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Abstract
Aim: The description of species' ranges provides biogeographical information to ex-

plain fundamental macroecological and evolutionary processes. In this study, we in-
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vestigated the Rapoport's rule for the world's seagrasses, that is, whether the range
extent of seagrasses increases from the tropics to the poles.

Location: Global.

Taxon: Seagrasses.

Methods: We examined whether four range geographical metrics: the extent of latitu-
dinal and longitudinal ranges, total distribution area (sz) and the number of marine
ecoregions encompassed by seagrass species, changed according to their latitudinal
distribution midpoints.

Results: Seagrasses have larger distribution ranges, as indicated by all geographi-
cal metrics, close to the equator in both hemispheres, supporting the inverse of the
Rapoport's biogeographical pattern.

Main Conclusions: The larger distribution ranges of seagrasses towards equatorial re-
gions may be attributed to their origins during warm geologic periods, and the subse-
quent longer climatic stability in tropical areas leading to climate niche conservatism

constraining seagrass evolution.
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1 | INTRODUCTION

extent of species' ranges is valuable to predict extinction risks, rarity

and invasiveness and to optimize conservation decisions.

The study of species' geographic ranges, that is, the spatial area where
species occur, has long attracted the attention of ecologists and
evolutionary biologists. Unravelling the evolution of ranges provide
responses to key questionsin ecology, conservation and evolution, in-
cluding topics such as species' response to climate change (Jablonski
et al., 2006; Pie et al., 2021; Sheth et al., 2020). Biogeographical
information on species' ranges provides key information to explain
fundamental macroecological and evolutionary processes, such as
adaptation and dispersal (Di Marco & Santini, 2015; Gaston, 2009;

Sheth et al., 2020). Within a conservation context, examining the

Geographic ranges depend on the place and time where a spe-
cies and their ancestors originated, and the evolutionary history of
the species, with species' ranges rather dynamic (expansions and
contractions) through geological time scales from millennia to mil-
lions of years (Gaston, 2009). Species' life-history traits (e.g. dis-
persion abilities, Lester et al., 2007; Sunday et al., 2015) and biotic
interactions (Hellmann et al., 2012; Pigot & Tobias, 2013) affect
species' capabilities to respond and adapt to climate alterations
through geological eras (Lenoir & Svenning, 2015), ultimately con-

tributing to explain shifts in species' distribution ranges.
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One of the best known, but also controversial, rules in macro-
ecology is the Rapoport's pattern, which predicts that the mean
latitudinal range size of species decreases towards the tropics, so
there are smaller range sizes in tropical than in temperate realms
(Rapoport, 1982). Under this theory, Stevens (1989) proposed
the ‘climatic variability’ or ‘seasonal variability hypothesis’, which
postulates that individuals at higher latitudes have to withstand
considerable temporal variability in climatic conditions relative to
organisms at lower latitudes. Consequently, species at high lati-
tudes occupy larger latitudinal extents and therefore have more
ample distribution ranges, than their low-latitude counterparts.
However, this rule does not always apply, or only partially occurs
in certain regions (Gaston & Chown, 1999; Pintor et al., 2015;
Rohde, 1996), while there is sparse support for marine organisms
(Pie et al., 2021; Pintor et al., 2015).

In the marine realm, an inverse of the Rapaport's pattern has been
reported for some groups, such as fishes (Pie et al., 2021) and inverte-
brates (Roy et al., 1998; Tomasovych et al., 2015), related to the fact
that species' ranges result from both evolution in dispersal and niches
and range limits can be either dispersal or niche-limited (Wiens &
Graham, 2005). Niche-limited range limits are typical for species that
originated in the tropics, and have undergone phylogenetic conserva-
tism in their thermal niche, that is, ‘tropical/climatic niche conserva-
tism’ hypothesis (Wiens & Donoghue, 2004). Because tropical regions
are characterized by shallower thermal environments, species can
occupy larger geographical extents, even when they are thermal spe-
cialists (TomasSovych & Jablonski, 2017). In contrast, steeper thermal
environments in temperate regions prevent species of tropical origin
to occupy extratropical regions over geological timescales, because
of constraints in their thermal niche (Wiens et al., 2010).

