancestors, and whether most
freshwater species descended from marine or terrestrial
ancestors. Our analyses are necessarily coarse-grained
(e.g. complete species-level trees for plants and animals
are lacking), but this need not overturn our conclusions.

MATERIAL AND METHODS
Habitat definitions

We initially considered freshwater species to be those
with all or part of their life cycle in freshwater (<0.05%
dissolved salt; Balian et al., 2008). Marine species live all
or part of their lives in the ocean or brackish environ-
ments (>0.05% dissolved salt; WoRMS, 2020). Terrestrial
species spend their entire life cycle on land. Parasitic
species were classified based on host habitat. We also
explored how our results were impacted by treating
semi-aquatic species as terrestrial (see below).

Quantifying richness within habitats

We estimated richness in freshwater, marine and ter-
restrial habitats for animals and plants (Table S1). First,
we estimated the richness of each animal phylum (Data
S1) and plant phylum in each habitat (Data S2). For ani-
mals, we used previously compiled data (Wiens, 2015a)
based on the same habitat definitions and sources used
here. These sources included marine richness from the
World Register of Marine Species (WoRMS, 2020),
and freshwater richness from Balian et al. (2008). The
remaining species were assigned to terrestrial environ-
ments. Plants (Plantae) included land plants, glauco-
phytes and green and red algae (Adl et al., 2005; Roskov
et al., 2020). Taxonomy followed Roskov et al. (2020).
We estimated plant richness in freshwater and marine
habitats using several sources (Chambers et al., 2008;
Dawes, 1998; Guiry et al., 2014). All other species were

considered terrestrial. Data were obtained from the
WOoRMS database (2020) using the R packages taxize
version 0.9.9 (Chamberlain & Szocs, 2013) and worrms
version 0.4.2 (Chamberlain, 2019). We retrieved all valid
genera in WoRMS using taxize and all species records
for each genus using worrms. We then summed numbers
across phyla to estimate overall richness in each habitat.
We also identified the most species-rich phyla in each
habitat.

Phylogenetic trees

We assembled three types of time-calibrated phylogenies
(Table S2; details in Appendix Sl1). First, we assembled
phylogenies for phyla of animals (28 of 32 phyla; 88%;
Data SI, S3) and plants (100% of 8 phyla; Data S2, S4).
These phyla encompass >99% of extant animal species
(99.98% of 1,515,954 described species) and 100% of de-
scribed plant species (387,489 species). Species numbers
followed Roskov et al. (2020). Phylum-level trees have one
tip per phylum. Next, we assembled family-level phylog-
enies for animals (1697/~5700 families, 30%; Data S5-S6)
and plants (714/958 families, 75%; Data S7-S8), with one
tip per family. These families include 72% and 95% of de-
scribed animal and plant species. Third, we used trees in
which tips (mostly families) were sampled in proportion to
the richness of phyla and major groups within phyla (ani-
mals: 1,074 tips, Table S3, Data S9-S10; plants: 729 tips,
Table S4, Data S11-S12). These sampled families include
71% of animal species and 95% of plant species. These
proportionally sampled trees should be largely equiva-
lent to using 1074 or 729 randomly sampled species as tips
(i.e. similar branch lengths, with more species from larger
phyla). We recognise that phyla and families are arbitrary.
We only used them in analyses of diversification rates
(which allowed us to incorporate all species in each taxon,
without a complete species-level tree). We also performed
rank-free diversification analyses (see below).

Habitat coding

For each tip, we estimated species richness in each habi-
tat using the sources above. Next, tips were coded based
on the most frequent habitat among species within that
phylum (phylum-level tree) or family (family-level, pro-
portionally sampled). For example, if the majority (or
plurality) of species in a family were freshwater, the fam-
ily was coded as freshwater. If multiple taxa were sam-
pled within a family, these taxa were coded based on
the habitats of those terminal taxa (e.g. genus, species).
For most analyses, this should yield results equivalent to
sampling the most common state among species in each
clade. Furthermore, simulations suggest that the most
common state in a clade should generally be the ances-
tral state (Wiens, 1998).
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In the proportionally sampled trees, phyla repre-
sented by a single family were generally coded based on
the most frequent habitat among species in the phylum.
For two phyla (Platyhelminthes and Rotifera), habitat
states were based on the sampled families. However,
these two phyla consist mostly of internal parasites, and
estimated frequencies were broadly similar across habi-
tats (Platyhelminthes: marine = 40%, freshwater = 30%
and terrestrial=30%; Rotifera: marine = 19%, freshwa-
ter = 39% and terrestrial = 42%; Data S1).

Discrete habitat states were necessary for phylogenetic
methods that infer habitat-specific rates (speciation, ex-
tinction and transitions) and ancestral states. Habitat
data for the phylum-level, family-level and proportion-
ally sampled trees for animals are provided in Data Sl,
S5 and S9 for animals and Data S2, S7 and S11 for plants.

Estimating phylogenetic diversity within habitats

We expect phylogenetic and species diversity to generally
be related to each other, and that both will therefore be
related to habitat area (all else being equal; MacArthur
& Wilson, 1967). Habitats with high phylogenetic di-
versity per unit area are potentially high priorities for
conservation (e.g. Faith, 1992). We estimated phyloge-
netic diversity within habitats based on the proportion-
ally sampled trees. For each tree, we constructed three
subtrees using the function “drop.tip” in the R package
ape version 5.5 (Paradis & Schliep, 2018). Each subtree
contained only the tips assigned to that habitat. We
then used the R package picante version 1.8.2 (Kembel
et al., 2010) to calculate the sum of phylogenetic differ-
ences (branch lengths) among these taxa as a metric of
phylogenetic diversity (equivalent to Faith's [1992] met-
ric). Phylogenetic diversity within each habitat was then
divided by the estimated surface area of each habitat
(Gleick, 1996; Grosberg et al., 2012). Since the trees used
are proportionally sampled, they should yield patterns of
relative phylogenetic diversity among habitats similar to
completely sampled, time-calibrated trees that included
all described, extant animals and plants.

Estimating the timing of habitat colonisation

We performed ancestral-state reconstructions to test
whether the timing of habitat colonisation can explain
patterns of richness among habitats. Reconstructions
were performed on the proportionally sampled phy-
logenies. Each terminal taxon was assigned one state
(marine, freshwater or terrestrial), based on the most
common state among its species.

We performed maximum-likelihood reconstruc-
tions using the function “ace” (type = “discrete”) in ape
(Paradis & Schliep, 2018). We first identified the best-
fitting model for each tree. We compared three models.

The all-rates-different model (ARD) allowed for differ-
ent transition rates to and from each pair of states, yield-
ing six rate parameters among the three habitats. The
symmetrical-rates model (SYM) had different transition
rates between each pair of habitats (three rate parame-
ters), but the same rate in either direction (i.e. terrestrial-
to-freshwater equals freshwater-to-terrestrial). The
equal-rates model (ER) assumed a single rate for all tran-
sitions between all states. When using an ER model, dif-
ferent colonisation patterns between habitats can still be
inferred from ancestral-state reconstructions (e.g. more
transitions to than from freshwater). For each model,
we estimated the Akaike Information Criterion (AIC;
Akaike, 1974). The best-fitting model had the lowest
AIC. For AIC differences <2 between best-fitting mod-
els, we used the next-best model with fewer parameters
(Burnham & Anderson, 2002).

For each tree, we estimated the ancestral habitat
for each node as the habitat with the highest marginal
probability. We then determined the age of the oldest
node reconstructed for each habitat. Finally, we exam-
ined whether the habitat colonised first had the highest
present-day richness. No statistical testing was con-
ducted given that there is only a single datapoint for the
oldest colonisation time for each group (plants, animals)
in each habitat.