Seagrasses are a polyphyletic group of key ecosystem engineers,
distributed across tropical, sub-tropical and temperate coasts of the
world (Daru et al., 2017; Short et al., 2007; Waycott et al., 2014).
Currently, up to 72 species of seagrasses create habitats of para-
mount ecological, socio-cultural and economic relevance, which are
of considerable conservation interest (McKenzie et al., 2020; Short
et al., 2007). Seagrasses evolved from terrestrial relatives, which
diverged around 140 million years ago during the Cretaceous (Lee
et al., 2018). Ancient seagrasses entered in the ocean and evolved
in different parallel events (Lee et al., 2018; Les et al., 1997; Wissler
et al., 2011). Although the fossil record of seagrasses is limited, an-
cient seagrasses established under warm conditions (Lee et al., 2018;
Vélez-Juarbe, 2014). By the early Eocene (55-50 million years ago), for
example, tropical conditions extended to latitudes as high as 50° in
western Europe (Zachos et al., 2001). Climatic cooling during the early
Oligocene seemed to have limited the extent of seagrasses, although
seagrasses further diversified and expanded their distributions by
the late Oligocene following ocean warming (Vélez-Juarbe, 2014).
Legacies of past climatic periods, hence, have influenced the current
distribution and biology of certain seagrass species (Daru et al., 2017;
Duffy et al., 2022; Martinez-Abrain et al., 2022).

Macroecological studies of seagrasses are scarce, despite key re-
cent advances such as a phylogenetic regionalization of the world's

Significance Statement

We demonstrate seagrasses have larger distribution
ranges near the equator in both hemispheres, supporting
the inverse of the Rapoport's biogeographical pattern, and
suggesting that climate niche conservatism has governed

seagrass evolution.

coasts that demonstrated close evolutionary affinities among sepa-
rate temperate seagrass assemblages (Daru et al., 2017). It has also
been modelled seagrass distributional responses to future climate
change scenarios, which showed both range contractions and ex-
pansions (Daru & Rock, 2023).

In this study, we explored the Rapoport's rule for the world's
seagrasses. Specifically, we investigated whether the range extent
of the world's seagrasses change with their mean latitudinal point,
using four species' range metrics: the latitudinal and longitudinal
range, total distribution area (Km?) and the number of marine ecore-
gions encompassed. We hypothesized that, because of their tropical
origin and likely pattern of thermal niche conservatism, geographic
range extent in seagrasses would be inversely related to latitude.
Our study provides fundamental information on seagrasses' biogeo-
graphical distributions to boost our understanding on the macro-

ecology of their geographical ranges.

2 | MATERIALS AND METHODS
2.1 | Datasource

Biogeographic distributional information for a total of 61 out of 72 of
the world's seagrass species (16 species within the Cymodoceaceae,
19 within the Hydrocharitaceae, 7 within the Posidoniaceae and 19
within the Zosteraceae) was collected (https://github.com/ftuya/
seagrass-ranges) from the International Union for the Conservation
of Nature (IUCN) red list portal (www.iucnredlist.org). A total of 32
temperate and 29 tropical species were here considered according to
Rolland etal.(2014) criteria (-23.4° and 23.4° as the threshold latitudes
defining the tropics). Although these are broad-scale approximations
of seagrass distributions, they provide a reliable approximation to
model distributions of seagrasses (Daru & Rock, 2023); because the
IUCN periodically updates these distribution maps, this is the most
accurate source of seagrass distribution (Daru et al., 2017).

We initially downloaded a shapefile (i.e. polygons) for each of the
current 72 seagrasses with their current known distributional range.
We then excluded those more typical of brackish waters (e.g. Ruppia
spp.), while those with uncertainties in either their taxonomy or
geographical distributions were also discarded (Rock & Daru, 2021).
Taxonomic validation of scientific names followed the WORMS
(www.marinespecies.org) and the World Flora Online (www.world

floraonline.org) utilities.
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through their latitudinal or longitudinal extent, the extent of occur- ’
rence, and/or the area of occupancy (Gaston & Chown, 1999). In this ° e T a0

study, we focused on four attributes (metrics) of seagrasses' ranges:
the latitudinal and longitudinal range extent, the total distribution
area (Km?) and the number of marine ecoregions encompassed by
each seagrass species. The maximum and minimum latitude and
longitude of the species' ranges were extracted, and the latitudinal
midpoint (mean latitude) was calculated. The total area (in Km?) of
the range of each species was calculated using the function ‘st_area’
of the ‘sf’ R package (Pebesma, 2018), which assumes that the co-
ordinates are planar, that is, a flat Earth model. To explore in which
and in how many marine ecoregions each seagrass species occurred,
we downloaded the marine ecoregions of the world (Spalding
et al., 2007), and then we used the ‘intersect’ function of the ‘ras-
ter’ R package. Ecoregions, that is, areas of relative ecological ho-
mogeneity (similar ecological structure, function and composition,
Loveland & Merchant, 2004), represent a formal tool for conserva-
tion decisions (Olson et al., 2001). Prior to this step, we transformed
our ‘polygon’ ranges into a ‘spatial polygons data frame’, using the
‘as_Spatial’ function of the ‘sf’ R package.