Paleontological estimates of colonisation times

We also reviewed paleontological evidence for the old-
est occurrence of plants and animals in each habitat. We
describe the methods in Appendix S2.

Diversification rates among habitats

We used two general approaches to estimate the rela-
tionships between habitats and diversification rates. As
a first approach, we estimated net diversification rates of
clades (families, phyla) using the method-of-moments es-
timator for stem-group ages (MS estimator; Magallon &
Sanderson, 2001). We estimated the mean diversification
rate across all families and phyla assigned to a given hab-
itat. We then evaluated whether differences in the mean
diversification rates among clades in each habitat paral-
leled the relative richness of habitats (e.g. highest mean
rates in predominantly terrestrial phyla). We also tested
whether habitat predicted diversification rates among
clades using phylogenetic regression and ANOVA (de-
tails in Appendix S3).

We used the MS estimator because it can estimate
diversification rates for clades without detailed, time-
calibrated, species-level phylogenies within each clade.
These were unavailable for many clades but are necessary
for most alternative methods. Based on simulations, the
MS estimator is accurate under many conditions (Kozak
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Distribution of species richness among habitats for animals and plants. In animals (a), the 1.516 million extant, described

species occur mostly on land (1,164,269 species), with fewer in marine habitats (187,890 species), and freshwater (163,795 species). In plants (b),
most of the 387,489 extant, described species occur on land (361,210 species), with far fewer in freshwater (19,197 species), and marine habitats
(7082 species). Habitat richness per phylum is summarised in Data S1 (animals) and Data S2 (plants)

& Wiens, 2016; Meyer et al., 2018; Meyer & Wiens, 2018),
including when rates vary over time within clades, when
rates vary between subclades within each clade, and
when rates are faster in younger clades. Thus, it does not
require constant rates within or between clades. Indeed,
it allows for more rate variation than most alternative
methods. We discuss method selection and criticisms of
this method in Appendix S3. Positive relationships be-
tween diversification rates of clades and their richness
are not inevitable or artefactual (Kozak & Wiens, 2016;
Scholl & Wiens, 2016), and the overall richness of habi-
tats and of clades are obviously not the same.

We calculated stem-based net diversification rates for
phyla and families using the “bd.ms” function in the R
package geiger version 2.0.7 (Harmon et al., 2008; Pennell
et al., 2014). We used three standard relative extinction
fractions (¢), the assumed ratio of extinction to specia-
tion (¢ = 0, 0.5 and 0.9). Note that ¢ is a correction for
unsampled clades due to extinction, and does not require
constant extinction rates within or among extant clades
(the MS estimator can be accurate when one ¢ value is
used but extinction rates vary among clades; Meyer &
Wiens, 2018).

The MS estimator uses the richness and stem-group
age for each clade. Richness for animal and plant phyla
are in Data S1-S2, and their diversification rates and
ages are in Data S13-S14. Richness for animal and plant
families are in Data S5 and S7 and their diversification
rates and ages are in Data S15-S16. Additional details on
MS-based diversification rates are in Appendix S3.

As a second general approach, we estimated habitat-
specific rates of diversification using MuHiSSE
(Beaulieu & O’Meara, 2016; Caetano et al., 2018). We
then used these rates to inform estimation of ances-
tral habitat states and transition rates among habitats.
Unfortunately, some of the results were problematic,
since SSE methods can give misleading results when

some states are rare (Davis et al., 2013), as freshwater and
marine habitats are for plants and animals. We describe
the methodology and results in Appendix S4.