2.3 | Statistical analysis

To test if the latitudinal midpoint of seagrass species contributed to
explain their distribution extent, in terms of the four biogeographic
metrics, we fitted generalized additive models (GAMs), using the
‘mgcv’ R package (Wood, 2011). All models were fitted through a
‘Poisson’ family error structure and a ‘log’ link function, with the
basis dimensions of the smooth terms (thin plate regression splines)
limited to 5 knots to avoid overfitting and ensure monotonic rela-
tionships. We checked for normality and homoscedasticity of mod-
els residuals through visual examination.

3 | RESULTS

Seagrass latitudinal midpoints varied between +51° and -41°
(Figure 1a). Zostera marina showed the northern maximum latitudi-
nal point of all ranges (+74.1°), and Zostera tasmanica the southern-
most point (-37.8°). The maximum latitudinal range was between
60 and 70° for several seagrass species (Figure 1b). The maximum
longitudinal range was >290° for two species (Zostera marina and
Halophila decipiens) (Figure 1c). While most species have small geo-
graphic ranges (< 10 e®> Km?), a small number of species have large
geographic ranges (> 100 e® Km?), which resulted in a right-skewed
distribution of seagrass ranges according to their total distribution
area (Figure 1d). A similar pattern was observed for the number of
marine ecoregions encompassed by seagrasses (Figure 1e), with
most of species found on less than 20 ecoregions.
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FIGURE 1 Histograms of geographical range metrics for the
world's seagrasses, including (a) the latitudinal midpoint, (b) the
latitudinal range, (c) the longitudinal range, (d) the total distribution
area and (e) the number of marine ecoregions encompassed by
seagrasses. The mean for each metric is included as a vertical
dashed line.

Seagrasses' geographical extent, as represented by all range
metrics, peaked at low latitudes, that is, towards to the equator
(Figure 2). Therefore, wider ranges across a more ample number
of ecoregions were observed at low latitudes, as opposed to the
Rapoport's rule. In other words, those species with latitudinal mid-
points towards temperate environments are more restricted in their
ranges, particularly in the southern hemisphere. All tested models
(Table 1) showed low p-values (<2-10719), so the explanatory variable
(latitudinal midpoint) statistically explained a considerable amount
of variation (>50% in terms of deviance explained) in the four range
metrics (Table 1).

4 | DISCUSSION

Our results have demonstrated that the global distribution of sea-
grasses follows the inverse of the Rapoport's rule, that is, there is an
overall negative relationship between latitude and range size. This
inverse biogeographical pattern has been reported for other marine
organisms, from molluscs (Roy et al., 1998; Tomasovych et al., 2015)
to reef fishes (Macpherson & Duarte, 1994; Pie et al., 2021), but con-
trast with recent support for this biogeographical pattern for terres-
trial plants (Huang et al., 2021). An interplay between temperature
stability across the oceans' latitudes, that is, reduced temperature
changes from the equator to both poles relative to terrestrial eco-
systems, altogether with large environmental heterogeneity and
varying dispersal capacities of marine species, have been considered
to explain the inverse of the Rapoport's rule for varying clades of
marine organisms (Pie et al., 2021; Pintor et al., 2015; Tomasovych
et al., 2015). In this sense, expected larger thermal instability to-
wards higher latitudes is minored and so the principle of the rule
is difficult to be tested. The mid-domain effect does not seem here
to play any effect, because some seagrass species with wide ranges
have their latitudinal midpoints at high latitudes, and seagrasses are
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not found at polar latitudes where they potentially could expand
(Daru & Rock, 2023).