Estimating habitat transitions and origins of
extant diversity in each habitat

We used ancestral-habitat reconstructions from the pro-
portionally sampled trees to estimate the relative number
of transitions between all pairs of habitats (six total). We
also used these reconstructions to estimate how much of the
extant richness in each habitat was descended from transi-
tions from other habitats, and what those habitats were.
For example, we estimated whether most extant terrestrial
species were descended most recently from ancestors that
were marine versus freshwater. We used the proportionally
sampled trees, treating each tip as equivalent to a species
(given that the number of tips in each phylum is propor-
tional to its richness). We used the ancestral-state recon-
structions for each node described above, and extracted
all nodes between the root and each tip using the function
“nodepath” in ape (Paradis & Schliep, 2018). For each tip,
we determined the habitat transition that it descended
from most recently based on the most likely habitat state
prior to its current habitat. These analyses also allowed
us to address whether the most species-rich habitats were
those that were colonised most frequently.

Examining the effects of alternative
habitat coding

We examined whether coding semi-aquatic species as
terrestrial changed our conclusions. This greatly reduced
the number of freshwater animal species, but our overall
results remained similar (Appendix S5, Data S17-S20).



1380 |

BIODIVERSITY ON LAND, SEA AND FRESHWATER

Undescribed species diversity

We address the potentially vast numbers of undescribed
species in Appendix S6. We explain why including these
projected species is unlikely to overturn our conclusions.

RESULTS

In animals (Figure 1a), we estimated 77% of described,
extant species inhabit land (1,164,269 species; Table S1),
12% marine habitats (187,890 species) and 11% freshwa-
ter (163,795 species; Data S1). In plants (Figure 1b), 93%
of extant, described species inhabit terrestrial habitats
(361,210 species), 5% freshwater (19,197 species) and
2% marine (7082 species; Data S2). We considered spe-
cies inhabiting both terrestrial and aquatic habitats as
freshwater or marine. Analyses considering these semi-
aquatic species as exclusively terrestrial yielded similar
results (Appendix S5).

Next, we examined diversity patterns among habitats
relative to their surface area. At a coarse scale, ~70% of
Earth's surface is marine, ~28% is terrestrial and ~2% is
freshwater (Gleick, 1996). Terrestrial habitats contained
much higher richness per unit area than marine habitats
for both plants and animals (Figure 2a; Table S1). The
richness of freshwater habitats per unit area was similar
to terrestrial habitats in plants, but was much higher in
animals (Figure 2a). For both plants and animals, phy-
logenetic diversity per unit area in freshwater was much
higher than in other habitats (Figure 2b).

We then examined which clades shape diversity
most strongly in each habitat (Figure 3; Data S1-S2).
Terrestrial richness is dominated by a single phylum in
both plants and animals (animals: arthropods = 93%
of terrestrial richness; plants: tracheophytes = 94% of
terrestrial richness). In marine habitats, animal diver-
sity is more evenly distributed among phyla, with eight
phyla that together make up >90% of marine richness
(arthropods = 29%, mollusks = 23%, chordates = 10%,

(C)] Animals Plants
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annelids = 7%, platyhelminths = 6%, cnidarians = 6%,
sponges = 4%, nematodes = 4%). Marine plants consist
mostly of rhodophytes (69% of species) and chlorophytes
(27%). In freshwater, the most species-rich animal phyla
are arthropods (72% of freshwater animal species, with
85% of these being semi-aquatic; Data S1; Appendix S5),
chordates (15%) and platyhelminths (5%). The dominant
plant phyla in freshwater are chlorophytes (31% of spe-
cies), charophytes (31%), tracheophytes (26%) and rhodo-
phytes (10%). Thus, the distribution of richness among
clades is strikingly different between the ocean and land,
but the clade composition of freshwater is intermediate
between these habitats. Importantly, the high phyloge-
netic diversity of freshwater per unit area (Figure 2b) is
explained by the presence of a moderate number of di-
verse clades in a small area, as opposed to many diverse
clades over a large area (marine animals) or very few di-
verse clades in an intermediate area (terrestrial).

Next, we used phylogenetic methods to examine the
drivers of richness patterns among habitats (Figure 4).
We estimated mean diversification rates of habitats by
averaging rates across all families and phyla that oc-
curred predominantly in each habitat. Results here are
based on one animal tree (Tree II) and one relative ex-
tinction fraction (¢ = 0.5), but alternatives yielded sim-
ilar results (Table S5). Overall, freshwater animals and
plants diversified faster than marine ones (Figure 4), but
slower than terrestrial ones, paralleling richness patterns
among habitats (animal phyla: freshwater = 0.013 spe-
cies/million-years, marine = 0.009, terrestrial = 0.016;
plant phyla: freshwater = 0.007, marine = 0.005, terres-
trial = 0.017; family-level results were similar: Table S5).
We also found strong effects of habitat on diversification
rates among phyla for both plants and animals, but not
families (Tables S6-S23, Figs SI-S2). Habitat did not sig-
nificantly predict ages of these taxa (Table S24). These
results are explained in detail in Appendix S3.

The richness of habitats might also be explained by
their timing of colonisation, with habitats colonised
earlier potentially having higher richness. We used
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FIGURE 2 Diversity per unit area in marine, freshwater and terrestrial habitats for animals and plants. For each habitat, we indicate
the values of species richness (a) and phylogenetic diversity (b) divided by the area of these habitats. Phylogenetic diversity within habitats is
measured as the sum of branch lengths (in millions of years) among sampled species within that habitat. Note that scales differ among panels
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ancestral reconstructions to infer the timing of colonisa-
tion of each habitat (Tables S25-S26), using the propor-
tionally sampled phylogenies (Tree II for animals). These
analyses inferred that both animals and plants arose
first in marine habitats (animals = 1030.6 Million years
ago [Ma]; plants = 1550.6 Ma; Table S27). This was fol-
lowed by colonisation of freshwater (animals = 651.7 Ma;
plants = 937.3), with subsequent colonisation of land (an-
imals = 591.5 Ma; plants = 701.1).

We also reviewed the oldest occurrence of each
group in each habitat based on paleontological evidence
(Appendix S2). This review also showed that animals and

Animals

plants occurred first in the ocean, then in freshwater,
and then on land, but with younger colonisation times
inferred for each habitat than estimates based on mo-
lecular phylogenies (Table S28). This overall pattern is
broadly concordant with other paleontological reviews
(Becker & Marin, 2009; Benton, 2010; Labandeira, 2005;
Miller & Labandeira, 2002). Importantly, older colonisa-
tion times cannot explain the high richness of terrestrial
habitats relative to marine and freshwater. In summary,
our results suggest that richness patterns among habitats
are explained by variation in diversification rates and
not colonisation times (Figure 4).

Plants

Terrestrial

Freshwater

B

- I
[

Cnidaria

Annelida
Arthropoda

Chordata

Mollusca

Nematoda
Porifera
Charophyta
Chlorophyta

Rhodophyt
Tracheophyta

Platyhelminthes

FIGURE 3 The predominant animal and plant phyla in terrestrial, freshwater and marine habitats. Numbers in boxes are the percentage of
extant, described animal or plant species in each habitat belonging to that phylum. For each group and habitat, we indicate the most species-
rich phyla in that habitat, including those that together comprise >90% of the species richness in each habitat
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FIGURE 4 Differences among habitats in species richness, diversification rates and the age of the oldest colonisation of each habitat. We
present these values for species richness (Table S1), diversification rates (Table S5) and times of first colonisation (age; Table S27) on a scale
from 0 to 1 (to facilitate comparison). Habitats with the highest species richness, fastest rates of diversification and oldest colonisation age have
a standardised value of 1. Those with the lowest richness, slowest diversification and youngest colonisation age have a value of 0. Intermediate
habitats have values normalised relative to the habitat with the lowest value for that variable. Diversification rates are based on phylum-level
estimates using (¢ = 0.5) and Tree II for animals. Alternative values are given in Table S5
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FIGURE 5 Transitions among habitats and sources of species richness in each habitat for animals and plants. We show the estimated
numbers of transition events between each pair of habitats (but note that our focus is on the relative number of transitions, since the absolute
numbers will be underestimated). We also show the percentage of extant richness within each habitat that is descended from colonisation from
another habitat (“% ancestry”). For example, 57% of the extant plant richness in freshwater is descended from four transitions from marine to
freshwater habitats. For each tip in each tree (with tips equivalent to species in the proportionally sampled trees), we determined the habitat
transition that it descended from most recently, based on the most likely habitat state prior to its current habitat (e.g. for a terrestrial species,
we determined whether it was descended most recently from freshwater or marine ancestors). Many marine species were descended from the
inferred marine ancestor of plants and of animals, with no intervening habitat transitions. We estimated transitions among habitats based on
maximum likelihood ancestral-state reconstructions using proportionally sampled phylogenies (using Tree II for animals)