The general decrease in the distribution range extent of sea-
grasses, from the equator towards high latitudes, is consistent
across both hemisphere, but likely because of different causes.
The southern hemisphere has been less affected by recent gla-
ciations in the Pleistocene, including the Last Glacial Maximum,
relative to the northern hemisphere (Ehlers & Gibbard, 2007), so
seagrasses have had more time to expand their distributions and
speciation to occur (Waycott et al., 2014). However, in the south-
ern hemisphere, there is comparatively less effective area (i.e. ter-
restrial masses) to colonize/disperse into, which has been already
pointed out to call attention on limitations for the persistence of
marine vegetation, such as kelp, in southern waters (Wernberg
et al., 2019). Isolation and climatic stability have favoured the ex-
istence of a considerable number of temperate seagrasses from
south Australia, in particular endemics within the genus Posidonia
and Amphibolis and even a unique species of Halophila (H. austra-
lis) (Larkum et al., 2018). In this sense, the evolutionary distinc-
tiveness of seagrasses is maximum here and in temperate south
America and southern Africa (Daru et al., 2017). The large tectonic
stability, since the Late Cretaceous, of the continental shelf along
these western and southern continental margins, is a plausible ex-
planation for these observations.
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FIGURE 2 Relationship between the latitudinal midpoint in

the geographic distribution of the world's seagrasses and their (a)
latitudinal range (in degrees), (b) longitudinal range (in degrees), (c)
range area and (d) the number of marine ecoregions encompassed.
The blue line represents the fitted (smooth) GAM function, and the
grey shade area is the 95% confidence level interval.

Standard
Biogeographical metric Estimate error Z value p
Latitudinal extent 3.15 0.03 110.1
Longitudinal extent 3.85 0.02 183.6
Area 14.19 0.00 104712.0
Number of ecoregions 243 0.04 571

<2107 568
<2107 578

Environmental gradients, historical processes, species interac-
tions and evolutionary factors, all play crucial roles in determining
species distributions, range sizes and richness patterns (Wiens &
Graham, 2005). For seagrasses, a larger species richness is observed
towards the tropics (Short et al., 2007), and the total areal extent
of seagrass is also larger in tropical areas, while decreasing towards
temperate environments (Jayathilake & Costello, 2018; McKenzie
et al., 2020). Despite the limited presence of seagrass material in
the fossil record, the likely ancestral tropical origin of seagrass lin-
eages (Lee et al., 2018; Vélez-Juarbe, 2014; Wissler et al., 2011)
has been advocated to explain these patterns. At the same time, it
seems to have contributed to imprint their current-day geograph-
ical ranges, in particular with larger ranges towards the equator.
When a clade has a tropical origin (i.e. originated in warm climates),
‘Climate Niche Conservatism’ (CNC) is a notable process behind the
maintenance of the latitudinal richness gradient (Smith et al., 2012;
Wiens & Donoghue, 2004). CNC, that is, the inclination of spe-
cies to retain traits of their climatic niche over evolution (Wiens &
Graham, 2005), considers that the ancestral niche determines regions
and habitats that members of particular a clade can colonize (Wiens
& Donoghue, 2004), and it has been already proposed to govern the
evolution of seagrasses (Daru et al., 2017). Near the centre of a clade's
origin, there is often a longer history of adaptation and tolerances to
environmental conditions, so species may have larger ranges com-
pared to species with more restricted tolerances, not moving far from
the optimum niches (Donoghue, 2008). If corridors for dispersal are
accessible, new habitats are colonized, broadening species' ranges.
The ‘out of the tropics’ hypothesis, according to which lineages
mostly originate in the tropics and then disperse to temperate lati-
tudes without losing their tropical presence (Jablonski et al., 2006),
seems also to have concurrently explained seagrass macro-evolution.

Seagrasses rely on various mechanisms for long-distance dis-
persal, with vegetative fragments drifting in ocean currents being
particularly important (Kendrick et al., 2012). However, across the
planet's oceans, only few seagrass lineages have successfully diver-
sified and colonized temperate latitudes. For seagrasses, environ-
mental gradients that delimitate temperate regions seem to limit
dispersal, reinforcing the idea that CNC has constrained seagrass
evolution (Daru et al., 2017).

Compared with other foundation species creating marine habi-
tats (e.g. corals and kelps), predictions on the future distribution of
seagrasses remain majorly unknown. Recently, it has been forecasted
both contractions and expansions of seagrass ranges under climate

change scenarios (Daru & Rock, 2023). Recent calls have advocated

TABLE 1 Summary of fitted GAMs to
metrics depicting distribution ranges of
the world's seagrasses according to their
latitudinal midpoint.

Deviance
explained (%)

<2107 799
<2107 705
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the evolutionary context in the origin of species, seagrasses in par-
ticular (Martinez-Abrain et al., 2022), to not exclusively rely on spa-
tial distribution models (SDMs) to predict future distributions. In this
sense, the identification of biogeographical patterns and underlying
evolutionary hypotheses for species' ranges across the globe can bet-
ter inform conservationists, under the warming trend of the planet's

oceans, to better interpret the future of species' distributions.
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