We then used the proportionally sampled trees to
estimate the relative numbers of transitions among
habitats (Figure 5; Table S29; instantaneous transition
rates in Table S30). These numbers generally paral-
leled the relative timing of colonisation of each habi-
tat: most transitions from the ocean to other habitats
were to freshwater (animals = 92% of 12 transitions
[Tree II]; plants = 100% of 4) and most transitions
from freshwater were to land (animals = 54% of 24;
plants = 100% of 2). However, the largest numbers of
transitions overall were from land back to freshwa-
ter (animals = 52% of all 86; plants = 65% of all 23).
Our trees are not comprehensive at the species level
and so underestimate absolute numbers of transitions.
Nevertheless, they can potentially reveal patterns in
relative numbers. These analyses also show that the
relative numbers of colonisation events do not explain
richness patterns (i.e. the most species-rich habitat has
been colonised relatively infrequently).

Finally, we quantified the sources of richness in each
habitat (Figure 5). First, we calculated the number of
tips descended from the most recent colonisation of
each habitat (Table S31), using the proportionally sam-
pled trees. For both plants and animals, we estimated
that >82% of currently marine species are descended
from the initial origin of the group in marine habi-
tats, not colonisations from other habitats. Second,
we inferred that nearly all extant richness in terrestrial
habitats is descended (most recently) from freshwa-
ter ancestors (animals: ~100%; plants: ~100%). Thus,

tracing the ancestral habitat of each sampled terrestrial
species back to its most recent non-terrestrial ancestor
that ancestor was almost always freshwater. Third, in
animals, most extant richness in freshwater is derived
from terrestrial habitat (89%). In plants, freshwater
richness is derived in similar proportions from terres-
trial (43%) and marine habitats (57%). Overall, these
latter analyses provide possibly the first quantitative
estimates of the sources of extant species diversity in
each habitat for both animals and plants.

We also explored the impacts of using MuHiSSE and
alternative coding of semi-aquatic species. The main re-
sults for animals were generally similar using MuHiSSE,
but results for plants were very different (Appendix S4;
Tables S32—-S38). Most importantly, diversification rates
from MuHiSSE in animals showed the same relative
rankings among habitats (terrestrial>freshwater>ma-
rine) as those from the MS estimators. However, some
MuHiSSE analyses were compromised by the relative
rarity of freshwater and marine species, especially in
plants (Appendix S4). Repeating the main analyses after
treating semi-aquatic species as fully terrestrial also gave
similar results for animals, and nearly identical results
for plants (Appendix S5; Tables S39-S40).

DISCUSSION

In this study, we address the origins of richness pat-
terns among marine, freshwater and terrestrial habitats
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in plants and animals. We show that most richness is in
terrestrial environments (Figure 1), despite the smaller
area these habitats occupy, and that freshwater habitats
have exceptional richness per area (in animals) and ex-
ceptional phylogenetic diversity per area (in animals and
plants; Figure 2). We find that differences in richness
among habitats are related to differences in diversifica-
tion rates (Figure 4). We also find that the overall se-
quence of colonisation among habitats is from marine to
freshwater to terrestrial, but that most freshwater animal
richness is derived from terrestrial ancestors (Figure 5).
Below, we discuss how our findings relate to other stud-
ies, the processes that may underlie these patterns, and
areas for future research.

Our study may be the first to simultaneously address
richness patterns among all three habitats and their po-
tential causes, in both plants and animals. Nevertheless,
some of our results do have precedents in earlier studies.
A previous study (Wiens, 2015a) found faster diversifi-
cation rates in animal phyla with higher proportions of
terrestrial species, but did not address freshwater rich-
ness or plants. Other studies (e.g. Grosberg et al., 2012;
May, 1994) discussed richness patterns among habitats
(similar to those found here), but did not test the causes
of these patterns. Several studies have compared diversi-
fication rates between marine and freshwater taxa. For
example, some studies in fish have found similar rates
between these habitats (Carrete Vega & Wiens, 2012;
Miller et al., 2018), whereas others found faster rates in
marine species (Betancur-R et al., 2015) or freshwater
species (Bloom et al., 2013; Tedesco et al., 2017). The lat-
ter is consistent with our overall results, as is a study in
diatoms (Nakov et al., 2019).

Several studies have discussed the timing and num-
ber of colonisation of habitats based on the fossil record.
Labandeira (2005) and Benton (2010) reviewed major col-
onisation events of terrestrial habitats by plants and ani-
mals. However, these studies were not comprehensive (i.e.
including all three habitats for both plants and animals)
and did not focus on explaining richness patterns. Vermeij
and Dudley (2000) discussed transitions among habitats in
plants and animals, but did not provide overall quantitative
estimates of these transitions. Nevertheless, they concluded
that transitions from land to sea were more common than
from sea to land. This is supported by our results (Figure 5).
Intriguingly, we found that the most frequent transitions
among habitats were from land to freshwater. These tran-
sitions make a crucial contribution to freshwater richness:
we estimate that ~89% of freshwater animal species are de-
scended from terrestrial ancestors. Furthermore, the ma-
jority of freshwater animal species are actually semi-aquatic
(66.7%; 109,267/163,795; Appendix S5). There has also been
discussion about whether plants are ancestrally marine or
freshwater based on ancestral-state reconstructions on mo-
lecular phylogenies (Nakov et al., 2017; Sanchez-Baracaldo,
Bianchini, et al., 2017; Sanchez-Baracaldo, Raven, et al.,
2017): our results favour a marine origin.

Our results suggest that the relative richness of hab-
itats is explained by differences in diversification rates.
Thus, a crucial question is: what explains these differ-
ences in diversification rates? One potential explanation
is that high terrestrial richness is primarily explained
by just two exceptional clades and their interactions:
arthropods (i.e. insects) and angiosperms (Vermeij &
Grosberg, 2010). These two clades each include >90%
of plant and animal species in terrestrial habitats
(Figure 3). Furthermore, recent large-scale analyses
confirm that plant-insect interactions (e.g. herbivory,
pollination) do contribute to increased diversification
rates in each clade (Hernandez-Hernandez & Wiens,
2020; Wiens et al., 2015). However, plant—insect interac-
tions may not be the sole explanation for high terrestrial
diversification rates and richness. First, we obtained
similar effects of habitat on diversification rates after
excluding arthropods and tracheophytes (Tables S41—
S48). Second, terrestrial habitat use is strongly related
to increased diversification rates among vertebrate
clades (Wiens, 2015b). Similarly, non-marine habitats
(freshwater+terrestrial) strongly increase diversifica-
tion rates among molluscs (Wiens, 2015a). Molluscs
and chordates are the second and third largest animal
phyla (after arthropods; Wiens, 2015a). A compelling
explanation for variation in diversification rates among
habitats should apply to all these groups.

One of the strongest hypotheses to explain higher di-
versification rates in non-marine habitats is that freshwa-
ter and terrestrial habitats have more effective barriers to
dispersal than marine habitats (e.g. May, 1994; Vermeij
& Grosberg, 2010; Wiens, 2015a). These barriers can po-
tentially increase speciation, endemism and geographic
turnover. These barriers include oceans, rivers and moun-
tains for terrestrial species and any terrestrial habitat for
freshwater species. By contrast, marine habitats are gen-
erally thought to have fewer barriers to dispersal. Barriers
are crucial because allopatric speciation appears to be
the predominant geographic mode in both animals and
plants and in all three habitats (Hernandez-Hernandez
et al., 2021). There is also support for this hypothesis (relat-
ing higher diversification rates to more limited dispersal)
from large-scale analyses in fishes (Tedesco et al., 2017).
Other explanations seem less likely. For example, net pri-
mary productivity is broadly similar in marine and terres-
trial environments (Field et al., 1998), strongly suggesting
that it does not explain higher richness or diversification
in terrestrial environments. Likewise, physical differences
between land and water (Vermeij & Grosberg, 2010) can-
not explain the higher richness or diversification rates in
freshwater relative to marine habitats.

In addition to speciation, extinction may also contrib-
ute to these patterns. In vertebrates, many extant marine
taxa may be descendants of recolonisations from land (for
amniotes; e.g. Kelley & Pyenson, 2015; Miller & Wiens,
2017; Pyenson et al., 2014) and from freshwater (for ray-
finned fishes; Carrete Vega & Wiens, 2012), following
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extinctions of other members of these groups in the ocean.
Extinction may contribute to the lower diversification
rates of clades in marine environments for higher level
taxa (e.g. phyla) even if these differences in rates are less
apparent among extant, lower level taxa (Miller & Wiens,
2017). Extinction might also contribute to lower diversi-
fication rates in freshwater than on land (Wiens, 2015a).

We acknowledge that some readers might dismiss
our conclusions because the trees used are not compre-
hensive and because our study is not based primarily
on fossils. Although our trees do not directly include
every plant and animal species as tips, our sampling of
higher-level clades encompasses most of these species.
Our ancestral-state reconstructions are based on pro-
portionally sampled trees. These latter results should
generally reflect patterns that would be obtained with a
complete species-level tree for all plant and animal spe-
cies. An important exception is the absolute number of
transitions among habitats (which are underestimated),
but this need not overturn our conclusions about the rel-
ative frequency of these transitions and their impact on
diversity patterns. Finally, our results are not based pri-
marily on fossil evidence, but our overall goal is to un-
derstand present-day richness patterns among habitats,
not those at each timepoint in the past. Furthermore,
many large-scale analyses we perform here would be dif-
ficult with paleontological data. Nevertheless, paleon-
tological analyses can provide complementary insights
into these patterns, as we show here (Appendix S2).

In summary, we have shown the patterns of richness
and phylogenetic diversity among habitats in plants
and animals, and the likely causes of these patterns.
Our results demonstrate the remarkable species rich-
ness and phylogenetic diversity of freshwater habitats
per unit area, and highlight the need for global con-
servation efforts focused on these habitats (e.g. Reid
et al., 2019). These results also have important impli-
cations for broader questions about what factors can
be truly general explanations for global biodiversity
patterns. For example, productivity and species—area
relationships fail to explain these richness patterns
among habitats. Time-integrated area (e.g. Fine, 2015)
also seems unlikely to explain them, since the relative
areas of these habitats appear relatively stable for the
relevant time interval (e.g. Miller et al., 2005; Stephens
et al., 2020). Instead, these results highlight the impor-
tance of diversification rates for driving large-scale
biodiversity patterns. Therefore, a crucial next step
for understanding these patterns will be to identify the
specific factors underlying variation in diversification
among habitats. We also reveal the origins of rich-
ness in each habitat, showing that most extant marine
species are descended from an initial origin in these
habitats, terrestrial richness is derived from ancient
colonisation from freshwater and freshwater richness
is largely dominated by more recent recolonisation
from land.
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